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The study aimed to reduce leaching of the hydrophobic herbicide norflurazon (4-chloro-5-
methylamino-2-(R,R,R)-trifluoro-m-tolylpyridazin-3-(2H)-one) by adsorbing it on clays or organo-
clays. The surface of the clay mineral montmorillonite was modified from hydrophilic to hydrophobic
by preadsorbing it with organic cations, of which thioflavin-T (TFT) at a loading corresponding to
5/8 of the cation-exchange capacity of the clay mineral yielded the highest affinity of adsorption of
norflurazon. Pillared clay (PC) used without organic cations exhibited enhanced affinity for
norflurazon adsorption, much higher than that of montmorillonite or sepiolite. Fourier transform
infrared (FTIR) results showed interactions between aromatic moieties of preadsorbed TFT and
the herbicide. Stronger interaction of the herbicide with a clay mineral or organo-clay corresponded
to its slower release. Formulations prepared on the basis of montmorillonite-TFT and PC were
more effective in reducing herbicide leaching in soil columns in comparison to the commercial
formulation, whereas the herbicidal efficiencies were comparable.
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INTRODUCTION

Norflurazon is a preemergence selective herbicide for
weed control in citrus, cotton, cranberries, nuts, pome
fruits, and stone fruits. Its primary mode of action is
the inhibition of phytoene desaturase, a step in the basic
dehydrogenation in the carotenoid biosynthesis. How-
ever, the inhibition of carotenoid synthesis is a second-
ary effect, the chlorophyll being destroyed by photoox-
idation (Lo and Merkle, 1984).

Norflurazon retention in soils is related directly to the
organic matter content (William et al., 1997), being
subject to considerable leaching in porous soils with low
organic matter contents (Reddy et al., 1992). Leaching
of herbicides to the deep soil layers is a topic with a
growing interest, because of its potential for ground-
water contamination (Franklin et al., 1994; Kim and
Feagley, 1998). Monitoring of groundwater contamina-
tion across the United States of America (U.S.A.)
registered the occurrence of 17 pesticides in groundwa-
ter whose levels exceeded the lifetime health advisory
level (Parsons and Witt, 1988). On the other hand,
depending on the hydraulic gradients, contaminated
surface water may affect groundwater quality. Nor-
flurazon has been detected in studies monitoring ground-
water for pesticides at selected mixing/loading sites in
Arkansas (Senseman et al., 1997a). In a pesticide survey
of surface water in Arkansas, norflurazon was one of
the most commonly detected herbicides, i.e., 16% of the
total detections (Senseman et al., 1997b).

To decrease the environmental risk, several strategies
are employed to reduce the amount of herbicide applied,

such as integrated pest management, and controlled
release formulations (CRFs) (Boydston, 1992; Wilcut et
al. 1997). Several approaches have been employed to
obtain CRFs: alginate encapsulation (Gerstl et al.,
1998), cyclodextrin complexation (Loukas et al., 1994),
polymeric microcapsules (Dailey et al., 1993), lignin
entrapment (Ferraz et al., 1997), and starch encapsula-
tion (Mervosh et al., 1995). This latter was essayed for
norflurazon (Boydston, 1992).

This study aimed to develop CRFs of the herbicide
norflurazon by using organo-clays. The approach used
was to modify the clay surface from hydrophilic to
hydrophobic by preadsorbing suitable organic cations
(Jaynes and Vance, 1996; Sheng et al., 1996). When the
hydrophobicity of the clay is increased, the adsorption
of hydrophobic molecules is expected to increase and
yield a slower release in aqueous solutions, extending
the herbicidal activity for a longer time under field
conditions (Wagner et al., 1994). The success of this
approach was shown by El-Nahhal et al. (1998) with
the herbicide alachlor. In addition, we have also pre-
pared formulations based on polyoxoaluminum-pillared
clays. The release of alachlor from an Al-pillared clay
CRF and its subsequent transport in soil columns
showed that pillared clays can be used for controlled
release of herbicides (Gerstl et al., 1998).

MATERIALS AND METHODS

Materials. The clays used were a standard montmorillonite
(SWy-1) (Van Olphen and Fripiat, 1979) supplied by the Clay
Minerals Society, Yunclillos sepiolite (Ruiz-Hitzky and Casal,
1985) supplied by Tolsa S. A. (Madrid, Spain), and an alumina-
pillared montmorillonite (ALFULCAT 2C) (Jones et al., 1997;
Mishael et al., 1999) supplied by the National Technical
University of Athens, Greece. Analytical and technical grade
norflurazon, 99.9 and 97.8% purity, respectively, were kindly
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supplied by Novartis A. G. (Basel, Switzerland). Benzyltrim-
ethylammonium (BTMA), benzyltriethylammonium (BTEA),
and thioflavin-T were purchased from Sigma-Aldrich (Sigma
Chemical Co., St. Louis, MO); HPLC acetonitrile and HPLC
water were from Merck (Darmstadt, Germany). The structural
formulas of the herbicide and the organic cations are shown
in Figure 1. The soil used was a sandy loam soil collected from
0 to 30 cm depth at the Faculty’s Experimental Farm in
Rehovot. Green foxtail (Setaria viridis L. Beauvois) and wheat
(Triticum aestivum L., cv. Ariel) were used as test plants.

Preparation of the Organo-Clay Complexes. The or-
gano-clays were prepared by dropwise addition of aliquots of
10-1 M of BTMA and BTEA and 10-2 M of TFT to aqueous
suspension of the clay under continuous stirring. The final
suspension was 1% (w/v). After being stirred for 24 h, the
suspensions were centrifuged at 20 000g for 20 min, the
supernatant was discarded, and the samples were freeze-dried.
The final loads were 0.2, 0.5, and 0.8 mmol/g for each organic
cation. Mixture loads of 0.2 and 0.5 mmol/g of BTMA and TFT
were also prepared.

Adsorption Isotherms of Norflurazon. Norflurazon ad-
sorption isotherms were carried out by adding 20 mL of
aqueous norflurazon solutions ranging from 13.17 to 65.85 µM
under continuous stirring of 5 mL of 2.5% (w/w) clay/organo-
clay suspension in 30 mL polycarbonate tubes. After the tubes
were shaken for 24 h at 20 ( 1 °C, the suspensions were
ultracentrifuged at 133 680 g for 1 h (Centrikon T-1170), and
the norflurazon concentration in the supernatant was deter-
mined by using a Merck-Hitachi HPLC equipped with fluo-
rescence detector, by the method described by William and
Mueller (1994).

Preparation of Formulations. Formulations from water
(denoted by w) were prepared by dissolving technical norflu-
razon up to the solubility limit, and the solutions were filtered
by 0.45 µ Millipore filters and mixed with clay or organo-clay,
with the final suspension being 0.5% (w/w). The suspensions
were stirred for 24 h and thereafter centrifuged. The super-
natant was discarded, and the pellets were freeze-dried. The
a.i. content (w/w) ranged between 0.28 and 0.70%. Formula-
tions from acetone (denoted by a) were also prepared for
pillared clay and montmorillonite preadsorbed with TFT at
0.5 mmol/g (TFT 0.5), by dissolving the herbicide in acetone
and mixing the solution with the clay, with the final suspen-
sion being 3% (w/w). The solvent was evaporated using a
rotavapor, and the same procedure was repeated five times.
Part of these formulations were washed with ethanol (2% w/v)
by using syntaglass filters (denoted by ae). The a.i. content
(w/w) was 8.64 and 11.08% for TFT 0.5 (ae) and PC (ae),
respectively.

Infrared Spectra. Infrared spectroscopy was used to
examine interactions between norflurazon and the clays, PC,
and montmorillonite preadsorbed with different organic cat-
ions. Infrared spectra were obtained by using KBr pellets with
a Nicolet Magna IR-550. The spectra were recorded at room
temperature in the range of 400-4000 cm-1.

Release Studies. Release of norflurazon from PC and TFT
0.5 was followed under conditions of the adsorption experi-
ments. After reaching equilibrium, the supernatant was
removed, letting the clay dry, and same volume of distilled
water was added. The tubes were centrifuged after 1 and 24

h and 3 and 7 days, and the content of norflurazon in the
supernatant was determined. Release of noflurazon from PC
and TFT 0.5 acetone formulations was followed by using
dialysis bags containing the formulations in 500 mL of water,
the final concentration of norflurazon in the system being 65.85
µM, and sampling for 24, 72, 120, and 168 h. The experiments
were done in duplicate.

Leaching Studies in Soil Columns. Tin columns (10 ×
10 × 20 cm) were filled with Rehovot soil and sprayed with
the commercial and organo-clay formulations at 1 kg a.i. ha-1.
The columns were carefully irrigated with 500 m3 ha-1, applied
in 10 portions, and left for 24 h for equilibration. The columns
were sliced along their lengths forming two pots of 10 × 5 ×
20 cm. Green foxtail and wheat were sown in two rows in each
new pot. Herbicide leaching was determined after 14 days by
measuring the bleached plants along the length from the top
of the column. The bleaching intensity was obtained by
measuring the chlorophyll content every two centimeters and
determining the inhibition percentage in relation to the
chlorophyll content for the same length of control soil columns
(no herbicide added). The chlorophyll content was determined
by cutting the fresh shoot of wheat plants and extracted with
4 mL of N,N-dimethylformamide (DMF). The solutions were
incubated for 48 h, and the chlorophyll (a and b) content was
measured by vis spectroscopy at 664 and 647 nm and related
to the weight of the fresh shoot.

The experiments in soil columns were always done in
triplicate for each formulation.

Data Analysis. The bleaching lengths of the different
formulations through the soil columns were subjected to
analysis of variance and the main effects and the interactions
were tested for significance using repeated measures ANOVA.
The means of effects of different formulations were compared
by Student’s t test (a ) 0.05), following one-way ANOVA. The
inhibition percentage under each length studied was analyzed
by using the standard error as a pooled estimation.

RESULTS AND DISCUSSION

Norflurazon Adsorption. Adsorption isotherms of
norflurazon on montmorillonite, sepiolite and pillared
clay (PC) are shown in Figure 2. Unlike the small
adsorbed fractions of added norflurazon on sepiolite and
montmorillonite, most of the added norflurazon was
adsorbed on the pillared clay. Adsorption percentages
range from 13.3 to 42.2, from 19.0 to 38.1, and from 92.1
to 100% for montmorillonite, sepiolite and PC, respec-
tively. The adsorption of neutral molecules on clays can
be described by using the Scatchard equation which is
equivalent to the Langmuir equation (Nir et al., 1994;
Rytwo et al., 1998). The binding coefficients obtained
(k) that are a measure of the affinity of the herbicide to
the organo-clay, are listed in Table 1. The highest
binding coefficient corresponds to adsorption on PC,
which is two orders of magnitude higher than that for
montmorillonite.

Figure 1. Structural formulas of the molecules used.
Figure 2. Adsorption isotherms of norflurazon on pillared
clay, sepiolite and montmorillonite.
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Norflurazon adsorption on montmorillonite can occur
via ion-dipole interactions of the pyridazinone ring of
the herbicide and the cations saturating the interlayer
space as described for chloridazone, another related
pyridazinone herbicide (Sánchez-Martı́n and Sánchez-
Camazano, 1987). However, this mechanism cannot
account for the high affinity of norflurazon adsorption
on PC. Indeed, when the adsorption is normalized to
the CEC of the clays for the highest initial concentration
used, the ratios obtained increase in the sequence 1.41,
10.53, and 12.06 µmol norflurazon adsorbed/mmol for
SWy-1, sepiolite, and PC, respectively.

In the case of PC, its large porous structure is
responsible for the adsorption of norflurazon acting as
a zeolite-like molecular sieve (Zielke and Pinnavaia,
1988; Tsvetkov and Mingelgrin, 1990; Gerstl et al.,
1998), in addition to its acidic nature, mainly due to its
high Lewis acidity (Nolan et al., 1989; Bagshaw and
Cooney, 1996). However, norflurazon adsorption on
sepiolite is significantly lower than that on PC, despite
its larger specific surface area (340 vs 315 m2 g-1) and
micropore volume (0.44 vs 0.33 cm3 g-1), suggesting that
the main mechanism of adsorption on PC is due to the
interaction with Lewis acid sites. The Lewis base
character of norflurazon is due to the presence of an
aromatic ring in its structure and a pyridazinone ring
attached to two electron-donor groups (chloride and
methylamine) which increase its electronic density in
the pyridazinone ring, thus enhancing their Lewis base
character. Unpublished results (Leon Margulies, per-
sonal communication) show the importance of these two
mechanisms, since the adsorption of neutral aromatic
compounds on a pillared clay increased in the sequence
mesitylene > toluene, which is not in line with their
size increase. The presence of a methyl group attached
to an aromatic ring will increase the electron density
of the ring, due to its positive inductive effect increasing
its Lewis base character. This effect will be more
pronounced for mesitylene, which has three methyl
groups, than that for toluene, with only one methyl
group attached to the aromatic ring, and consequently,
the adsorption of mesitylene on PC is higher than that
for toluene.

Adsorption of norflurazon on montmorillonite pread-
sorbed with several loads of the organic cations BTMA,
BTEA, and TFT increases dramatically when compared
to that of montmorillonite (Figure 3; Table 1). The use

of organo-clay enhances the binding coefficient with
respect to montmorillonite by up to 6-fold in the cases
of BTMA and BTEA, and up to 40-fold for TFT. When
trying to improve norflurazon adsorption by using
organo-clays that are a mixture of BTMA and TFT,
there is no improvement in increasing herbicide adsorp-
tion, as shown in the reduction of the binding coef-
ficients with respect to those corresponding to TFT. We
interpret the larger binding coefficient for norflurazon
adsorption on SWy-TFT than those on SWy-BTMA
and BTEA to arise from the different interactions
between norflurazon and the organic cation adsorbed
on the clay mineral surface. If interactions between the
corresponding rings of norflurazon and the organic
cations play a role, then it can be expected that the
chances for interactions between corresponding rings
would be larger in the case of TFT (see Figure 1).

The hydrophilic character of montmorillonite is due
to the strongly hydrated exchangeable cation, since the
siloxane surface is considered hydrophobic (Sposito and
Prost, 1982; Garfinkel-Shweky and Yariv, 1997). The
replacement of the interlayer cations by less hydrated
small quaternary ammonium cations increases the
hydrophobicity of the clay and the adsorption of nonionic
organic compounds (Jaynes and Boyd, 1991; Smith and
Galan, 1995). Stevens et al. (1996) deduced by infrared
studies that the sorption of arenes primarily occurred
on the siloxane surface. However, additional mecha-
nisms should be operating as can be inferred from
Figure 3 and Table 1, since the highest adsorption of
norflurazon does not take place on the clay preloaded
with the organic cation up to the CEC, but at a loading
of 5/8 of the CEC. Xu et al. (1997) also observed that the
adsorption capacity of trimethylphenylammonium (TM-
PA)-smectite for aromatic hydrocarbons increased dra-
matically when the fraction of exchange sites occupied
by TMPA reached 65-75% of the CEC, and further
increase of TMPA loading decreased its adsorption
capacity.

The adsorption of the herbicide on the organo-clay
should also be dependent on the existence of specific
interactions between the phenyl rings of the herbicide
and the organic cation preloading the clay. Nir et al.
(2000) have demonstrated enhanced pair interactions
of the phenyl rings between hydrophobic herbicides and
the organic cation BTMA as compared to BTEA by using
model calculations. In the latter study, it was noted that
BTMA has a slightly higher binding coefficient (Kh ) for
the formation of charged complexes consisting of one
surface site and two organic cations than that of BTEA
(20 vs 5 M-1, respectively) (Polubesova et al., 1997). The
calculated percents of charged complexes are 2 and 14-
18% for SWy-BTMA 0.5 and 0.8 mmol/g, respectively,

Table 1. Binding Coefficients Describing Adsorption of
Norflurazon on Clay Minerals and Organo-Clay
Complexes Prepared at Several Loads of the Organic
Cation (in mmol/g)a

system k (M-1) R2

SWy-1 40 0.98
sepiolite 73 0.77
pillared clay 5000 0.99
SWy-BTMA 0.2 115 0.99
SWy-BTMA 0.5 215 0.99
SWy-BTMA 0.8 150 0.99
SWy-BTEA 0.2 130 0.99
SWy-BTEA 0.5 190 1.00
SWy-BTEA 0.8 250 0.99
SWy-TFT 0.2 800 0.98
SWy-TFT 0.5 1500 0.99
SWy-TFT 0.8 50 0.91
SWy-BTMA 0.2-TFT 0.5 650 0.98
SWy-BTMA 0.5-TFT 0.2 400 1.00

a The root-mean-square error was within the experimental
uncertainty.

Figure 3. Adsorption isotherms of norflurazon on montmo-
rillonite preloaded with TFT at 0, 0.2, 0.5, and 0.8 mmol/g.
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and 0.3 and 6-7% for SWy-BTEA 0.5 and 0.8 mmol/g,
respectively. Consequently, the interactions of the phen-
yl rings of the herbicide and those of the organic cations
would be less favored for the organic cation loading of
0.8 than that of 0.5 mmol/g. However, this effect is not
so drastic for BTEA due to the small percentage of
double complex, which is overcome by the enhanced
hydrophobicity of the organo-clay complex, promoting
herbicide adsorption. Norflurazon adsorption on SWy-
TFT shows the same pattern as that on SWy-BTMA.
By using the same binding coefficients for TFT on
montmorillonite as those in Margulies et al. (1988) (K
) 109; Kh ) 1.5 × 106), the respective percentages of
double complexes on SWy-TFT 0.5 and 0.8 mmol/g are
0 and 7.2-13.4%, respectively, where the range of
values reflects the uncertainty in the binding coef-
ficients.

FTIR Results. Detailed information about the mech-
anisms involved in the interaction of the herbicide and
the organo-clays can be obtained by using infrared
spectroscopy. However, only the organo-clay SWy-TFT
0.5 provided information about the modes of interaction,
because norflurazon loading on the other organo-clays
was not sufficient. In the case of pillared clay, a slight
broadening of the absorption bands corresponding to the
clay itself was observed, which obscured additional
information on the bands of norflurazon.

Figure 4 shows the spectra of norflurazon in its free
form (Figure 4a), the organo-clay SWy-TFT 0.5 (Figure
4b), and the organo-clay formulation resulting from the

adsorption of the herbicide on the organo-clay (Figure
4c). The most relevant features of the norflurazon-free
spectrum are the absorption bands due to the stretching
frequency of the CdO group at 1622 cm-1 and the
vibration modes of the pyridazinone ring at 1410 and
1530 cm-1 (Sánchez-Martı́n and Sánchez-Camazano,
1987). The absorption bands at 1615, 1475, and 1455
cm-1 can be assigned to skeletal breathing modes of the
phenyl ring, and at 1339 cm-1 to C aromatic-N stretch-
ing vibration.

In the case of the organo-clay complex, the spectrum
shows absorption bands that are due to the following:
the thiazol ring at 1500 and 1387 cm-1 (Pouchert, 1981);
the breathing modes of phenyl ring at 1604 and 1478
cm-1; the symmetrical mode of the C-H deformation
frequencies of the gem-methyl groups attached to N at
1379 and 1397 cm-1; and the C-H deformation band
of methyl attached to N at 1441 cm-1.

When norflurazon is adsorbed on the organo-clay
(Figure 4c), there are changes in the vibration modes
of the organic cation adsorbed on the clay, although it
is not possible to distinguish bands due to norflurazon
that could reveal the groups involved in its interaction
with the organo-clay. The new striking features indicat-
ing changes in the vibration modes are the shift of the
band at 1500 cm-1, an increase in the intensity of the
band at 1387 cm-1 and the appearance of a second band
corresponding to the degenerate pair of the breathing
mode of the phenyl ring at 1601 cm-1. This last feature
is especially relevant and is indicative of π-π* interac-

Figure 4. FTIR absorption spectra of free norflurazon (a), SWy-TFT 0.5 (b), and norflurazon adsorbed on the previous organo-
clay complex (c).
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tions between aromatic moieties of the herbicide and
the organic cation. The interaction between the π cloud
of norflurazon and the aromatic ring system of TFT
intensifies this band, which is seen as a separate band
of comparable intensity to the other component of the
doublet. Hence, the FTIR results support the existence
of interactions between the rings of norflurazon and
TFT.

Leaching Studies. Results of greenhouse experi-
ments using soil columns and bioassays for the com-
mercial formulation, as well as those based on clays
prepared in water medium, are given in Table 2.
Formulations based on montmorillonite-BTEA were
not included in this study because of the similar binding
coefficient of norflurazon to montmorillonite-BTMA
(Table 1). It can be seen in Table 2 that the commercial
formulation leaches up to a depth of 14 cm in the
column, in comparison to the other formulations whose
average is about 11 cm, amounting to a decrease in 15%
of the leaching depth. However, the statistical analysis
indicates that only the formulations prepared on SWy-
TFT and PC yield significantly smaller leaching depths
than that of the commercial formulation. No significant
difference was noticed between norflurazon formula-
tions based on PC or montmorillonite-TFT.

These features are in agreement with the previous
results obtained in norflurazon adsorption experiments.
The binding coefficients in Table 1 indicate that the
interaction between norflurazon molecules and BTMA-
organo-clays is very weak in comparison to its interac-
tion to PC or montmorillonite-TFT. Our conclusion is
that the reduced leaching observed is due to a slow
release of the herbicide that is related to the strong
interaction between the herbicide molecules and the
organo-clay or PC. Indeed, when the release of norflu-
razon was followed under conditions of the adsorption
experiments by removing the supernatant, letting the
clay dry, and adding the same volume of water, norflu-
razon desorption approached equilibrium only after 3
days, giving 12% and 22% release for PC and TFT 0.5,
respectively. The strength of the interaction between the
clay/organo-clays and the herbicide would be a function
of the molecular characteristics of the herbicide and the
organic cation. El-Nahhal et al. (1998) found that the
rate of release of the hydrophobic herbicide alachlor on
an organo-clay loaded with aromatic organic cations
increased when increasing the length of alkyl chain of
the organic cation. The slowest release was obtained
with the smallest organic cation used, BTMA. In our
case, the use of a larger organic aromatic cation, TFT,
was more effective than BTMA. This can be due to its
larger aromaticity that will enhance π-π* interactions,
which are the main ones promoting the adsorption of
the herbicide on the organo-clay, in accord with the IR
results.

Table 3 gives the results for another set of experi-
ments carried out by using formulations based on SWy-
TFT 0.5 and PC that were prepared in water and
acetone media. The leaching depth is significantly
higher for the commercial formulation than that for the
clay-based ones. The statistical analysis shows that
there is no difference between the leaching depth of the
formulations prepared in acetone and those prepared
in water. By considering their average, these formula-
tions reduce norflurazon leaching by about 21%.

For the same set of experiments, the inhibition
percentages of norflurazon formulations at different
depths were measured by its bleaching effect on wheat
shoot (Figure 5). The herbicidal activity of the com-
mercial formulation is about 70% throughout the first
10 cm and is still high enough at a depth of 12 cm. The
formulations prepared in water and acetone show the
same activity for the first 6 cm, which is the depth
desired for weed control, with the decrease with the
depth for PC (w) and TFT 0.5 (a) being steeper.

The formulations prepared from acetone may exhibit
an improvement with respect to those prepared in water

Table 2. Norflurazon Leaching Depth of the Commercial
and Clay/Organo-Clay Formulations Prepared in Water
Medium (w), as Measured by Their Effects on Green
Foxtail Shoot Bleaching

formulation leaching length (cm)

commercial 14.3a

SWy-BTMA 0.5 (w) 12.2a,b

SWy-BTMA 0.2 (w) 12.5a,b

PC (w) 11.3b

SWy-TFT 0.2 (w) 11.1b

SWy-TFT 0.5 (w) 10.1b

a,b Means with the same letter are not significantly different at
the 5% level as determined by Student’s multiple range test.

Table 3. Norflurazon Leaching Depth of PC and
SWy-TFT 0.5-Based Formulations Prepared in Water (w)
and Acetone (a) in Comparison with the Commercial
Formulation, as Measured by Their Effects on Green
Foxtail Shoot Bleaching

formulation leaching length (cm)

commercial 13.8a

PC (a) 11.7b

SWy-TFT 0.5 (a) 11.2b

SWy-TFT 0.5 (w) 10.3b

PC (w) 10.3b

a,b Means with the same letter are not significantly different at
the 5% level as determined by Student’s multiple range test.

Figure 5. Inhibition percentages of norflurazon formulations
based on PC (a) and TFT (b), in comparison with the com-
mercial formulation. The inhibition percentage was obtained
from chlorophyll content reduction in wheat shoot.
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(Table 3, Figure 5) since their leaching depths are not
significantly different and their bleaching activity with
depth is only slightly lower, whereas their a.i. content
is about 20-fold higher than that of the (w) formulations.
Since some norflurazon molecules from the formulations
prepared in acetone could loosely be attached to the clay
mineral surface, formulations from acetone washed with
ethanol were considered. Results of leaching based on
bleaching activity are shown in Table 4. The commercial
formulation leaches up to 17.2 cm, instead of 13.8 cm
as reported in Tables 2 and 3. This can be due to the
longer elapsed time (48 h) between the irrigation and
sowing in the columns. The results from Table 4 indicate
that the formulations prepared in acetone washed with
ethanol are significantly different from the commercial
one, and reduce leaching by 16%. When comparing these
results to those for formulations prepared in acetone in
Table 3, the formulations from acetone washed with
ethanol did not give an improvement. The release
experiments in Figure 6 show a parallelism under
drastic conditions between the formulations in acetone
and those from acetone washed with ethanol. The
results in Figure 6 show that the percent of norflurazon
released from the formulation PC (a) continues to
increase for 7 days under conditions of large clay
dilution (0.013%). The same trend is also observed for
the other formulations, but due to the experimental
uncertainties, it can be stated that complete release (up
to equilibrium) requires at least 3 days. During irriga-
tion, the added herbicide formulations are exposed to
water for significantly shorter periods, and the clay
particles are at larger concentrations than that in
Figure 6. Thus, these release results imply that low
release of norflurazon from the new formulations is
expected in the column experiments.

The development of controlled release formulations
should create a compromise between the depth of
leaching and the herbicidal activity in the top soil layer.

An extremely low rate of release from the formulations
can reduce substantially the amount of herbicide avail-
able for leaching and lead to better long-term weed
control, but the rate applied should be larger for getting
the threshold concentration needed to get weed control
at the top soil layer during the early events. The
formulations based on pillared clay and organo-clays
(TFT 0.5) show slow release, reducing leaching, and
good herbicidal activity at the optimal depth for weed
control.
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