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The effect of Cu and Cu-humic acids on the adsorption of
imazethapyr herbicide by montmorillonite clay
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Adsorption of imazethapyr, an imidazolinone herbicide, was measured from dilute suspensions onto montmorillonite clay
and complexes of montmorillonite with Cu and humic acid. Adsorption of imazethapyr was found to be greater for the
Cu-montmorillonite and Cu-humic acid-montmorillonite complexes than by montmorillonite alone. Isotherm shape was
similar for all supports studied. Adsorption of imazethapyr varied with pH for montmorillonite and for Cu-humic acid-
montmorillonite complex. The pH had no apparent effect on imazethapyr adsorption to the Cu-montmorillonite complex. This
might be due to imazethapyr retention at high pH by Cu ions linked to the clay. Imazethapyr adsorption kinetics was faster for
Cu-montmorillonite (15 min) and Cu-humic acid-montmorillonite (30 min) than for montmorillonite (240 min). The copper-
humic acid complexes with montmorillonite might be used to detoxify water contaminated with imazethapyr.
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Leffet du Cu et Cu-acides humiques sur ’adsorption de I’herbicide imazéthapyr sur une argile de type montmorillonite.
L’adsorption de I’imazéthapyr, un herbicide de la famille des imidazolinones, a ét€¢ mesurée a partir des suspensions diluées sur
la montmorillonite et des complexes de montmorillonite avec le cuivre et un acide humique. L’adsorption a été trouvée plus
grande pour les complexes montmorillonite-Cu et montmorillonite-Cu-acide humique que pour la montmorillonite seule. La
forme des isothermes était semblable pour tous les supports étudiés. L’adsorption de 1’imazéthapyr varie avec le pH pour la
montmorillonite et pour le complexe montmorillonite-Cu-acide humique. Le pH n’a pas d’effet apparent sur I’adsorption de
I’imazéthapyr sur le complexe montmorillonite-Cu. Cela peut étre di a la rétention a pH élevé de 1’imazéthapyr par des ions
Cu liés a I’argile. Les cinétiques d’adsorption de I’imazéthapyr ont été plus rapides pour les complexes montmorillonite-Cu
(15 min) et montmorillonite-Cu-acide humique (30 min) que pour la montmorillonite seule (240 min). Les complexes
montmorillonite-Cu et/ou acide humique avec la montmorillonite pourraient étre utilisés pour assainir ’eau contaminée par
imazéthapyr.

Mots-clés. Imazéthapyr, isotherme d’adsorption, cinétique, pH, argiles homoioniques, acides humiques, cuivre.

1. INTRODUCTION with the entry of these compounds into the food chain
of humans and animals (Pal, 2001).

Imazethapyr [5-ethyl-2-(4-isopropyl-4-methyl-5-
0x0-2-imidazolin-2-yl) nicotinic acid] belongs to a
class of chemicals known as imidazolinones. This class

Agricultural, industrial and urban development has
caused damage to human health and to the environment
due to the high pollution rates, especially in water.

Elimination of contaminants from polluted waters
is an objective of increasing importance in a variety
of environmental settings. The extent of pesticide
contamination of water has recently raised much
concern due to the potential health hazards associated

has a very specific mode of action inhibiting certain
plant systems, but does not interact in animals (Decision
Document E 94-03, 1994). Imazethapyr is an effective
herbicide for the control of various broad-leaved
weeds and grass weed in soybeans and leguminous
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crops (Gennari el al., 1998; Stougaard et al., 1990;
Negre et al., 2001). It has both soil and foliar activity
(Stougaard et al., 1990) and is absorbed through roots
and foliage and translocated in both xylem and phloem
and, thereby, accumulated in plants at growing points
(Decision Document E 94-03, 1994). Imazethapyr is
an amphoteric herbicide, having a carboxylic acid and
a basic pyridine functional group (Stougaard et al.,
1990). Its structure is shown in figure 1a. It can be
noted that figure 1b and figure 1c¢ are respectively the
protonated and deprotonated forms of imazethapyr.

Adsorption of pesticides on soil is one of the most
important processes affecting their biological activity
as well as environmental fate. The clay fraction and
associated organic matter have been shown to be the
primary adsorbents for pesticides in soil (Koskinen
et al., 1990) as well as with other chemical species
such as cations and anions (Liu et al., 2002).

Copper is an essential element for plants and
animals. Its behavior in soil is very important from an
agricultural and environmental point of view. However,
an increase of its level in soils can in some cases inhibit
organic matter biodegradation as well as its subsequent
nitrification (Maqueda et al., 1998).

Several studies have been published on the
adsorption of pesticides (Satrallah et al., 2002) and
heavy metals (Houng et al., 1998) on soil constituents
independently, but little attention has been given to
adsorption when both are present together in soil or in
solution.

The pH effect on the adsorption of imazethapyr
by different adsorbents has been reported by several
researchers (Stougaard et al., 1990; Gennari et al.,
1998). However, to our knowledge, no studies have
been done on the complexes Cu-montmorillonite (Cu-
M) and Cu-humic acid-montmorillonite (Cu-HA-M).
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Figure 1. Imazethapyr protonation/ionization — La proto-
nation/ionisation de I’imazéthapyr.
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The purpose of this study was to determine the
effect of copper, extracted humic acid and pH on the
adsorption of imazethapyr on montmorillonite (M)
and to investigate the adsorption isotherms for each
adsorbent.

Adsorption of imazethapyr on soils, clays and humic
acids has been investigated in the past by a number of
scientists (Gennari et al., 1998; Stougaard et al., 1990)
but, except of our previous paper on the retention of
imazethapyr by Moroccan soils (El Madani et al.,
2003), no kinetic studies have been carried out till now.
Therefore, the adsorption kinetics of imazethapyr on
M, Cu-M and Cu-HA-M were studied.

2. EXPERIMENTAL PART

2.1. Chemicals

Imazethapyr, Purity >99%, was purchased from
Riedel-de-Haen, Germany, and used without further
purification. Ultra pure water was produced with a
MilliQ system (Millipore, Billerica, MA, USA). All
other chemicals were analytical grade.

2.2. Sorbents

The clay used in this study was montmorillonite (K10
with a fraction < 2 ym) purchased from Fluka Chemie,
Switzerland. Humic acids are complex compounds of
the soil. They play an important role in the interaction
with pesticides. In this study we use a well characterized
humic acid by Schnitzer (2000) which was kindly
donated by Dr S.U. Khan, Professor, in George Mason
University, USA. Their characteristics are summarized
in table 1 (Schnitzer, 2000).

The method used for the synthesis of the complex
Cu-montmorillonite (Cu-M) was described by Cox
et al. (1998). Fifteen grams of montmorillonite were
shaken in 200 ml of 0.1M CuCl, for 24 h. The mixture
was then kept at 4°C for 16 h to facilitate decantation.
The solid obtained was washed three times with
distilled water to eliminate the non complexed clay
and chloride and finally placed on a steam bath at 80°C
for one night for water evaporation. The complex
Cu-M obtained was carefully conserved to prevent any
contamination.

The complex Cu-HA-M was prepared according to
the method described by Schnitzer (2000). Five grams
of montmorillonite K10 were shaken in 200 ml of a
0.1 M CuCl, solution for 24 h at room temperature.
The mixture was kept at 4°C for 16 h to facilitate
decantation. The solid obtained was shaken for 24 hin a
solution of (0.5 g-I"") humic acid previously solubilized
in 0.01 M NaCl solution. The solid obtained was then
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Table 1. Main characteristics of the humic acids used in this study — Les principales caractéristiques des acides humiques

utilisés dans cette étude (Schnitzer, 2000).

Elementary analysis

Functional groups

C 564 g-kg!
H 55 g'kg!
N 41 g'kg!
S 11 g'kg!
o 329 gkg'!

Total acidity 660 cmol kg!
COOH 450 cmol kg
Phenolic OH 210 cmol kg
Alcoholic OH 280 cmol kg!
Quinoleic C=0 250 cmol kg'!
Ketonic Carboxyle C=0 190 cmol kg!
OCH, 30 cmol kg

washed five times with distilled water and kept in a
stream bath at 80°C for one night to evaporate and
remove water.

2.3. Sorption

All tests were carried out using 25 ml centrifuged tubes.
The tubes were closed with specially designed PTFE
caps covered with aluminum foil to prevent losses by
adsorption to the caps. Samples without clays showed
no decreases in imazethapyr solution concentration
under the experimental conditions. Therefore,
degradation, volatilization or adsorption to the flasks
were negligible. The supernatant was separated from
sorbents by centrifugation and then by filtration using
glass fiber filters.

Interaction studies at different time intervals were
performed using a batch equilibrium method. Twenty
milligrams of clay were added to 20 ml of imazethapyr
solution (34.6 umol-1" in 0.01 N CaCl)). The pH of the
samples was adjusted with H SO, or KOH to obtain
pH 5 (£ 0.2). The different concentrations used include
the working doses expected in the field.

Interaction studies at different pH were carried out
using the same procedure. The pH of the samples was
adjusted with H,SO, or KOH to obtain pH levels of 4,
5,6and 7 (£ 0.2).

Adsorption isotherms were determined at room
temperature and at pH 5 (+0.2). Twenty milligrams
of clay samples were added to 20 ml of imazethapyr
solutions of concentrations: 17.3,34.6,51.8,69.1,854
and 103.7 gmol-I"'. The mixtures were shaken for 24 h
before their analysis. Each experiment was done in
three replicates.

2.4. Analysis

HPLC analysis was performed using a Perkin-Elmer
Series 200 equipped with a diode array detector
235°C (Wellesley, MA, USA). A LiChrospher100
RP-18 column (250 x 4 mm id, 5 ym) was used for

the imazethapyr adsorption studies and the flow rate
of isocratic elution (60% H,O acidified to pH2=0
with H,PO, and 40% CH,CN) was 1.0 ml-min. The
injection volume was 50 ul and data were collected
and quantified at 255 nm.

3. RESULTS AND DISCUSSION

3.1. Kinetic studies

Figure 2 shows that adsorption of imazethapyr by
montmorillonite clay was completed after 240 min.
It was very slow compared to the results obtained for
the adsorption of this pesticide on Moroccan soils
(El Madani et al., 2003). Moreover, we could also
observe no decrease of imazethapyr concentration after
reaching equilibrium.
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Figure 2. Adsorption kinetics of imazethapyr on

montmorillonite (M), Cu-montmorillonite (Cu-M) and Cu-
humic acid-montmorillonite (Cu-HA-M) — Les cinétiques
d’adsorption de 'imazéthapyr sur la montmorillonite (M),
la montmorillonite-Cu (Cu-M) et la montmorillonite-Cu-
acide humique (Cu-HA-M).
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We observed that the kinetics of imazethapyr
adsorption by the Cu-M complex was faster than
that obtained for montmorillonite (Figure 2). The
adsorption was completed after 15 min and no
decrease of imazethapyr concentration was observed
after reaching equilibrium.

We can conclude that the saturation of
montmorillonite with copper makes the adsorption of
imazethapyr by this clay quicker and more efficient.
As for the complex Cu-M, the adsorption kinetics of
imazethapyr on Cu-HA-M is also higher and was over
after 30 min (Figure 2). No decrease of imazethapyr
concentration was observed after reaching equilibrium.

For each of the three adsorbents, we noted rapid
adsorption of imazethapyr during the first minutes
of contact, followed by a slower adsorption phase.
According to Pignatello (1989), the weak kinetics of
adsorption were due to a slow diffusion of the herbicide
into the micropores of the adsorbents, especially of
the clay fraction and organic matter (Mechrafi, 2002).
This fact can also result from limitations of kinetic
adsorption (Mechrafi, 2002). The equilibrium between
the liquid and solid phases apparently took more time
to be established. The adsorbed quantities were then
more important when the concentration of the solution
was higher (Figure 5, § 3.3.) and no saturation of
adsorption sites happened at the studied concentration
range.

3.2. pH effect on the adsorption of imazethapyr

The adsorption of imazethapyr on montmorillonite
although small, appears to be pH dependent (Figure 3).
This result is in good agreement with those obtained by
Loux et al. (1989) for H/Al-montmorillonite.

The pH effect on the interaction of imazethapyr and
montmorillonite can be explained in terms of ionization
of the carboxylic group of this herbicide (Gennari
et al., 1998; Stougaard et al., 1990). At high pH values
above 5, imazethapyr should exist predominantly in
an anionic form (—COQ) as shown in figure 1¢ which
will be repulsed by the negative charges of the clay.
At low pH conditions, the presence of uncharged
non-ionic molecules (~COOH) increases allowing an
increasing interaction with the negative charges of the
montmorillonite colloids (Figure 1a).

Imazethapyr would be largely ionized at pH 6,
and no significant anion retention would be expected
at higher pH values if the retention mechanism was
exclusively ionic.

Contrary to the results obtained for montmorillonite,
no pH effect was observed for the adsorption of
imazethapyr on the complex Cu-M. We concluded that
the amount of herbicide adsorbed was the same for the
four pH values. Therefore, it can be concluded that
at low pH values, imazethapyr exists predominantly
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as the form (-COOH) (Figure 1a) which is largely
adsorbed on the negatively charged colloids of clay
and in the interlayer space which is greater with copper
treatment. At higher pH values, the form (-COO)
(Figure 1c) of imazethapyr increased in solution and
was adsorbed by the positively charged copper.

Several researchers have been studying the
complexation of copper and imidazolinone herbicides
(Duda et al., 1996; Fursova et al., 2003). It was shown
that possible binding mechanism can be created
between the ions Cu** and the two nitrogen atoms 1
and 2 (Figure4) of the imidazolinone molecules.
Duda et al. (1996) reported that imazapyr, an herbicide
from imidazolinone family, can form the complex
CuA_H, with copper up to pH 6 (Figure 4). A is the
deprotonated form of the pesticide.

Finally, as with montmorillonite, it appears
from figure 3 that pH had an effect on imazethapyr
adsorption by the complex Cu-HA-M. This result is
in agreement with the data regarding adsorption of
imazethapyr by humic acids (Gennari et al., 1998).

We observed that the adsorption of imazethapyr
decreased by 15% with pH increasing from 4 to 7.
Also, the amount adsorbed at pH 6 and 7 decreased
slightly. This could be due to a steric effect that the
macromolecules of humic acid are supposed to apply
on the copper molecules linked to the clay and/or
repulsive action of ionized carboxylic group of humic
acid at higher pH.
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Figure 3. pH effect on imazethapyr adsorption onto
montmorillonite (M), Cu-montmorillonite (Cu-M) and Cu-
humic acid-montmorillonite (Cu-HA-M) — Effet du pH sur
l’adsorption de I'imazéthapyr sur la montmorillonite (M), la
montmorillonite-Cu (Cu-M) et la montmorillonite-Cu-acide
humique (Cu-HA-M).
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[CuAH]*

[CuAH_T

Figure 4. Chemical structures of the complexes formed by
imazapyr and copper — Structures chimiques des complexes
formés par 'imazapyr et le cuivre.

3.3. Adsorption studies

Adsorption isotherms of imazethapyr, respectively on
montmorillonite, Cu-M and Cu-HA-M are shown in
figures 5,6 and 7. These isotherms were well described
by the Freundlich equation:

Q =K,.C’

S

where, n and K, values are reported in table 2.

Values for n were > 1 in all the cases indicating type
S isotherms according to the classification of Giles et al.
(1960) (Table 2). This type of isotherm is obtained when
the solid presents more affinity for the solvent rather
than for the solute at low concentrations. Meanwhile,
when the concentration increases in the aqueous phase,
layers of molecules can be formed on the surface of the
clay support that causes cooperative adsorption. Similar
results were obtained for the adsorption of carbofuran,
and fenamifos (El M’Rabet, 2002).

K, values were affected by the chemical
characteristics of the support (Table 2) and it increased
in the order M < Cu-HA-M << Cu-M. According to
Jamet et al. (1975), we can classify these adsorbents
into two categories:
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Figure 5. Adsorption isotherm of imazethapyr on
montmorillonite — L’isotherme d’adsorption de ['imazé-
thapyr sur la montmorillonite.
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Figure 6. Adsorption isotherm of imazethapyr on Cu-
montmorillonite — L’isotherme d’adsorption de [’imazé-
thapyr sur la montmorillonite-Cu.
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Figure 7. Adsorption isotherm of imazethapyr on Cu-
humic acid-montmorillonite (Cu-HA-M) — L’isotherme
d’adsorption de I'imazéthapyr sur la montmorillonite-Cu-
acide humique (Cu-HA-M).
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Table 2. Freundlich constants (K

f
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-and n ) and correlation coefficients (1) for adsorption of imazethapyr on montmorillonite,

Cu-humic acid-montmorillonite (Cu-HA-M) and Cu-montmorillonite (Cu-M) — Les constantes de Freundlich ( Kfand n f) et
les coefficients de corrélation (r?) pour I’adsorption de I’imazéthapyr sur la montmorillonite, la montmorillonite-Cu-acide

humique (Cu-HA-M) et la montmorillonite-CU (Cu-M).

Adsorbent K, n r

Montmorillonite 1.670 1.33 0.98
Cu-HA-M 23.860 1.51 0.97
Cu-M 55.578 1.16 0.95

- 1 <K, <4: for the montmorillonite indicating that
this clay presents a medium affinity to imazethapyr;

- K. >4: for the complexes Cu-M and Cu-HA-M
indicating an important degree of affinity of
imazethapyr to these two supports.

The results of this study confirm that the
adsorption capacity increases with the saturation of
montmorillonite with copper. This is probably due to
the increase of the interlayer space of the clay resulting
of the copper treatment, which permits to the pesticide
to be adsorbed not only on the surface but also in the
interlayer space. The X-ray analysis showed thatd, of
the clay increased from 9.6 A for the montmorillonite
to 12.44 A for the complex Cu-M. These results are
in agreement with those obtained from studies on the
adsorption of pesticides on homoionic montmorillonite
(El M’Rabet, 2002).

For the complex Cu-HA-M, adsorption is greater
than with montmorillonite alone and less than with
Cu-M. This finding indicates that adsorption in this
case happens also on the macro-molecules of humic
acid which are probably responsible for a steric effect
that prevents insertion of imazethapyr molecules into
the interlayer space.

4. CONCLUSION

The effects of Cu and Cu-humic acids on the adsorption
of imazethapyr herbicide by montmorillonite were
studied and the results obtained are as follows:

— The pH seems to affect adsorption of imazethapyr on
montmorillonite and Cu-HA-M. However, no
pH effect was observed for the complex Cu-M due
probably to a complexation of imazethapyr with
copper at higher pH values;

— The kinetics of imazethapyr was faster when
adsorbing on the two complexes Cu-M and
Cu-HA-M than for the montmorillonite;

— The Freundlich equation gives the best fit to the
data over the concentration range studied, with
increasing affinity for the supports in the order of
M < Cu-HA-M << Cu-M.

— The higher adsorption of imazethapyr on the
complex Cu-M may be attributed to the intercalation
of imazethapyr in the interlayer space of the clay
and to the adsorption on the copper linked to the
montmorillonite.
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