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An approach for minimizing the risk of ground water contamination for highly mobile pesticides is to enhance
the soil sorption process through the application of the pesticide together with a sorbent which limits the
amount of pesticide immediately available for undesirable leaching losses. In this work, a number of clays
exchanged with different inorganic and organic cations were assayed as sorbents of the acidic herbicide
picloram (4-amino-3,5,6-trichloropyridine-2-carboxylic acid) and the ability of three selected clays to retard
the release of picloram into water and to reduce picloram leaching through a soil column was investigated.
For the selected clays, Fe3þ-saturated Wyoming montmorillonite (Fe-SW), octadecylammonium-treated
Arizona montmorillonite (ODA-SA1) and hexadecyltrimethylammonium-saturated Arizona montomorillo-
nite (HDTMA-SA2), two types of clay–picloram complexes (a physical mixture, PM, and a strongly-sorbed
complex, SC) were prepared. All clay–picloram complexes yielded slow release of the herbicide and retarded
its vertical movement through soil columns compared to the free technical compound, showing that clay–
pesticide complexes prepared from selectively-modified clays may be useful in reducing rapid leaching of
highly mobile pesticides such as picloram.
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INTRODUCTION

The environmental problems associated with the use of highly mobile pesticides are a
current issue because these compounds are increasingly being detected in ground and
surface waters. Anionic pesticides are a particular concern because they are very
weakly retained by most soil and sediment components and hence can rapidly move dis-
solved in the soil solution [1,2]. Recently, increasing attention is being directed to design
strategies to reduce runoff and leaching of highly mobile pesticides in order to minimize
the risk of water pollution.

The fact that most pesticide formulations in current use deliver the bulk, if not all, of
the active ingredient in an immediately available form that is readily released to the
environment increases the likelihood of ground water contamination by pesticides [3].
Many pesticides, for instance, are applied to the field as soluble liquids, which increases
the risk of vertical movement if heavy rain events occur shortly after application, before
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pesticide molecules have time to diffuse into soil aggregates and reach sorption sites in
soil colloids [4]. In this context, an approach for minimizing the risk of ground water
contamination for highly mobile pesticides is to enhance the soil sorption process
through the application of the pesticide together with a carrier which limits the
amount of pesticide immediately available for undesirable leaching losses. Among the
various materials proposed as pesticide carriers, recently there has been renewed inter-
est in the use of natural soil constituents, such as clays, iron oxides or humic acids
[3,5–9]. Clays are particularly interesting due to their low cost, ubiquitous occurrence
in nature, and the possibility to selectively modify their surfaces, for instance by
incorporating large organic cations in the interlayers, to improve their affinity for
selected pesticides [8–12].

In this work, the acidic herbicide picloram (4-amino-3,5,6-trichloropyridine-2-
carboxylic acid) was used as a model of highly mobile pesticide to investigate the ability
of selectively-modified clays to retard the release of the herbicide into water and to
reduce herbicide leaching in soil. Picloram is a systemic herbicide commonly used to
control deeply rooted herbaceous weeds and woody plants in forestry, rangelands, pas-
tures, and small grain crops [13,14]. Its anionic character at the pH of most soil and
water environments ( pKa¼ 2.3) results in very low sorption on soil particles and in
turn in an extremely high soil mobility [14]. Picloram sorption has been shown to be
poorly correlated with soil clay content, but significantly correlated to soil organic
matter content [15,16]. It has also been shown that picloram is preferentially sorbed
in the molecular form and that sorption is increased with decreasing pH [17]. At typical
soil pH (5–9), however, the anionic form of picloram comprises greater than 99% of the
dissolved chemical, which explains the low sorption of this herbicide by most soils.
Picloram is stable to hydrolysis and anaerobic degradation, and degrades very slowly
in aerobic conditions with half-lives ranging from 167 to 513 days depending on soil
type [14]. Because of its low sorption and its long soil persistence, its major route of
dissipation appears to be leaching and a number of studies have reported its appearance
in ground water at significant levels [14,18–21]. In fact, according to the USEPA [14],
the principal environmental risks of picloram relate to contamination of surface and
ground water, and damage to nontarget terrestrial plants including crops adjacent to
areas of application via runoff or leaching. In addition, there is also concern related
to endangered terrestrial mammals and endangered aquatic animals [14].

The specific objectives of this work were: (i) to evaluate the sorption–desorption of
picloram by two montmorillonites previously treated with different inorganic and
organic cations in order to provide the clay surfaces with sorptive properties and
(ii) to test the ability of clays displaying different sorption affinities for picloram to
slow the release of the herbicide into water and to retard herbicide leaching through
soil columns compared to the free technical compound. Fourier-transform infrared
spectroscopy was used to establish the clay–herbicide interaction mechanisms and to
interpret herbicide leaching results.

EXPERIMENTAL

Materials

The clays used in this study were Na-Wyoming montmorillonite, SWy-2, and
Ca-Arizona montmorillonite, SAz-1, supplied by the Source Clays Repository
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(Clay Minerals Society, Columbia, MO). The cation exchange capacities (CEC) of
SWy-2 and SAz-1 are 76 and 120 cmolc kg

�1, respectively, being the result of iso-
morphic substitutions in the octahedral layer. Fe3þ-saturated Wyoming montmorillo-
nite (FeSW) was obtained by treating 10 g of SWy-2 with 100mL of a 1M solution
of FeCl3. After treatment (24 h, three times), the solid was washed with distilled
water until Cl-free, and then lyophilized. For the preparation of the clays exchanged
with alkylammonium cations, 10 g of SWy-2 or SAz-1 were treated with 100mL of
an ethanol : water (1 : 1) solution containing an amount of alkylammonium (chloride
salt) equal to either 50% or 100% of the CEC of the clay. The suspensions were
shaken for 24 h, centrifuged, washed with distilled water until Cl-free, and then lyophi-
lized. The abbreviations used to refer to the different clays prepared together with their
main physicochemical properties are summarized in Table I.

The picloram used in this study was the analytical grade compound (purity 97.5%)
provided by Dr. Ehrenstorfer Lab. (Germany). The soil used in the leaching experi-
ments was a sandy-clay soil (0–20 cm) classified as Typic Rhodoxeralf with 70%
sand, 10% silt and 20% clay (12% illite, 4% kaolinite and 4% montmorillonite).
It has 0.99% organic matter and 1.04% Fe2O3. The pH measured in a 1 : 2 (w :w)
solid : deionized water suspension was 7.9.

Sorption–Desorption Experiments

Picloram sorption–desorption isotherms were obtained by the batch equilibration
technique using 50mL polypropylene centrifuge tubes. Initial picloram solutions
were prepared in distilled water at concentrations (Cini) ranging from 50 to 1000 mM.
Duplicate 20mg sorbent samples were equilibrated with 8mL of picloram initial
solutions by shaking mechanically at 20� 2�C for 24 h. After equilibration, the
suspensions were centrifuged and the equilibrium concentrations (Ce) determined in
the supernatant solutions by high performance liquid chromatography (HPLC). The
amount of herbicide sorbed (Cs) was calculated from the difference between the initial
(Cini) and the equilibrium (Ce) solution concentrations. Preliminary experiments
showed that picloram did not sorb on the walls of the centrifuge tubes and that 24 h
was sufficient to obtain picloram sorption equilibrium on ODA-SA1, which was the

TABLE I Characteristics of inorganic and organic clays and Freundlich coefficients for picloram sorption*

Sorbent
abbreviation

Montmo-
rillonite

Main interlayer
cation

OC
(%)

OCtS
(%)

d001
(nm)

Kf Nf R2

Fe-SW SWy-2 Fe3þ – – 1.25 68� 1 1.60� 0.09 0.99
HDTMA-SW1 SWy-2 HDTMA 9.8 56 1.75 7� 1 1.13� 0.19 0.95
HDTMA-SW2 SWy-2 HDTMA 14.7 85 1.82 37� 1 0.63� 0.05 0.98
ODA-SW1 SWy-2 ODA 9.9 60 1.71 13� 3 1.35� 0.41 0.79
ODA-SW2 SWy-2 ODA 15.0 90 1.71 62� 1 1.45� 0.11 0.98
HDTMA-SA1 SAz-1 HDTMA 15.0 54 2.20 p 40� 1 1.09� 0.07 0.99
HDTMA-SA2 SAz-1 HDTMA 22.5 83 2.40 240� 1 0.48� 0.05 0.97
ODA-SA1 SAz-1 ODA 17.2 67 3.10 p 175� 1 1.37� 0.07 0.99
ODA-SA2 SAz-1 ODA 25.5 98 3.70 p 504� 2 1.68� 0.16 0.97

*ODA: octadecylammonium; HDTMA: hexadecyltrimethylammonium; OC: organic carbon; OCtS: percentage of the CEC
of the clay occupied by organic cations (calculated from the organic C content); d001: basal spacing; p: poorly defined; Kf, Nf:
Freundlich coefficients for picloram sorption� standard error; R2: regression coefficient for the Freundlich-fit sorption
isotherm.

CLAY–HERBICIDE COMPLEXES 505

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
8
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



clay displaying the greatest sorption–desorption hysteresis. Desorption was measured
immediately after sorption from the highest concentration point of the sorption
isotherm. The 4mL of supernatant removed for the sorption analysis were replaced
with 4mL distilled water. The samples were resuspended, shaken for another 24 h,
centrifuged and equilibrium concentration in the supernatant was determined. This
desorption cycle was repeated three times. Sorption and desorption isotherms were
fit to the logarithmic form of the Freundlich equation: log Cs¼ log KfþNf log Ce,
where Cs (mmol kg�1) is the amount of herbicide sorbed at the equilibrium concentra-
tion Ce (mmol L�1), and Kf and Nf are the empirical Freundlich constants. Hysteresis
coefficients, H, for the sorption–desorption isotherms were calculated according to:
H¼Nf-des/Nf, were Nf and Nf-des are the Freundlich Nf constants obtained for the
sorption and desorption isotherms, respectively [22,23].

Fourier-Transform Infrared Spectroscopy

Clay samples containing an amount of picloram sorbed high enough to allow analysis
by Fourier-transform infrared (FT-IR) spectroscopy were prepared by five successive
treatments of the clays (20mg) with a 1mM picloram solution (8mL). Controls (treated
with water) and picloram-treated samples were washed once with deionized water,
air-dried, and analyzed as KBr disks in a Nicolet 5PC FT-IR spectrometer.

Preparation of Clay–Picloram Complexes used in the Release and

Leaching Experiments

Two types of clay–picloram complexes were prepared with the selected sorbents
(Fe-SW, ODA-SA1 and HDTMA-SA2): (i) a physical mixture (PM) was obtained by
thoroughly mixing 40mg of technical grade picloram with 960mg of clay without
solvent addition; (ii) a more intimate association (SC) was prepared by adding 10mL
of methanol to 1 g of PM, shaking for 24 h, and then air-drying. The amount of
picloram in the complexes corresponded to a 4% content in active ingredient (a.i.).
All solids were thoroughly ground in an agate mortar and stored at 4�C until used.
Previous work had shown that the organic solvent used in the preparation of SC for-
mulations favors the clay–herbicide interaction, making the release of the herbicide
slower compared to PM [8]. It appeared that the organic solvent facilitated the diffusion
of the herbicide within the clay aggregates, favoring retention and/or trapping of the
herbicide during methanol evaporation. On the basis of these results, we expected
different rates and extents of picloram release from the two types of formulations
prepared.

Release Study

Two milligram of picloram (a.i.), as clay complex or technical product, were added to
250mL distilled water in glass bottles lined with screw caps. At selected times after her-
bicide application (from 0 to 144 h), the bottles were hand-shaken, allowed to settle for
10min, and then 2mL of the supernatant solution was filtered and picloram
concentration determined by HPLC. The periodical removal of such a small amount
of supernatant was assumed not to have any influence on the release pattern.
Picloram release kinetics was obtained in duplicate.
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Column Leaching Experiment

Leaching was studied in 30� 5 cm methacrylate columns made up of six 5 cm-long
sections sealed with silicon, which also helped minimize preferential flow along the
walls of the columns. The top ring was filled with sea sand and the bottom ring with
sea sand plus glass wool, to prevent losses of soil and contamination of leachates
with soil particles. The other four rings were hand-packed with 490 g of air-dried
soil, then saturated with 300mL 0.01M CaCl2 and allowed to drain for 24 h. The
calculated pore volume of the columns after saturation was 200� 20mL. The
amount of picloram corresponding to an application rate of � 4 kg ha�1 (0.85mg a.i.)
was applied to the top of duplicate soil columns as free-technical compound (dissolved
in 5mL water) or as clay complexes. This application rate is within the range of 2.2–
9.5 kg ha�1 recommended for field application of picloram [24]. The columns were
leached with 0.01M CaCl2 at a rate of 50mL day�1. The leachates were collected
daily and the concentration of picloram determined by HPLC until the herbicide
concentration measured was less than 0.1 mM.

Herbicide Analysis

Picloram analysis was performed by HPLC using a Waters 600E chromatograph
coupled to a Waters 996 diode-array detector. The following conditions were used:
Novapack C18 column (150mm length� 3.9mm i.d.), 25 : 75 methanol:diluted phos-
phoric acid (pH¼ 2.0) eluent mixture at a flow rate of 1mLmin�1, 25 mL injection
volume, and UV detector at 225 nm. External calibration curves with standard
solutions between 1 and 1000 mM were used in the calculations.

RESULTS AND DISCUSSION

Picloram Sorption on Clays

Picloram sorption isotherms an all sorbents assayed fit the Freundlich equation with
R2>0.95 (Table I). The only exception was the sorption isotherm on ODA-SW1,
which showed poor fitting to the Freundlich equation (R2

¼ 0.79). While no measurable
sorption of picloram was observed for the original montmorillonites (SWy-2 and
SAz-1), the exchange of the original inorganic cations with ODA and HDTMA
provided the resulting organoclays with sorptive properties. Saturation of SWy-2
with Fe3þ also resulted in considerable sorption of picloram by FeSW (Table I).
Some sorption isotherms are upward sloping (Nf>1), in particular those on ODA-
organoclays and Fe-SW, but in general they were also well described by the
Freundlich equation. Upward slopping sorption isotherms have been attributed to
competition of the pesticide with water molecules for sorption sites [25,26], which
agrees with the high hydrophilic character of Fe3þ and the monosubstituted ODA
cation compared to the highly hydrophobic HDTMA cation.

The lack of sorption of picloram observed for SWy-2 and SAz-1 can be attributed to
the anionic character of picloram ( pKa¼ 2.3) at the pH of the suspensions (pH>6)
and repulsion of the anionic species from the negatively charged clay surfaces.
Negligible or even negative sorption by montmorillonite has previously been reported
for other acidic pesticides, such as 2,4-D and imazamox [2,27,28]. The treatment of
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SWy-2 and SAz-1 with the organic cations, HDTMA and ODA, increased the affinity
of the clay surfaces for picloram and resulted in Kf values that ranged from 7, for
HDTMA-SA1, to 504, for ODA-SA2. The ability of FeSW to sorb picloram
(Kf¼ 68) can be attributed to the high surface acidity provided by the Fe3þ ions (sus-
pension pH¼ 3), which promotes protonation of the pesticide molecules, thus reducing
repulsion and favoring sorption [29].

Although no clear relationships could be found between sorption (Kf values) and the
OC content or the basal spacing values of the organoclays, data in Table I show that
SA-organoclays were clearly more sorptive than SW-organoclays with similar amounts
of the same organic cation. The low-charge SW montmorillonite favors the horizontal
arrangement of the alkyl chains of the organic cation in the interlayer (d001¼ 1.7–
1.8 nm, Table I), which is stabilized by hydrophobic interactions with noncharged
regions of the clay surface [28]. In contrast, the proximity of two adjacent charges in
SA montmorillonite promotes a vertical arrangement of the alkyl chains that results
in high basal spacings of the resulting organoclays (d001>2.2 nm) [30,31]. It appears
that the vertical arrangement of the organic cations in SA-organoclays makes the
interlayer space more accessible for picloram molecules compared to the SW-organo-
clays, resulting in greater sorption. These results are similar to those of previous
work where the interlayer thickness was responsible for difference in pesticide sorption
by different organoclays [30,32,33].

Besides the interlayer thickness, the nature and amount of organic cation present in
the organoclays also influenced picloram sorption. Thus, an increase in the organic
cation saturation (OCtS) resulted in greater picloram sorption (Table I), which indi-
cates the role of the organic cations in the sorption of picloram by the organoclays.
In addition, higher Kf values were measured for clays exchanged with ODA compared
to the same clays exchanged with similar amounts of HDTMA. These results are very
similar to those reported by Celis et al. [28] for the acidic herbicide imazamox, and can
be attributed to the possibility of polar interactions between the herbicide molecules and
the monosubstituted amino group of ODA cations. Polar interactions should be signif-
icantly less important for HDTMA-organoclays due to the higher hydrophobicity of
the tetrasubstituted amino group of HDTMA [28].

Sorbent Selection

Based on the sorption results, three clays varying in their affinity for picloram were
selected to test their ability to retard the release of the herbicide into water and to
reduce herbicide leaching losses. The three clays selected were Fe-SW (Kf¼ 68),
ODA-SA1 (Kf¼ 175) and HDTMA-SA2 (Kf¼ 240). Picloram sorption–desorption
isotherms on these clays are shown in Fig. 1, where not only the different sorption
affinities, but also the different hysteresis of the sorption–desorption isotherms
should be noted. Thus, hysteresis coefficients, H, calculated by dividing the desorption
and adsorption Freundlich Nf values (H¼Nf-des/Nf) were 0.75 for HDTMA-SA2, 0.54
for Fe-SW and 0.44 for ODA-SA1. The less sorptive clays, Fe-SW and ODA-SA1, were
therefore those displaying lower H values, i.e., greater hysteresis of the sorption–
desorption process [22,23]. Possible causes for the observed sorption–desorption
hysteresis include irreversible sorption of picloram and slow desorption kinetics for
the sorbed species [2,23].
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FT-IR Spectroscopy Study

FT-IR spectra of HDTMA-SA2, ODA-SA1 and Fe-SW treated with picloram together
with those of the untreated blank clay samples and pure picloram are shown in Fig. 2.
Bands corresponding to picloram in the FT-IR spectra of the complexes revealed the
presence of the herbicide sorbed on the clays. For all three clays, herbicide treatment
led to a reduction in the intensity of the OH stretching vibration band (broad band
at about 3400 cm�1) corresponding to hydration water of the clay, strongly indicating
that picloram sorption involved replacement of hydration water molecules at the clay
surface.

The band at 1716 cm�1 in the FT-IR spectrum of HDTMA-SA2 treated with
picloram was assigned to the C¼O stretching vibration of the protonated carboxylic
group of the herbicide [34] and indicated that sorption of picloram on HDTMA-SA2

involved the molecular (undissociated) form of the pesticide. Compared to the FT-IR
spectrum of pure picloram, this band appeared slightly shifted to higher wavenumber
(from 1710 to 1716 cm�1) suggesting that interactions between the �COOH group of
the herbicide and the clay surface were weaker compared with the intermolecular
interactions occurring between the carboxylic and amino groups of the herbicide
in the pure compound (Fig. 2c). The shifting of the N–H stretching vibration band
(vN–H) of picloram from 3476 cm�1 to 3447 cm�1 upon sorption by HDTMA-SA2 sug-
gests relatively strong interaction between the �NH2 group of the herbicide and the
clay surface.

In contrast to HDTMA-SA2, notably absent in the FT-IR spectra of Fe-SW and
ODA-SA1 treated with picloram (Figs. 2e and 2g) were bands corresponding to the
protonated carboxylic group of the pesticide (especially the band at 1710 cm�1),

FIGURE 1 Picloram sorption–desorption isotherms on the three selected clays. Solid symbols are sorption
points, whereas open symbols are desorption points.
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accompanied by the appearance of bands corresponding to the anti-symmetrical
ðvas�COO�Þ and symmetrical ðvs�COO�Þ vibration bands of the carboxylate anion (Fig. 2).
Probably, the bending vibration of the �NH2 group of picloram also contributed to the
bands observed at 1612 cm�1 and 1637 cm�1 for ODA-SA1 and Fe-SW, respectively.
These results suggest at least partial ionization of the carboxylic group of picloram
when interacting with Fe-SW and ODA-SA1, most likely as a result of
coulombic attraction between the ionized �COO� group of the herbicide and the
interlayer cation of the clay. The different sorption mechanism derived from the
FT-IR spectroscopy study for Fe-SW and ODA-SA1 compared to HDTMA-SA2 can
be explained taking into the account the high polarizing power of the Fe3þ cations
on one hand, and the higher hydrophilic character of ODA compared to HDTMA

FIGURE 2 Fourier-transform infrared spectra of: (a) picloram; (b) HDTMA-SA2; (c) HDTMA-
SA2þ picloram; (d) ODA-SA1; (e) ODA-SA1þpicloram; (f) Fe-SW and (g) Fe-SWþ picloram.
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on the other, which may have resulted in contribution of ionic attraction mechanism to
picloram sorption by Fe-SW and ODA-SA1 [28]. In addition, reinforcement of the
clay–herbicide binding by this ionic contribution to the sorption mechanism is consis-
tent with the greater irreversibility of the sorption–desorption isotherms found for
Fe-SW and ODA-SA1 compared to HDTMA-SA2 (Fig. 1).

Release Study

The release of picloram into water from clay complexes (PM and SC preparations) are
compared in Fig. 3 with the release pattern of the free technical product. All clay
complexes released the herbicide slower compared to the technical product. In contrast

FIGURE 3 Picloram release kinetics in water from clay–herbicide complexes and for the free technical
product: (a) PM preparations; (b) SC preparations.
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to an immediate release of 90% of the herbicide for the technical product, the initial
release for the complexes varied from 10% to 70% depending on the clay and the
type of preparation. For the labile PM complexes, an inverse relationship was observed
between the initial release and the affinities of the clays for picloram, i.e., Fe-SW
(65%)>ODA-SA1 (10%)
HDTMA-SA2 (9%), while the final release, reached at
t¼ 1 day, was close to 100% in every case. For the SC preparations, the release
equilibrium was reached slower (2–5 days) compared to the PM complexes, reflecting
a more intimate association between the clays and the herbicide. Nevertheless, the
final releases of picloram from SC preparations were high: 100% for HDTMA-SA2

and ODA-SA1, and 80% for Fe-SW. In summary, most of the herbicide was released
into water from all clay–herbicide complexes, although at slower rate than that
observed for the free technical compound.

Picloram release data were analyzed by applying the generalized model [6,8,35].

Mt=Mz ¼ k � tn þ c

where Mt/Mz is the percentage of pesticide released at time t and k, n and c are con-
stants which are characteristic of the systems. These parameters are given in Table II
for all clay–picloram complexes and for the technical compound. The lower c values
obtained for the clay complexes compared to the free compound indicates reduced
initial release (t¼ 0), while the different values of k and n depending on the formulation
reveal that a range of rates and extents of picloram release occurred depending on the
sorbent and the type of preparation. This suggests the possibility to select diverse
preparations according to the intended use [6,8].

Column Leaching Study

Breakthrough curves (BTCs) for picloram applied to soil columns as free-technical
compound and clay complexes are shown in Figs. 4, 5 and 6. The position of
the maximum concentration peak (close to one pore volume), the symmetry of the
breakthrough curve, and the total amount of herbicide recovered (� 100%) for the
free picloram application indicated very little retention and degradation of the herbicide
in the soil column. This agrees with previous work reporting rapid leaching and long
persistence of picloram in soil [16,36]. Compared to the technical compound, all
clay–herbicide complexes reduced the maximum concentration peak of the BTC and
extended the presence of the herbicide in the leachates at moderate concentrations up

TABLE II Constants from fitting the equation Mt/Mz¼ k � tnþ c to the release data of
picloram in water for clay-based formulations and the free compound

Formulation c k n R2

Free picloram 88±2* 8±3 0.22±0.10 0.84
HDTMA-SA2 (PM) 8±6 83±7 0.09±0.03 0.98
ODA-SA1 (PM) 10±2 88±2 0.04±0.01 1.00
Fe-SW (PM) 65±7 29±8 0.18±0.10 0.88
HDTMA-SA2 (SC) 48±3 32±4 0.29±0.05 0.98
ODA-SA1 (SC) 73±1 16±1 0.23±0.02 1.00
Fe-SW (SC) 65±4 86±5 0.29±0.78 0.78

*Value±standard error.
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to larger volumes of water added, clearly indicating retarded leaching of picloram. The
decrease in the maximum concentrations of picloram in leachates was significant for all
clay complexes (from 26 mM to 13–17 mM depending on the type of complex). In
agreement with the batch release results, for the PM preparations the maximum

FIGURE 4 Picloram BTCs after application to soil columns as free technical product and Fe-SW
complexes: (a) relative BTCs; (b) cumulative BTCs.
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concentrations of picloram in the leachates (17 mM for Fe-SW, 15 mM for ODA-SA1

and 13 mM for HDTMA-SA2) were inversely related to the affinities of the clays for
picloram, while the total amounts of herbicide leached were close to 100% (Figs. 4, 5
and 6). For the SC preparations, the total amounts of picloram leached were in general

FIGURE 5 Picloram BTCs after application to soil columns as free technical product and ODA-SA1

complexes: (a) relative BTCs, (b) cumulative BTCs.
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lower compared to the PM preparations, in particular for Fe-SW and ODA-SA1 where
25% of the herbicide applied did not leach from the soil column. As supported by the
desorption and FT-IR spectroscopy results, it is likely that the amount of picloram not
leached from the SC preparations of Fe-SW and ODA-SA1 corresponded to some

FIGURE 6 Picloram BTCs after application to soil columns as free technical product and HDTMA-SA2

complexes: (a) relative BTCs; (b) cumulative BTCs.
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strong or irreversible sorption of the herbicide on the clay particles, which could have
been favored by the addition of the organic solvent during the preparation of these
complexes [8].

CONCLUSIONS

Replacement of the original inorganic cations of SWy-2 and SAz-1 montmorillonites
with Fe3þ and alkylammonium cations resulted in clays with sorptive properties for
the herbicide picloram. Clay–picloram complexes prepared from three clays with differ-
ent affinities for the herbicide (Fe-SW, ODA-SA1 and HDTMA-SA2) displayed slow
release properties in water and retarded picloram leching through soil columns com-
pared with the application of the free technical compound. The total amounts of her-
bicide released from the complexes were in general close 100%, although some
irreversible sorption occurred in intimate associations (SC) containing Fe3þ and
ODA as exchange cations in the clays. In summary, our results showed that clay–
herbicide complexes prepared from selectively-modified clays may be useful in reducing
rapid leaching of highly mobile pesticides such as picloram.
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