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ADSORPTION AND PHOTO-REACTIVITY OF BENSULFURON-METHYL ON
HOMOIONIC CLAYS

Y OUBIN SII'*, SHENQIANG WANGZ, DONGMEI ZHOU? AND HUAIMAN CHEN?

! College of Resource and Environmental Science, Anhui Agricultural University, Hefei 230036, China
2 Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China

Abstract—The adsorption and photolysis of the herbicide bensulfuron-methyl [2-(4, 6-dimethoxypyr-
imidin-2-carbamoylsulfamoyl)-o-toluic acid methyl ester] on homoionic Na'-, Ca®"- and Fe’'-
montmorillonite and kaolinite clays were studied. The Freundlich adsorption coefficient, Ky, measured

from isotherms on clays followed the order Na™ < Ca

2* < Fe®". Montmorillonite showed a greater

adsorptive capacity than kaolinite. Analysis of Fourier transform infrared spectra of bensulfuron-methyl
adsorbed on clay suggested probable bonding interactions between bensulfuron-methyl and homoionic
clays. The photolysis rate of herbicide adsorbed on homoionic clay surfaces was quite slow to its free state
and decreased in the order Na* > Ca®" > Fe’", indicating that adsorption may have prevented photolysis.

Key Words—Adsorption, Bensulfuron-methyl, Infrared Spectroscopy, Kaolinite, Montmorillonite,

Photolysis.

INTRODUCTION

The environmental fate of pesticides depends greatly
on the interactions between the pesticides and the solid
surface of soil or sediments. The contribution of clay
minerals to the adsorption of organic molecules in soil
has been the object of several studies (Kowalska et al.,
1994; Laird et al., 1994; Ukrainezyk and Rashid, 1995;
Cox et al., 1998). Of the various soil-clay constituents,
montmorillonite and kaolinite are most important
adsorbents of pesticides because they are common
components of large groups of soils and are also
possible carriers in the practical formulations of
pesticides. In most cases, the adsorption of pesticides
on clay has been found to relate to their degradation
(Pantani et al., 1994, 1996; Calamai et al., 1997; Liu et
al., 2000).

Photochemical degradation is an important mechan-
ism of dissipation of pesticide in soils. On dry, sunlight-
exposed surfaces, photolysis may dominate other trans-
formation pathways that are favored under conditions
found in the bulk soil (Misra et al., 1997). Generally,
direct photolysis is assumed to be operative only on or
within 0.1—0.5 mm of soil surface, and thus its potential
contribution as a dissipation mechanism could be limited
once a precipitation event has flushed the pesticide into
the soil. However, the upward movement of the
pesticides with capillary rise of the water front to the
surface can occur in the field under conditions of net
negative water balance (Sheppard ef al., 1987; Strek,
1998). Indirect photochemical processes can also be an
important route for the degradation of the pesticide
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because a variety of oxidants are formed on the sunlight-
exposed soil surface that can potentially transform
pesticides (Hebert and Miller, 1990).

Bensulfuron-methyl [2-(4,6-dimethoxypyrimidin-2-
carbamoylsulfamoyl)-o-toluic acid methyl ester] is a
highly active sulfonylurea herbicide for use on paddy
rice. This herbicide is a broad-spectrum product for pre-
emergence or early post-emergence control of most
broad-leaved grasses and sedges in transplanted or
direct-seeded paddy rice (Beyer et al., 1988; Sengnil et
al., 1992). Investigation of the fate of bensulfuron-
methyl in the environment has shown that the adsorption
processes by soil are of great importance (Cavanna et
al., 1998). Similar to other sulfonylureas, bensulfuron-
methyl is more persistent in neutral or weakly basic
media than in acidic media (Nicosia et al., 1991;
Langeland and Laroche, 1994). Photodegradation of
bensulfuron-methyl on soil surfaces has been reported
and the major photolysis processes involve cleavage of
the sulfuronylurea bridge, scission of the SO,NH bond,
and contraction of the sulfuronylurea bridge (Si et al.,
2004a). Considering that a large proportion of inorganic
soil colloids is represented by clay minerals which
display sorptive and degradative properties towards
xenobiotics, an investigation on the interaction between
bensulfuron-methyl and clay minerals is called for.

In this paper, we investigated the adsorption and
photolysis of bensulfuron-methyl on montmorillonite
and kaolinite saturated with different exchange cations.
This research was aimed at evaluating the probable
correlation between adsorption and photolysis, and
determining whether adsorption of bensulfuron-methyl
onto clay minerals may affect its photolability.
Additionally, a spectroscopic study was carried out to
elucidate the mechanisms acting in the retention of
bensulfuron-methyl by clays.
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MATERIALS AND METHODS
Clay and chemicals

The clays used were montmorillonite (Lujiang
county, Anhui Province, China) and kaolinite (Suzhou
city, Jiangsu Province, China) supplied by the Institute
of Soil Science of the Chinese Academy of Sciences.
The surface area of the clay was 645 m’g™' for
montmorillonite and 18 m?g™" for kaolinite, and the
cation exchange capacity (CEC) values were 0.8 and
0.1 mol. kg~' for montmorillonite and kaolinite, respec-
tively. The <2 um fraction was obtained by sedimenta-
tion. Na'-, Ca*'- and Fe**-saturated clays were prepared
by repetitive treatment of the clay with 0.5 mol L™!
NaCl, CaCl, and FeCl; solutions, respectively. The
prepared clay samples were centrifuged, washed repeat-
edly with deionized water until C1™ free (determined by
titration with AgNO3), and ground to a fine powder after
drying at room temperature.

Technical bensulfuron-methyl (Figure 1, 96.4%) was
obtained from Du Pont Inc., Wilmington, USA. Before
use, bensulfuron-methyl was further purified to analy-
tical grade by column chromatography using an ethyl
acetate/n-hexane mixture (1:1, v/v) as an eluent. The
purity was determined by high-performance liquid
chromatography (HPLC) and found to be greater than
99%. Analytical-grade reagents were purchased locally
and purified by distillation before use.

Batch sorption experiment

Adsorption isotherms of bensulfuron-methyl on Na*-,
Ca®*- and Fe*'-saturated clays were determined at
25+1°C. Triplicate samples of 100 mg of air-dried
homoionic clay were equilibrated with 10.0 mL of
aqueous herbicide solution in 50 mL flasks. The initial
concentration of herbicide ranging from 2.5 to
25 pmol L™! was chosen on the basis of solubility.
The sample flasks were shaken for 24 h to achieve
equilibrium. Preliminary kinetic studies using multiple
sampling intervals showed that >95% of the adsorption
took place within the first 6 h. No decomposition
product was detected by HPLC analysis during the
24 h equilibration. At equilibrium, the suspension was
centrifuged at 30,000 x g for 15 min, and an aliquot was
injected into a HPLC device after filtering through a
0.2 um syringe filter. The amount adsorbed on clay was
calculated from the difference between the initial and
final concentration of herbicide in solution.

oot
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Figure 1. Chemical structure of bensulfuron-methyl.
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FTIR analysis of adsorbed herbicide

Adsorption mechanisms of bensulfuron-methyl on
clay were investigated using Fourier transform infrared
(FTIR) analysis of thin films of herbicide-clay com-
plexes. Self-supporting films of clay were prepared by
evaporating 5 mL of homoionic clay suspension in a
Scm (i.d.) ring on a polyethylene sheet at room
temperature. The dried clay films were peeled off the
plastic sheet and placed on a sample holder. A manifold
controlling air humidity was used to provide moisture-
saturated air (100% relative humidity) around the films.
After air drying, the thin films were divided into two
halves. One half was immersed in 1% herbicide-CH,Cl,
solution for 24 h and rinsed several times with clean
CH,Cl, after removal. The other half of the film was not
treated with herbicide but was similarly washed with
CH,Cl,. The FTIR spectra of the treated and untreated
films were recorded at room temperature within the
range 4000—400 cm™' using a Bruker VECTOR-22
infrared spectrophotometer (Bruker Optics Inc.,
Germany). Differential spectra of adsorbed bensul-
furon-methyl were obtained by subtracting the spectra
of the herbicide-treated film from that of the herbicide-
free film. The spectrum of the pure bensulfuron-methyl
was obtained from a KBr disk containing 1 mg of the
herbicide. All FTIR spectra of the pure and adsorbed
bensulfuron-methyl are reported between 2000 and
1200 cm ™' because this region is the most appropriate
to provide evidence for the adsorption mechanisms.

Photolysis experiment

The clay containing bensulfuron-methyl was prepared
by dropwise addition of aliquots of an aqueous solution of
bensulfuron-methyl to the powdered clay. After centrifu-
gation, the flocculated clay was freeze dried and ground to
<50 um. The final load of bensulfuron-methyl was
20 umol kg™! clay. 0.5 g of powdered clay was taken
and spread homogeneously on the bottom of Petri dishes
(5 cm in diameter). To examine the free herbicide,
bensulfuron-methyl dissolved in methanol was applied
to the Petri dishes and the solvent subsequently evapo-
rated. The samples were exposed to a Xe lamp (500 W)
using a Rayonet RPP photochemical reactor (The
Southern New England Ultraviolet, CT, USA). The
distance between the samples and the light source was
adjusted to provide the same light intensity of
~250 W m~2. The temperature at the clay surface was
maintained at 25+1°C by a continuous flow of cooled
water below the Petri dishes. The non-irradiated samples
were shielded from light by covering with aluminum foil.
Samples were taken at 0, 8, 16, 24, 32, 40, 48 and 72 h. At
each sampling point, three dishes were removed. The clay
was scraped from the Petri dishes and extracted thor-
oughly with methanol (10 mL), followed by centrifuga-
tion at 30,000 x g for 20 min. The supernatant liquid was
concentrated and analyzed by HPLC.
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Figure 2. Adsorption isotherms of bensulfuron-methyl on Na*-,
Ca’"- and Fe*'-saturated montmorillonite.

The HPLC analysis for bensulfuron-methyl concen-
tration was conducted using an Agilent 1100 HPLC
instrument (Agilent Technologies Co. Ltd., USA),
equipped with an UV variable wavelength detector set
at 254 nm. The column used was a 5 pm Hypersil ODS
reversed phase column (C;g, 4.6 mm i.d. x 200 mm;
Agilent Technologies Co. Ltd., USA); the mobile phase
was methanol + water (85+15 by volume, pH =3.0) at a
flow rate of 1.0 mL min~'; volume injected was 20 pL.

Data analysis

Adsorption data were fitted by the logarithmic form
of the Freundlich equation, log C; = log K¢ + 1/n log C.,
where C; (umol kg™') is the amount of herbicide
adsorbed by clay, C. (UM) is the equilibrium concentra-
tion in solution, and log Ky and 1/n are empirical
constants representing the intercept and the slope of the
isotherm, respectively.

The irradiation studies were subjected to analysis of
variance, and the main effects and interactions were
tested for significance. Data from the recovery rate of
bensulfuron-methyl were analyzed by calculation of the
means and standard deviations. 7T-test was also employed
to detect differences between means.

RESULTS AND DISCUSSION

Adsorption

Figures 2 and 3 show the adsorption isotherms of
bensulfuron-methyl on Na'-, Ca®'- and Fe’'-mont-
morillonite and kaolinite clays, respectively. The iso-
therms were all adequately described by the Freundlich
equation, and the correlation coefficient, », was >0.97.
The values of K¢ and 1/n are given in Table 1. The
estimated Freundlich adsorption coefficient, Ky was
significantly greater for Fe**-clays than for Na'- and
Ca?*'-clays. The overall order of adsorption follows Na*
< Ca?" < Fe*'. This order coincided with the order of
increasing acidity in both the interlayer and the external
solution of these homoionic clays. These results suggest
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Figure 3. Adsorption isotherms of bensulfuron-methyl on Na*-,
Ca’"- and Fe*'-saturated kaolinite.

that the different affinity of the homoionic clays for
bensulfuron-methyl is related to the polarizing power of
the exchangeable cation. The lower adsorption on clays
saturated with Na and Ca ions reflects the lower
polarizing power of these ions, compared with Fe.
Similar results were obtained by Pusino et al. for the
adsorption of dimepiperate and triasulfuron on homo-
ionic clays (Pusino ez al., 1993, 2000).

For a given saturating cation, montmorillonite has a
greater adsorptive capacity than kaolinite. The greater
adsorption of bensulfuron-methyl by montmorillonite
than by kaolinite is related to montmorillonite’s larger
surface area and CEC.

To gain information on possible bonds formed during
adsorption of bensulfuron-methyl, FTIR spectra of the
herbicide adsorbed on clay were obtained. The differ-
ential spectra of adsorption on Na'-, Ca®'- and Fe**-
montmorillonite and kaolinite clays are shown in
Figures 4 and 5, respectively. The spectra indicate that
the herbicide undergoes significant changes upon inter-
action with clay surfaces. After adsorption, the stretch-
ing frequency of the C=0O bond on the benzoate ester
group was shifted from 1716 cm™' in the free form to
1732 ecm™ ' in the adsorbed form, while stretching
frequency of the C=0 bond on the sulfonylurea bridge
was changed from 1698 cm ™! to 1703 cm™'. The shift of
the C=0 stretch towards higher frequencies suggests an
increase in the double-bond character of the C=0 group,

Table 1. Freundlich constants (Ky 1/n and correlation
coefficients) for the adsorption of bensulfuron-methyl on
homoionic clays.

Sorbent Ky I/n r

Na-montmorillonite 70.1 0.66 0.994
Ca-montmorillonite 90.6 0.63 0.987
Fe-montmorillonite 261.2 0.35 0.989
Na-kaolinite 23.6 0.65 0.979
Ca-kaolinite 53.1 0.48 0.971
Fe-kaolinite 141.0 0.46 0.989
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Figure 4. IR spectra of bensulfuron-methyl on montmorillonite
saturated with different cations: bensulfuron-methyl (BSM);
Na'-mont.; Ca*>"-mont.; Fe>*-mont. The spectra were recorded
as differential spectra of herbicide-treated and untreated
samples.

probably due to the electron-withdrawing effect from a
protonated neighboring group, or to the loss of
intermolecular hydrogen bonding. Similar shifts were
observed for the adsorption of some herbicides on clay
minerals (Pantani et al., 1997; Pusino et al., 1995, 2000,
2003). Pusino et al. (2000) investigated the adsorption of
sulfonylurea herbicide triasulfuron on homoionic mont-
morillonite and proposed that the upward displacements
of the carbonyl group were due to the protonation of
aromatic heterocyclic nitrogen.

A further feature of the spectrum is the stretching
frequency of the pyrimidine nitrogen (the —C=N— bond)
which moved from 1606 to 1620 cm™', and the bending
vibration frequency of the NH bond (mainly secondary
amide group on the sulfonylurea bridge) which shifted
from 1503 to 1508 cm™'. A change at 1606 cm™' may
be attributed to the formation of a coordination bond
between the C=N group in pyrimidine and the exchange-
able cation of clay. The nitrogen of the pyrimidine ring
was protonated and underwent co-ordination through
direct bonds or, more likely, via hydrogen bonding
involving residual water molecules linked to the cations.
The protonation of pyrimidine ring nitrogen was
confirmed by the shift of the NH-stretching bond
(1503 cm™") towards a higher frequency. Results of
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Figure 5. IR spectra of bensulfuron-methyl on kaolinite
saturated with different cations: bensulfuron-methyl (BSM);
Na'-kaolinite; Ca>*-kaolinite; Fe>"-kaolinite. The spectra were
recorded as differential spectra of herbicide-treated and
untreated samples.

this type have been reported for several herbicides
adsorbed on clays (Pantani et al., 1996; Pusino et al.,
1995, 1996, 2000, 2003).

The shift of the SO, group stretching band was also
observed for the adsorption of some sulfonylurea
herbicides on clays. In our case, the asymmetric
stretching frequency of the SO, groups was shifted
from 1354 to 1348 cm ™' due to adsorption. Ukrainczyk
and Ajwa (1996) reported that primisulfuron adsorption
on mineral surfaces involves the two difluoromethoxy
substituents on the pyrimidine ring, and the SO, group
on the sulfonylurea bridge whose high negative partial
charges (6—) on electronegative F and O atoms may be
capable of strong dipole-dipole interactions, particularly
hydrogen bonding with clay surfaces.

Photolysis

Adsorption to clay surfaces had a considerable effect
on the lability of a herbicide to radiation. Previous
results obtained in a photochemical experiment aimed at
evaluating different clays as potential photoprotectors of
bensulfuron-methyl showed that bensulfuron-methyl
could be fast degraded in its free state, whereas the
photostabilization of bensulfuron-methyl was achieved
when it was adsorbed on clays (Si ef al., 2004b). This


https://doi.org/10.1346/CCMN.2004.0520609

746
100 x
90 r
S
£ 8
=
[
8 70 | > Ne-mont.+light
. —o— Ca-mont.+light
—o— Fe-mont.+light
60 L —x— Na-mont.+dark
—+— Ca-mont.+dark
—x— Fe-mont.+dark
50 1 1 1 1 ]

0 16 32 48 64 80
Irradiation time (h)

Figure 6. Photolysis of bensulfuron-methyl on Na*-, Ca®*- and
Fe’*-saturated montmorillonite. The error bars denote the
standard error.

study consistently suggested that adsorption of clays
could slow down the photoinactivation of herbicide
molecules. The results of photodegradation of bensul-
furon-methyl adsorbed on Na*-, Ca®*- and Fe*'-mont-
morillonite and kaolinite clays are shown in Figures 6
and 7.

In dark control, bensulfuron-methyl is stable on air-
dried clay surfaces. Non-irradiated samples of bensul-
furon-methyl adsorbed on montmorillonite or kaolinite
gave 95% recovery. After 72 h of irradiation, ~37%,
30% and 25% of bensulfuron-methyl was lost to
photolysis on Na™-, Ca**- and Fe**-montmorillonite,
respectively; and 40%, 36%, and 33% was lost to
photolysis on Na*-, Ca®>*- and Fe*'-kaolinite, respec-
tively. Photodegradation of bensulfuron-methyl on Na™-,
Ca”"- and Fe**-clay followed pseudo first-order kinetics,
and the estimated half-lifes of dissipation were 103, 131
and 182 h for Na™-, Ca®"- and Fe*'-montmorillonite,
respectively; and 96, 114 and 124 h for Na'-, Ca>"- and
Fe**-kaolinite, respectively (Table 2). Photodegradation
of bensulfuron-methyl was significantly faster on Na'-
and Ca?"-clay surfaces than on Fe’'-clay surfaces
(Figures 6 and 7). The overall order of herbicide
photolysis rate on clay surfaces followed Na* > Ca** >
Fe*", which reversed with the order of herbicide
adsorption on homoionic clays.

Table 2. Rate constant (K) and half-life (7},,) values for
photolysis of bensulfuron-methyl on homoionic clays.

K T1/2 (h) na r
Na-montmorillonite 0.0067 103 3 0.996
Ca-montmorillonite 0.0053 131 3 0.987
Fe-montmorillonite 0.0038 182 3 0.996
Na-kaolinite 0.0072 96 3 0.998
Ca-kaolinite 0.0061 114 3 0.998
Fe-kaolinite 0.0056 124 3 0.998

Si, Wang, Zhou and Chen
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Figure 7. Photolysis of bensulfuron-methyl on Na*-, Ca®*- and
Fe**-saturated kaolinite. The error bars denote the standard
error.

From the present results it would appear that
intermolecular interactions play a fundamental role in
the photo-stabilization mechanisms of bensulfuron-
methyl on clay surfaces. Montmorillonite is a 2:1
layer-type structure, where an octahedral aluminate
sheet is sandwiched between two tetrahedral silicate
sheets; and kaolinite is a 1:1 layer-type structure, where
an octahedral aluminate sheet is joined to a tetrahedral
silicate sheet. It could be speculated that bensulfuron-
methyl was arranged within the interlayer as monolayer
bensulfuron-methyl molecules oriented in a perpendicu-
lar direction with water molecules between the bensul-
furon-methyl and the clay layer surface. As bensulfuron-
methyl molecules adsorbed on the clay surface are
oriented, their intermolecular distances and orientations
might fulfil the requirements for efficient energy
dissipation mechanisms such as charge transfer and
radiationless energy transfer. In this configuration the
photoexcited bensulfuron-methyl molecules could be
deactivated before the photodecomposition reaction
began. The possibility of energy or charge transfer
quenching has recently been suggested as an explanation
for the photo-stabilization of some pesticides on the clay
surfaces (Margulies et al., 1992, 1993; Rozen and
Margulies, 1991; El-Nahhal et al., 2001).

The greater degree of photo-stabilization was
obtained with Fe**-clay as compared with Na*- and
Ca*'-clays, since Fe acts as a more efficient energy (or
charge) acceptor. Banerjee and Dureja (1995) found a
slightly lower rate of photo-degradation for quinalphos
adsorbed on palygorskite than on kaolinite, in accord
with the relatively small structural Fe content in
kaolinite.

It is significant that the rate of photolysis was faster
when the herbicide was adsorbed onto kaolinite than
when adsorbed onto montmorillonite. While this may
have been due to its greater adsorption by montmorillon-
ite, it is also possible that it is due to a lower level of
radical production in the case of montmorillonite. Katagi
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(1990) observed the lower production of hydrogen
peroxide from the irradiation of montmorillonite com-
pared with that from kaolinite.

Considering that bensulfuron-methyl can reach the
interlayers of montmorillonite whereas kaolinite has only
external active surfaces for adsorption, it is therefore
likely that the faster reaction onto kaolinite is due to
photodegradation on the clay surfaces and the slower
reaction onto montmorillonite is due to a reaction in the
interlayer spaces, largely independent of irradiation.

CONCLUSIONS

The adsorption of bensulfuron-methyl on homoionic
clays was shown to follow the order Na* < Ca®" < Fe*
and the different adsorption capacity is related to the
polarizing power of the clay cation. The degree of
adsorption of bensulfuron-methyl on montmorillonite is
greater than that on kaolinite. From shifts in character-
istic IR absorption bands of functional groups after
sorption, a number of bonding interactions between
bensulfuron-methyl and homoionic clays were apparent.
The primary interactions were proposed to be the
protonation of herbicide molecules and the formation
of hydrogen bonds and coordination bonds between
bensulfuron-methyl and homoionic clays.

The photolysis of bensulfuron-methyl on homoionic
clay surfaces was slow to its free state due to the relative
orientation of herbicide molecules. The efficient energy
or charge transfer can take place between adsorbed
herbicide molecules and clay cations. The overall order
of herbicide photolysis rate on clay surfaces is the
reverse of that of herbicide adsorption on homoionic
clays. The results indicate that the photolysis rate was
closely dependent on the adsorption.
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