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Ground and surface water contamination by herbicides applied to olive groves in Spain and other
Mediterranean countries is demanding strategies to prevent and remediate the environmental problems
repeatedly caused by such herbicides. In this study, six different organic cations (L-carnitine, spermine,
hexadimethrine, tyramine, phenyltrimethylammonium, and hexadecyltrimethylammonium) were
incorporated into Na-rich Wyoming montmorillonite (SWy-2) and Ca-rich Arizona montmorillonite (SAz-
1) at two different loadings (50% and 100% of the cation exchange capacity of the clays) as a strategy
to enhance the affinity of the clay minerals for three herbicides widely used in olive groves:
terbuthylazine, diuron, and MCPA. The modified montmorillonites were characterized and tested as
adsorbents of the herbicides through batch adsorption tests. At the experimental conditions used,
some of the modified montmorillonites removed more than 95% of the herbicide initially present in
aqueous solution, whereas the unmodified clays removed less than 15%. All three herbicides displayed
very strong affinities for SAz-1 exchanged with hexadecyltrimethylammonium cations, particularly
when these were incorporated at 100% of the cation exchange capacity of the clay mineral.
Terbuthylazine and diuron also displayed very strong affinities for SWy-2 exchanged with L-carnitine
and spermine, respectively. The chemical characteristics of the organic cation greatly influenced the
adsorptive properties of the resultant organoclay. The herbicides were in general reversibly adsorbed
by the modified clays. The results indicate that some of the tested modified clays could be suitable
for the removal of the assayed herbicides from contaminated water and also as possible supports
for the design of slow release formulations of such herbicides to attenuate their environmental impact
when used in high-risk scenarios such as olive groves.
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INTRODUCTION

Ground and surface water contamination by herbicides used
in olive groves in Spain and other Mediterranean countries has
become a serious issue and has led authorities to prohibit or
restrict the application of widely used active ingredients, such
as simazine, terbuthylazine, and diuron (1, 2). In olive groves,
conditions that favor offsite movement of the applied herbicides
predominate. Soil texture and pronounced slopes favor herbicide
leaching and runoff processes. Climatic conditions of Mediter-
ranean areas, characterized by short but heavy rainfall events,
exacerbate the risk of large herbicide transport losses. To
compensate for such losses, herbicides need to be applied in

concentrations greatly exceeding those strictly required for weed
control, and the excessive quantities added increase the risk of
surface and groundwater pollution (3). In this context, there is
a need to develop strategies, such as the design of adsorbents
with high loading capacities and selectivity, directed to prevent
water pollution and restore soil and water contaminated with
herbicides applied to olive groves, particularly in high-risk
scenarios such as Mediterranean areas.

The use of unaltered and modified clay minerals as adsorbents
to prevent and remediate environmental contamination by
pesticides has been a subject of great interest in environmental
and agricultural chemistry (4-8). The unique features of clays
as adsorbent materials are mainly related to their large specific
surface area associated with their layered structure, their
ubiquitous occurrence in nature, and the possibility of modifying
their surfaces to increase their affinity for specific adsorbates
(9-11). The mechanism most widely used to increase the
affinity of clays for hydrophobic organic compounds, including
organic pesticides, consists of replacing the clay’s natural
inorganic exchange cations with organic cations through ion
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exchange reactions. This simple modification changes the nature
of the surface from hydrophilic to hydrophobic, increasing its
affinity for the pesticide molecule (4, 12-14). The organic
cations most commonly used for clay mineral modification are
nonfunctionalized quaternary ammonium ions of the general
form [(CH3)3NR]+ or [(CH3)2NR2]+, where R is an aromatic
or aliphatic hydrocarbon (15,16).

On the basis that most pesticides contain polar functionalities,
it has recently been suggested that organic cations with
appropriate functional groups can allow selective modification
of clay mineral surfaces to maximize their affinity for selected
pesticides. Thus, Cruz-Guzmán et al. (16) studied the ability of
three functionalized organic cations,L-carnitine, L-cystine
dimethyl ester, and thiamine, to improve the performance of
the montmorillonite SWy-2 as an adsorbent of the herbicide
simazine. The adsorption of simazine by montmorillonite
exchanged withL-carnitine was notably high, which was
attributed to the interaction of the weakly basic simazine
molecule with the carboxylic functionality ofL-carnitine. In a
subsequent work, Cruz-Guzmán et al. (17) prepared organoclays
by incorporating at different loadings four different natural
organic cations into two bentonites differing in their cation
exchange capacities and determined the adsorptive behavior of
the resultant organoclays for six pesticides. The results revealed
that most organobentonites displayed higher affinity for the
pesticides than the untreated bentonites, but the improvement
in adsorption capacity differed depending on the chemical
characteristics of the pesticide and the interlayer organic cation.
It was concluded that a suitable selection of the organic cation,
on the basis of the presence of certain functional groups, can
help improve the performance and selectivity of organoclays
as adsorbents of pesticides with regard to the use of nonfunc-
tionalized alkylammonium cations, which in general lack
specificity. In addition, the suitability of natural organic cations
for clay mineral modification was considered as particularly

interesting to reduce concern about the incorporation of the
adsorbent into natural ecosystems for practical applications.

In this work, two montmorillonites (SWy-2 and SAz-1) were
modified with organic cations differing in their chemical
characteristics, and the modified montmorillonites were char-
acterized and tested as adsorbents of three herbicides widely
used in olive groves: terbuthylazine, diuron, and MCPA. The
aim was to find efficient adsorbents that could be used to remove
the assayed herbicides from contaminated water or used as
potential supports for the development of slow release formula-
tions of these herbicides to attenuate their environmental impact
once applied to soil (8, 18, 19). The organic cations used for
the modification of the clay minerals wereL-carnitine, spermine,
hexadimethrine, tyramine, phenyltrimethylammonium, and hexa-
decyltrimethylammonium (Figure 1). We paid particular atten-
tion to characterizing the montmorillonites treated with sper-
mine, hexadimethrine, and tyramine because these organic
cations have not been used before for the modification of SWy-2
or SAz-1. A detailed description of the characteristics of the
samples exchanged withL-carnitine, phenyltrimethylammonium,
and hexadecyltrimethylammonium can be found elsewhere (8,
16, 17).

MATERIALS AND METHODS

Herbicides and Organic Cations.The chemical structures of the
three herbicides, along with those of the organic cations used to modify
the clay minerals, are shown in Figure 1. All pesticides and organic
cations were supplied by Sigma-Aldrich as high purity compounds
(purity >98%).

Preparation of the Adsorbents.SWy-2 Na-rich Wyoming mont-
morillonite and SAz-1 Ca-rich Arizona montmorillonite from The Clay
Minerals Society (Purdue University) were modified with the organic
cations through ion exchange reactions. For the synthesis of the
montmorillonites exchanged withL-carnitine, spermine, hexadimethrine,
and tyramine, the amount of organic cation (chloride or bromide salt)
corresponding to 50% or 100% of the cation exchange capacity of

Figure 1. Chemical structures of the modifying cations and herbicides.

Selective Modification of Clay Minerals J. Agric. Food Chem., Vol. 55, No. 16, 2007 6651



SWy-2 (CECSWy-2 ) 764 mmol kg-1) or SAz-1 (CECSAz-1 ) 1200
mmol kg-1) was dissolved in 50 mL of 1 mM HNO3 and added to 1
g of clay mineral. The suspensions were shaken for 24 h, centrifuged,
washed 3 times with 100 mL of distilled water, and then freeze-dried.
Blank clay samples were also prepared by shaking 1 g of montmoril-
lonite in 50 mL of 1 mM HNO3 for 24 h, washing three times with
100 mL of distilled water, and then freeze-drying. The HDTMA- and
PTMA-montmorillonites were prepared as described in Celis et al. (8).

Characterization of the Adsorbents. Elemental analyses of the
unexchanged and exchanged montmorillonite samples were performed
using a Perkin-Elmer, model 1106 elemental analyzer (Perkin-Elmer
Corp., Norwalk, CT). X-ray diffraction patterns were obtained on
oriented specimens using a Siemens D-5000 diffractometer (Siemens,
Stuttgart) with CuKR radiation. The oriented specimens were either air-
dried or dried at 200°C and then cooled down to room temperature
before X-ray diffraction measurements. To minimize rehydration of
the samples, sample cooling was carried out inside a desiccator, and
the time elapsed from heating to recording was as low as 5 min. Fourier-
transform infrared (FTIR) spectra were recorded on KBr disks using a
Nicolet 5 PC spectrometer (Nicolet Instrument Corp., WI). Thermal
analyses were conducted in a Setaram TG-DTA 92 apparatus, model
1618, using a 15 mg sample diluted with 35 mg of Al2O3. Differential
thermal analyses (DTA) and thermogravimetric analyses (TG) were
performed in air between room temperature and 900°C using a heating
rate of 10°C/min.

Adsorption-Desorption Experiments.The adsorption of terbuthy-
lazine, diuron and MCPA by the untreated and modified montmoril-
lonite samples was measured at a single initial concentrationCini ) 1
mg L-1 using the batch equilibration procedure. Triplicate 20 mg
adsorbent samples were equilibrated by shaking for 24 h at 20( 2 °C
with 8 mL of a 1 mg L-1 herbicide solution, prepared in distilled water
from a 200 mg L-1 herbicide solution prepared in methanol. After
equilibration, the suspensions were centrifuged and 4 mL of the
supernatant solution was removed for analysis. The concentration of
herbicide in the supernatant solutions (Ce) was determined by high
performance liquid chromatography (HPLC) as described below.
Herbicide solutions without adsorbent were also shaken for 24 h and
served as controls. The percentage of herbicide adsorbed (%Ads) by

the different adsorbents was calculated by using the following
formula: %Ads) [(Cini - Ce)/Cini] × 100.

Adsorption-desorption isotherms of terbuthylazine, diuron, and
MCPA on selected samples were also obtained. Duplicate 20 mg
adsorbent samples were equilibrated with 8 mL of herbicide initial
solutions (Cini) 0.1, 0.2, 1, and 2 mg L-1) by shaking mechanically at
20 ( 2 °C for 24 h. After equilibration, the suspensions were
centrifuged, and 4 mL of the supernatant solutions was removed for
analysis. The herbicide concentration in the supernatant solutions was
determined by HPLC. The amount of herbicide adsorbed was calculated
from the difference between the initial and the equilibrium solution
concentrations. Desorption was measured immediately after adsorption
from the highest equilibrium point of the adsorption isotherm, that is,
that corresponding to the initial concentration 2 mg L-1. The 4 mL of
supernatant removed for the adsorption analysis was replaced with 4
mL of distilled water. After shaking at 20( 2 °C for 24 h, the
suspensions were centrifuged, and the herbicide concentration was
determined in the supernatant. This desorption procedure was repeated
three times.

Herbicide Analysis. Terbuthylazine, diuron, and MCPA were
analyzed by HPLC using a Waters 600E chromatograph coupled to a
Waters 996 diode-array detector. The analytical conditions were
Novapack C18 column (150 mm length× 3.9 mm i.d.); eluent mixture,
50:50 acetonitrile/water for terbuthylazine, 40:60 acetonitrile/water for
diuron, and 60:40 methanol/diluted H3PO4 (pH 2) for MCPA, at a flow
rate of 1 mL min-1; 25 µL injection volume; and UV detection at 220
nm for terbuthylazine, 250 nm for diuron, and 230 nm for MCPA.
External calibration curves with four standard solutions between 0.1
and 2 mg L-1 were used in the calculations.

RESULTS AND DISCUSSION

Elemental Analysis. The C and N contents of the unex-
changed and exchanged montmorillonite samples are given in
Table 1. The actual percentage of the CEC of SWy-2 and SAz-1
occupied by organic cations (Table 1) was calculated from the
N content of the samples. The amounts of spermine, hexa-

Table 1. Characteristics of Unmodified and Modified Montmorillonite Samples

OCtSa

adsorbent montmorillonite modifying cation
C

(%)
N

(%)
expected

(%)
actual

(%)
d001

b

(Å)

SWy-2 (untreated) SWy-2 none 0.29 ± 0.01 < 0.05 0 0 n.d.c
SWy-2 (blank) SWy-2 none 0.32 ± 0.01 < 0.05 0 0 15.1
SW-CAR100 SWy-2 L-carnitine 4.10 ± 0.11 0.61 ± 0.01 100 61 14.2
SW-SPERM50 SWy-2 spermine 1.65 ± 0.02 0.56 ± 0.01 50 53 13.1p
SW-SPERM100 SWy-2 spermine 2.86 ± 0.12 1.01 ± 0.08 100 96 13.0
SW-HEXADIM50 SWy-2 hexadimethrine 3.22 ± 0.03 0.44 ± 0.02 50 42 14.2p
SW-HEXADIM100 SWy-2 hexadimethrine 5.78 ± 0.06 0.89 ± 0.01 100 88 14.0
SW-TYRAM50 SWy-2 tyramine 3.00 ± 0.01 0.34 ± 0.01 50 33 14.3
SW-TYRAM100 SWy-2 tyramine 4.42 ± 0.01 0.63 ± 0.01 100 62 14.4
SW-PTMA50 SWy-2 phenyltrimethylammonium 4.54 ± 0.08 0.52 ± 0.02 50 51 14.4
SW-PTMA100 SWy-2 phenyltrimethylammonium 6.70 ± 0.06 0.82 ± 0.01 100 82 14.6
SW-HDTMA50 SWy-2 hexadecyltrimethylammonium 9.74 ± 0.04 0.56 ± 0.01 50 58 16.6p
SW-HDTMA100 SWy-2 hexadecyltrimethylammonium 14.84 ± 0.02 0.84 ± 0.01 100 93 18.0
SAz-1 (untreated) SAz-1 none < 0.1 < 0.05 0 0 n.d.
SAz-1 (blank) SAz-1 none < 0.1 < 0.05 0 0 15.2
SA-CAR100 SAz-1 L-carnitine 4.10 ± 0.01 0.64 ± 0.01 100 41 14.8
SA-SPERM50 SAz-1 spermine 2.12 ± 0.01 0.87 ± 0.01 50 53 13.1p
SA-SPERM100 SAz-1 spermine 3.78 ± 0.02 1.55 ± 0.01 100 96 13.0
SA-HEXADIM50 SAz-1 hexadimethrine 4.76 ± 0.12 0.76 ± 0.02 50 47 14.2p
SA-HEXADIM100 SAz-1 hexadimethrine 8.52 ± 0.04 1.36 ± 0.01 100 88 14.2
SA-TYRAM50 SAz-1 tyramine 3.02 ± 0.10 0.40 ± 0.01 50 25 15.0
SA-TYRAM100 SAz-1 tyramine 5.28 ± 0.12 0.79 ± 0.05 100 50 15.0
SA-PTMA50 SAz-1 phenyltrimethylammonium 6.85 ± 0.02 0.84 ± 0.01 50 54 15.1
SA-PTMA100 SAz-1 phenyltrimethylammonium 9.58 ± 0.07 1.19 ± 0.01 100 79 15.0
SA-HDTMA50 SAz-1 hexadecyltrimethylammonium 14.51 ± 0.03 0.85 ± 0.01 50 60 17.3p
SA-HDTMA100 SAz-1 hexadecyltrimethylammonium 22.50 ± 0.01 1.29 ± 0.01 100 101 24.0

a Organic cation saturation: percentage of the CEC of the montmorillonite occupied by organic cations (calculated from the N content). b Basal spacing values for
air-dried oriented specimens. (p indicates a poorly defined basal diffraction.) c Not determined.
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dimethrine, phenyltrimethylammonium, and hexadecyltrimethy-
lammonium present in the samples were close to those added
during synthesis. In contrast, carnitine and tyramine displayed
some resistance to reacting with SWy-2 and SAz-1, as their
amount in the modified clays was considerably lower than that
added during synthesis. These results are in accordance with
those recently reported by Cruz-Guzmán et al. (16, 17), where
small, monovalent polar organic cations were found to display
greater resistance to reacting with smectites compared to
polyvalent or larger organic cations. Also in accordance with
Cruz-Guzmán et al. (17), the results inTable 1 show that the
resistance of carnitine and tyramine to reacting with the

montmorillonites is exacerbated for SAz-1 as compared to SWy-
2. This is probably due to the presence of Ca2+ as the main
natural inorganic cation in SAz-1 because Ca2+ is more difficult
to displace than Na+ cations in SWy-2 (20).

FTIR Spectroscopy.The FTIR spectra of SWy-2 and SAz-1
treated with spermine, hexadimethrine, and tyramine together
with those of the blank clay samples and the pure organic cations
are shown inFigure 2. Band assignation was carried out on
the basis of Bellamy (21). The appearance of new peaks in the
infrared spectra of the exchanged clay samples compared to
those present in the spectra of the blank clays provided further
evidence for the presence of the organic cations in the modified

Figure 2. Fourier transform infrared spectra of selected organic cations and unmodified and modified montmorillonite samples.

Figure 3. Thermogravimetric (TG) and differential thermal analysis (DTA) of SWy-2 samples modified with spermine, hexadimethrine, and tyramine.

Selective Modification of Clay Minerals J. Agric. Food Chem., Vol. 55, No. 16, 2007 6653



clays. In addition, the intensity of the band at about 3440 cm-1,
corresponding to the hydration water of montmorillonite,
indicated a reduction in hydration water of the clays after
treatment with spermine, hexadimethrine, and tyramine cations.
This finding is consistent with the fact that organic cations on
exchange sites of clay minerals are normally less hydrated than
inorganic exchange cations (16).

The group of bands between 3125 and 2770 cm-1 in the FT-
IR spectrum of pure spermine (Figure 2a) can be assigned to
the N-H stretching vibration of the protonated-NH3

+ and
-NH2

+- groups and to the C-H stretching vibrations of the
-CH2- groups (Figure 1). The bands close to 1600 and 1500
cm-1 can be assigned to N-H and C-H deformation modes,
respectively. All these bands were also identified in the FT-IR
spectra of SW-SPERM100 and SA-SPERM100, although those
located at about 1600 cm-1 were obscured by the deformation
vibration of the hydration water of the clay, located a 1642 cm-1.
The shift of the N-H and C-H vibration bands upon the
interaction of spermine with SWy-2 and SAz-1 reveals some
involvement of these groups in the interaction with the clays.

The bands between 3020 and 2870 cm-1 in the FT-IR
spectrum of pure hexadimethrine (Figure 2b) can be assigned
to the C-H stretching vibration of the-CH2- and -CH3

groups, the corresponding C-H deformation modes appearing
at 1485 cm-1 (-CH2-) and 1425 cm-1 (-CH3). The bands at
3440 and 1637 cm-1 correspond, respectively, to the O-H
stretching and O-H deformation vibrations of hydration water
and indicate the rapid uptake of water by hexadimethrine
bromide in the KBr disk as a result of its highly hygroscopic
character. The C-H stretching and deformation vibrations of
hexadimethrine were also identified in the FT-IR spectra of SW-
HEXADIM 100 and SA-HEXADIM100 at 2960 and 2870 cm-1

(C-H stretch) and at 1490 and 1420 cm-1 (C-H deformation).
They were only slightly shifted compared to their position in
the pure compound.

The broad absorption band at about 3090 cm-1 in the FT-IR
spectrum of tyramine (Figure 2c) can be assigned to the N-H
stretching vibration of the-NH3

+ group and the O-H stretching
vibration of the phenolic group, where intermolecular bonding
results in shifting of the stretching vibration toward lower
wavenumbers compared to typical values for free phenolic
groups. Bands corresponding to aromatic C-H stretching
vibration modes appeared near 3000 cm-1, whereas those
corresponding to aliphatic C-H were identified at 2920 and
2810 cm-1. The bands appearing at about 1600 and 1500 cm-1

can be assigned to the aromatic C-C stretching vibrations,
although the N-H deformation mode of-NH3

+ could have
contributed to the band located at 1600 cm-1. Bands corre-
sponding to the C-H deformation vibration of-CH2- groups
(1462 cm-1) and to the C-O stretching (1355 cm-1) and O-H
deformation (1220 cm-1) vibrations of the phenolic group were
also identified (Figure 2c). Most of these vibration bands of
tyramine were identified in the spectra of SW-TYRAM100 and
SA-TYRAM100.

Thermal Analysis. In accordance with the previously
reported thermal behavior of organoclay complexes (22, 23),
the thermal decomposition of SW-SPERM100, SW-HEXA-
DIM100, and SW-TYRAM100 took place in three steps (Figure
3). A first mass-loss step is observed between room temperature
and about 150°C and can be attributed to the dehydration of
adsorption water associated with the clay and with the interlayer
cation. This first mass-loss is considerably greater for the
unmodified SWy-2 sample than for the modified clays, probably
revealing lower hydration of the organic cations compared to

the original Na+ ions in the unmodified SWy-2 sample. A
second mass-loss step is observed over the temperature range
200-550 °C and is assigned to the loss of organic cation.
Accordingly, the magnitude of this second mass-loss was
directly related to the organic carbon content of the samples:
SW-HEXADIM100 > SW-TYRAM100 > SW-SPERM100 >
SWy-2 (Blank) (Table 1). The third mass-loss is ascribed to
dehydroxylation of the mineral and occurs over the temperature
range 550-700°C.

X-ray Diffraction. The basal spacing values,d001, for air-
dried oriented specimens of the exchanged montmorillonite
samples together with those of the blank SWy-2 and SAz-1
montmorillonites are included inTable 1. The lowd001 values
recorded for the samples modified with carnitine, spermine,
hexadimethrine, and tyramine are consistent with the small size
of carnitine and tyramine, and strongly suggest the arrangement
of spermine and hexadimethrine forming a horizontal monolayer
within the clay interlayers (15,24,25). The decrease in the basal
spacing of SWy-2 and SAz-1 upon treatment with these organic
cations (Table 1) can be attributed to the replacement of the
inorganic interlayer cation and its hydration water by less
hydrated organic cations (9,16). This observation is consistent
with the decrease in the intensity of the IR vibration band
corresponding to the hydration water of montmorillonite (3440
cm-1) after treatment with spermine, hexadimethrine, and
tyramine (Figure 2), and also with the magnitude of the first
mass-loss step observed during thermal decomposition of the
samples (Figure 3). After heating at 200°C (Figure 4), the
blank SWy-2 sample collapsed (d001 ≈ 10.0 Å), whereas the
exchanged clays showed some resistance to collapse (d001 >
10.0 Å), confirming the presence of the organic cations in the
clay interlayers (9,16). Very similar results were obtained for
the SAz-1 samples heated at 200°C, although the basal
diffraction of unexchanged SAz-1 dried at 200°C was not well
defined, presumably because of its high CEC, which may have
produced a heterogeneous layer distribution after heating or a
partial rehydration of the sample during X-ray diffraction

Figure 4. X-ray diffraction patterns of oriented specimens of SWy-2
samples modified with spermine, hexadimethrine, and tyramine dried at
200 °C.
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analysis (17). Thed001 values obtained for the montmorillonites
exchanged with PTMA and HDTMA (Table 1) are in agreement
with previously reported values for these organoclays (15, 25,
26). PTMA exists as discrete species in the interlayers of SWy-2
and SAz-1, resulting in basal spacings of about 14-15 Å.
HDTMA forms a bilayer structure (d001 ≈ 18 Å) in low-charge
montmorillonites such as SWy-2 and a paraffinic structure (d001

≈ 24 Å) in the high-charge montmorillonite SAz-1 (Table 1).
Adsorption-Desorption Experiments. Figure 5shows the

percentage of terbuthylazine, diuron, and MCPA adsorbed by
the unmodified and modified montmorillonites at a single initial
concentration of 1 mg L-1. Adsorption isotherms of the
herbicides on selected samples are shown inFigure 6. In all
cases, the pH of the equilibrated clay-herbicide suspensions

was greater than 5 so that the molecular forms of terbuthylazine
(pKa) 2.0) and diuron and the anionic form of MCPA (pKa)
3.1) should have predominated during the adsorption experi-
ments. Different degrees of improvement of the adsorbent
properties of the modified montmorillonites were observed for
all three herbicides, depending on the nature of the organic
cation, the type of clay, and the amount of organic cation in
the samples.

In general, all three herbicides displayed a great affinity for
SAz-1 exchanged with HDTMA and moderate to low affinity
for SAz-1 exchanged with the other organic cations (Figures 5
and6). This can be explained by the paraffinic (d001 > 22 Å)
structure resulting from incorporation of HDTMA cations in
SAz-1, in particular at high organic cation loadings, which

Figure 5. Percentage of terbuthylazine, diuron, and MCPA adsorbed by unmodified and modified montmorillonites at an initial herbicide concentration
of 1 mg L-1.
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creates a wide interlayer organic phase with a strong affinity
for herbicides. The small basal spacing combined with the
proximity of two adjacent cations resulting from the incorpora-
tion of the other organic cations in the interlayers of the high-
charge montmorillonite SAz-1 results, in general, in little internal
space being available for herbicide adsorption (17). Neverthe-
less, certain organic cations led to some enhancement of the
adsorption of terbuthylazine, diuron, and MCPA by SAz-1,
mostly at high organic cation loadings (Figure 5). This is
presumably due to interactions of the pesticides with the organic
cations at external surfaces of the modified clays (17).

For samples prepared from the low-charge montmorillonite
SWy-2, modification with carnitine and spermine cations
resulted in organoclays with very strong affinities for terbuthy-
lazine and diuron, respectively, whereas modification with the
alkylammonium cations, PTMA and HDTMA, resulted in

organoclays with moderate affinity for these herbicides (Figures
5 and 6). The high affinity of terbuthylazine for carnitine-
exchanged SWy-2 can be attributed to the weakly basic character
of terbuthylazine (pKa ) 2.0), which allows an acid-base
interaction with the carboxylic group of carnitine. This mech-
anism has been demonstrated to be responsible for the extensive
adsorption of the herbicide simazine by carnitine-treated SWy-2
(16). However, the great affinity of diuron for spermine-
exchanged SWy-2 could be a combination of (i) hydrogen
bonding between the CdO group of the herbicide and the
-NH3

+/-NH2
+- groups of spermine and (ii) hydrophobic

interactions between the herbicide and the alkyl chains of
spermine (Figure 1). Polar interactions between CdO groups
of pesticides and the protonated amino group of primary amines
have been shown to contribute to pesticide adsorption by
organoclays (12, 13). However, we believe that the alkyl chains

Figure 6. Adsorption isotherms of terbuthylazine, diuron, and MCPA on selected samples.
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of spermine probably contributed to stabilize the interaction of
diuron with spermine-exchanged SWy-2 because tyramine (also
containing an NH3+ group) did not provide SWy-2 with such a
high affinity for diuron. Independent of the operating mecha-
nism, our results illustrate how the chemical characteristics of
the organic cation represent a major factor in determining the
performance of organoclays as adsorbents of the assayed
herbicides.

The low adsorption of MCPA by most SWy-2 samples
(Figure 5) is related to the anionic character of this herbicide
at the pH of the equilibrated suspensions (pH>5). Only
HDTMA, when incorporated at 100% of the CEC of the clay
mineral, provided SWy-2 with some affinity for MCPA, but
this effect was considerably less than that observed after the
incorporation of HDTMA cations in the high-charge montmo-

rillonite SAz-1 (Figures 5and6). This is because the paraffinic
structure of SA-HDTMA100 provides a better medium for the
adsorption of MCPA than the bilayer structure of SW-
HDTMA100. These results are very similar to those previously
reported for the adsorption of other anionic pesticides by SWy-2
and SAz-1 exchanged with HDTMA cations (17,27, 28).

Desorption isotherms of terbuthylazine, diuron, and MCPA
on selected adsorbents were obtained, and in general, a reversible
behavior was observed (Figure 7). Nevertheless, it should be
noted that cases of very high adsorption, such as the adsorption
of diuron by SW-SPERM100, resulted in ill-defined desorption
isotherms because the very low solution concentrations com-
plicated the desorption analysis (29). The observed reversible
behavior of most of our systems would be advantageous in terms
of recyclability of the adsorbent once used for water decon-

Figure 7. Adsorption−desorption isotherms of terbuthylazine, diuron, and MCPA on selected samples.
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tamination and also from the point of view of using the
adsorbents as supports in the design of slow release formulations
of the assayed herbicides (13).

In summary, modification of the montmorillonites SWy-2 and
SAz-1 with certain organic cations rendered organoclays with
excellent affinities for terbuthylazine, diuron, and MCPA. For
instance, all three herbicides displayed very strong affinities for
SAz-1 exchanged with HDTMA cations, particularly when
HDTMA was incorporated at 100% of the CEC of the clay
mineral. Terbuthylazine and diuron also displayed very strong
affinities for SWy-2 exchanged withL-carnitine and spermine,
respectively. These adsorbents could therefore find application
in the removal of the assayed herbicides from contaminated
water or as potential supports for the development of slow
release formulations of the assayed herbicides, with the purpose
of attenuating their environmental impact once applied to soil.
The general reversible adsorption-desorption behavior observed
for our systems appears to be an interesting property in terms
of recyclability of the adsorbents and also from the point of
view of the potential use of the adsorbents as supports for the
slow release of herbicides.

ABBREVIATIONS USED

MCPA, 4-chloro-2-methylphenoxyacetic acid; FTIR, Fourier-
transform infrared; HPLC, high performance liquid chroma-
tography; CAR,L-carnitine; SPERM, spermine; HEXADIM,
hexadimethrine, TYRAM, tyramine; PTMA, phenyltrimethy-
lammonium; HDTMA, hexadecyltrimethylammonium; SWy-
2, Wyoming montmorillonite; SAz-1, Arizona montmorillonite;
CEC, cation exchange capacity.
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