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Abstract: This study aims to investigate the behavior of the sorption process and the photolysis
reactions of thifensulfuron-methyl (TFSM) on two raw natural clays (kaolinite and montmorillonite).
The results show that the Freundlich model best fits all adsorption data and that montmorillonite has
considerable adsorption capacity. Concerning the photodegradation of TFSM, the rate constants of a
pseudo-first-order reaction can be obtained, and their values are, respectively, 0.206 h™ and 0.107 h.
The photoproducts found have been identified by Liquid chromatography-mass spectrometry (LC-MS).
They are obtained by cleavage of the Sulfonylurea bridge and hydroxylation of the -OCHj; group
involving hydroxyl radical formed on the surface of the irradiated clays. Moreover, the adsorption
mechanism of TFSM on natural clays was performed through the density functional theory method
(DFT) and non-covalent interaction (NCI) analysis, and their photolysis was predicted using local DFT
descriptors and the Wiberg bond index. The DFT calculations agreed with the experimental results,
making this study better understand the photolysis mechanisms of thifensulfuron-methyl (TFSM).

Keywords: thifensulfuron-methyl; photodegradation; density functional theory; non-covalent
interaction analysis; hydroxyl radical; clay, pesticide.
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1. Introduction

In recent years, Agricultural activities have produced pesticide contamination of
various aquatic ecosystems due to the high annual consumption [1,2]. Nevertheless, they are
usually at the center of health and safety considerations due to their toxicity or potential adverse
influence on the environment [3]. Thifensulfuron-methyl is a sulfonylurea herbicide used to
control grain crops such as rice, corn, and wheat. Thifensulfuron-methyl may filter into surface
and groundwater because of its great water solubility, mobility, and persistence [4].

The photodegradation and adsorption of organic pollutants on the soil's surface are
affected by many environmental factors, including soil type, soil moisture, and soil properties

such as organic and mineral species [5,6]. Clay minerals are generally considered one class of
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the most chemically active components of soils. Various clay minerals have shown a great
capability of adsorbing organic compounds such as pesticides [7,8]. Several studies have also
proven that sunlight photodegradation on the soil surface is an important degradation pathway
for a variety of organic pollutants, suggesting the potential importance of clays in soils and
subsoil [9-11].

Montmorillonite (MMT), kaolinite (KAO), vermiculite, etc., are natural clay
constituents of soils that have a high adsorption capacity due to their low cost, availability, high
specific surface area, cation exchange capacity (CEC), good removal efficiency and selectivity,
have recently been proposed for remediate soil or water environments [12-14].

Elements metals exist in the environment as oxides, hydroxides, sulfides, or ionic
species intercalated in clay. Iron is one of the most abundant transition metals in soil and is
considered to play a large role in photoinduced redox reactions [15]. The structural Fe in natural
clays is active in the photodegradation of various pollutants, such as nitroaromatic [16], 1,4-
dioxane [17], and diethyl phthalate [18]. Other pollutants can form the complex with iron
present in the clay, reducing Fe®" to Fe?*, which can start the decomposition of H202 to produce
°OH [19-21]. The mineral clays have been used as TiOz support to obtain a better
photocatalytic activity and a good separation of the catalyst in water treatment [22—25].

The original crystal structure of MMT and kaolinite was constructed according to
experimental data [26,27]. The clay unit cell was optimized using the Dmol3 program package
[28]implemented in Accelrys Materials Studio 8.0 [29]. GGA-PBE was selected as the
exchange-correlation functional [30] due to its more accurate description of the hydrogen bond
[31]. To represent the MMT and kaolinite surfaces in the gas phase, a periodically repeated
slab was constructed by cleaving the bulk unit cell at the (001) plane because it is reported that
it is the most predominant plane for MMT and kaolinite clays. The surfaces were next enlarged
to an (8x9x1) supercell to provide a large surface for the interaction of all components, and
then a 30 A thick vacuum layer was added over the surface to form a flat plate model.

The Monte Carlo (MC) simulation was adopted to compute the low configuration
adsorption energy of the TFSM interacting with MMT and kaolinite surfaces, using the
Adsorption Locator module [32], and the universal force field (UFF) has been successfully
used in the study [33]. The number of cycles was 10, with each cycle of 105 steps. The
configurations that result from one of these steps are accepted according to the selection rules
of the Metropolis Monte Carlo method [34]. The van der Waals force was calculated using the
Atom basis summation method [35], while the static action was calculated using the Ewald &
Group summation method [36]. For the aqueous phase study, 100 or 500 water molecules were
added to the simulation box. The low-energy adsorption site is identified by a Monte Carlo
search for the configurational space of the substrate-adsorbate system (simulated annealing).

DFT calculations are an efficient tool that can provide a closer understanding of the
adsorption mechanisms of organic pollutants on clay surfaces. For example, the adsorption of
2,4-dinitrotoluene and cellobiose on kaolinite surfaces [37,38], sulfonamides on phyllosilicate
[39], surfactants on montmorillonite [40], neomycin on montmorillonite, sepiolite [41], or to
study the interaction of ethambutol with palygorskite [42]. Moreover, the DFT calculations
have achieved results of great relevance in the understanding of the mechanisms and kinetics
of the photodegradation of organic pollutants, for example; the DFT approach investigated the
rate constants between *OH and eight organic pollutants, and the estimated values were within
a factor of 5 of the experimental values [43]. The radical oxidation (*OH) pathways of organic
pollutants were also studied by DFT calculations by the construction of the energy profiles for
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these reaction channels, which can explain the experimental evidence obtained[44—47]. In the
present work, two commercial clays, kaolinite and montmorillonite, representative natural
minerals clays, were used as support to investigate the effect composition on the adsorption
and photodegradation of the pesticide thifensulfuron-methyl (TFSM). In addition, a DFT
calculation was performed to understand the adsorption and photolysis of TFSM molecules on
kaolinite and montmorillonite surfaces.

2. Materials and methods

2.1.Reagents and materials.

Thifensulfuron-methyl: methyl 3-[[(4-methoxy-6-methyl-1,3,5-triazin-2yl)carbamoyl]
sulfamoyl] -2- thiophene carboxylate (TFSM) (purity 99.9%) was obtained from Riedel-de
Haéen and used as received.

The characteristic UV—Visible absorption spectra of TFSM and solar emission
spectrum are shown in Figure 1.
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Figure 1. Characteristic UV—Visible spect FSM (1.0 x 10* mol.L"?) in aqueous solution and solar

emission spectrum.

Montmorillonite-K(MMT) and Kaolinite (KAO) were purchased from Aldrich
Chemical Co. The chemical composition of the MMT and KAO samples is presented in Table
1.

Table 1. Chemical composition of MMT and KAO samples.

Oxide (%) (MMT) (KAO)
SiO2 71,47 45,41
Al203 14,36 35,06
Fe203 2,99 0,65
MnO 0,017 0,013
MgO 1,41 0,21
CaO 0,21 0,05
Na20 0,37 0,13
K20 1,72 1,45
TiO2 0,52 0,054
P20s 0,048 0,11

2.2. Adsorption.

Adsorption isotherm studies of the pesticide on clay samples were performed using the
batch method of the following technique: 10 mL of Thifensulfuron-methyl solution of desired
https://nanobioletters.com/ 30of 17
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initial pesticide concentrations (0 to 2.0x10** mol.L ) was added into 50 mg clay in a 60 mL
brown bottle with a plug. The suspensions were agitated on a shaker for 24 h at 22 £1°C to
achieve equilibrium.

After that, the solid phase was separated from the solution by centrifugation at 4000
rpm for 15 min. Finally, the supernatant was decanted and passed through a 0.45 um Millipore
syringe filter.

The adsorption isotherm is fundamental for understanding the mechanism of
adsorption. Important information regarding how the adsorbate molecules distribute between
the liquid and solid phases once the equilibrium state is reached can be interpreted based on
the adsorption isotherm.

Its adsorption isotherms were derived based on batch analysis to investigate the
adsorption processes of the clays used in the pesticide studied. In this study, the Freundlich
model based on a sum of least squares analysis best fits all adsorption data. The Freundlich
model has the following form:

C.=K:CJh
ST (Eq.1)

where Cs is the adsorbed pesticide per mass unit sorbent (mg/kg), Ce is the equilibrium
concentration of the pesticide (mg/L), and Kf (mg/kg) (mg/L)-n and n (dimensionless) are
constants at a given temperature.

Eq.(1) can be linearized by a logarithmic transformation:

log Cs=1log K¢ +nlog C
0g Ls=10g K + nlog Ce (Eq.2)
If Eqg. (1) is applicable, a plot of log(Cs) vs. log(Ce) gives a straight line with the slope
n and the intercepted log(Kf).

2.3. Irradiation experiments.

Photodegradation experiments were carried out on clay samples exposed to Suntest
(300-600 nm) at different times and then extracted from each irradiated sample methanol (1
mL), filtered through a 0.45 um Millipore syringe filter. The procedure was repeated for all
clay complexes prepared.

2.4.Experimental procedure and analyses.

The Thifensulfuron-methyl was determined qualitatively and quantitatively through
high-performance liquid chromatography using a Waters 540 HPLC chromatography system
equipped with a Waters 996 photodiode array detector (DAD). The experiments were
performed by UV detection at either 250 nm or using a reverse-phase Nucleodur column (C18-
5um; 250-4.6 mm). The flow rate was 1.0 mL min%, and the injected volume was 50uL. The
elution was accomplished with water, acetic acid (0.1%), and acetonitrile (60/40, v/v).

The degradation of THFS was accompanied by the formation of several byproducts,
which were identified by HPLC electrospray tandem mass spectrometry (LC/MS).

LC/MS studies were carried out with a Waters (Alliance 2695) HPLC system coupled
to a Quattro LC triple quadrupole mass spectrometer (Micromass, Manchester, UK) equipped
with a pneumatically assisted electrospray ionization source (ESI). Data acquisition and
processing were performed by the Mass Lynx NT 3.5 system. Chromatography was run using
a Kinetex MS C18, 2.6 um, 100 mm x 2.1 mm and a 6/4 v/v mixture of acetonitrile and water
with 0.2 % acetic acid as mobile phase at 0.2 mL min™. The electrospray source parameters
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were: capillary voltage of 3.5 kV (or 3 kV in the negative mode), cone voltage of 15 V, source
block temperature of 120°C, and desolvation gas temperature of 400°C. Argon was used for
collisionally activated dissociation (CAD) at a pressure of 1.5 1073 torr and 10-50 eV collision
energy. The UV-visible absorption spectra measurements were acquired on a Cary 3 double-
beam UV-Vis (Varian) with a 1 cm quartz cuvette over the 200-800 nm range.

2.5. Computational details.
2.5.1. Geometry optimization.

The geometry optimization of thifensulfuron-methyl (TFSM) was performed using the
DFT method. The DFT calculations were carried out with the GAUSSIAN 09 [48] by using
the exchange-correlation functional B3LYP [49,50]and 6-311G (d, p) basis set. Frequency
calculations were executed to verify the stationary points to be real minima at the same level.
Furthermore, all charge distributions were calculated by Natural Bond Orbital (NBO) analysis
[51].

2.5.2. Reactivity descriptors.

The Fukui function was used to predict the degradation mechanism of the optimized
TFSM molecule. Fukui function is based on the conceptual density functional theory (CDFT)
[52], which showed that sites in chemical species with the largest values of f(r) are those with
higher reactivity. The Fukui function was defined as:

fe=50, o, (Eq-3)

where N is the number of electrons, p(r) is the electronic density and the constant term v in the
partial derivative is the external potential. However, the electron density of a neutral or
Nozelectron molecule contains all the information that reflects the reactivity of a site of a
molecule. Most studies in the literature have been carried out in the so-called finite difference
method [53], in which the Fukui functions f (r) are approximated as:

fi = [gk(N) - gk(N - 1)] for electrophilic attacks

fk* = [g(N+1) - gk(N)] for nucleophilic attacks

fi0 = wo*[fic + fi*] for radical attacks
where g(N), q(N+1), and q(N-1) are the charges at atom k on the neutral, anionic, and cationic
species, respectively. Moreover, the local softness s(r) is more important than Fukui functions
when comparing different sites in different molecules [54]. The latter is related to local softness
through s(r) = Sf(r), indicating that f(r) redistributes the global softness among different parts
of the molecule [55,56].

2.6. Non-covalent interactions (NCI) analysis.

The non-covalent interaction (NCI) analysis was also carried out on the most stable
structure of TFSM on surface clays. The NCIs analysis evaluates the intermolecular
interactions and can be revealed solely through the reduced density gradient, s, which is a scalar
field of the electron density (p) and can be defined as :

Vol
= TG (Eq.4)

The S function has higher values in regions outside the molecule and lower values near
the covalent bonds and non-covalent interactions, which appear as peaks in the s (p) diagram
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[57]. The limiting interaction cases like hydrogen bonds, van der Waals, and steric repulsions
are reflected here with a coloring scheme (blue, green, and red, respectively). Multiwfn
[58]conducted the non-covalent interactions, and their visualization was done with Visual
Molecular Dynamics VMD [59].

3. Results and discussion

3.1. Chemical analysis.

Table 1 regroups the chemical composition of the two clays utilized. It was observed
that this clay is rich in SiO2 (71.4% MMT, 45.4% KAO), Al203 (14.3% MMT, 35.06% KAO),
Fe203(2.99% MMT, 0.65% KAO), K20 (1.72% MMT, 1.45% KAO) and TiO2 ( 0.52%MMT,
0.05% KAO). Some other elements exist but in small percentages. The percentage of Fe203
and TiO2 allows this clay to be used in photocatalytic processes.

3.2. Adsorption isotherm of Thifensulfuron-methyl.

The parameters of the Freundlich equation for the adsorption of pesticide onto the clays
obtained as described above are presented in Table 1, together with experimental data points
(calculated by fitting Eq. 4). The fit of experimental isotherm data to the Freundlich equation
confirms to be quite good when correlation coefficients R2 obtained from linear regression
analysis are examined.

The two values of n calculated for the adsorption of this pesticide onto different used
clays were similar from one sample to another with n~1.0. Still, the value of Kf for the
montmorillonite was greater than that for Kaolinite-based clay. It was expected that these clay
minerals of the montmorillonite group with larger specific surface area (Table 3), could adsorb
the pesticide studied in each layer. A similar study showed that montmorillonite has
considerable adsorption capacity because of its large surface area [59].

This surface area was not the only factor contributing to the high adsorption of
thifensulfuron methyl (TFSM). Another factor that can control adsorption is the value of the
cation exchange capacity. Montmorillonite has a very high CEC compared to kaolinite; the
values obtained being 5.83 meq/100g (kaolinite) and 60.68 meqg/100g (montmorillonite) (Table
3), which are consistent with those reported in the literature [60]. Therefore, increasing the
CEC value results in an increase in the rate of adsorption [61].

Table 2. Values of Ks and n for the Freundlich Equation for the adsorption of thifensulfuron-methyl on used

clays.
n K R?
MMT- TFSM 0.747 33.27 0.98
K- TFSM 0.884 2.37 0.97

Table 3. Values of the cation exchange capacity and the specific surface area of (MM) and (KOA).

Clay (MMT) (KAO)
CEC (meq/100) 60,68 5,83
SeeT (M%.g7) 166 5

3.3. Photodegradation kinetics of thifensulfuron-methyl.

The influence of UV irradiation was first studied. One can see that Thifensulfuron-
methyl could be transformed by UV light on the solid support. From the results shown in Figure

2, the rate constants of a pseudo-first-order reaction can be obtained. The rate constants for
https://nanobioletters.com/ 6 of 17
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TFSM/montmorillonite and TFSM/Kaolinite under UV light irradiation are 0.206 h'* and 0.107
h, respectively. Since they may be involved as photoinduced, some inorganic species in soil.
It has to be taken into account that they can present an accelerating effect on degradation
reactions such as Fe203 and TiOx.
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Figure 2. Photodegradation kinetics of Thifensulfuron-methyl on (A) kaolinite and (B) montmorillonite surface
under UV light and the effect of the adsorbed species.

3.4. Photoproducts elucidation and mechanism.

Photoproducts generated after irradiation of thifensulfuron-methylonto the
montmorillonite and kaolinite were identified by using LC-MS with electrospray ionization in
negative as well as positive modes (Figure 3). Photoproduct was easily identified as 2-amino-
4-methoxy-6-methyl-1,3,5-triazine (AMMT). This identification was based on the comparison
with an authentic sample. The compound is obtained by the photohydrolysis of the sulfonylurea
link, and it is a typical degradation pathway of sulfonylurea herbicides under irradiation.

A =250 nm P

detection

THFS_ Montmorillonite

f"? Trsw

THFS_Kaolinite

0 2 4 6 8 10 12
Time retention, minutes

Figure 3. HPLC chromatogram of a solution obtained by extraction with methanol of an irradiated mixture of
TFSM/Kaolinite and TFSM/ Montmorillonite.

A mass spectrometry characterization of TFSM was previously carried out to optimize
the conditions of the instrumental sensitivity of mass spectrometry analysis and to build a
fragmentation pattern that could be useful for the identification of the photoproducts.

The results obtained are shown in Table 4.

https://nanobioletters.com/ 7 of 17


https://doi.org/10.33263/LIANBS131.039
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS131.039

Table 4. m/z values and products ion from LC-mass (ESI- and ESI+) of thifensulfuron-methyl photoproducts.

Product Observed m/z and structure ion
] 388 [M+H]" , 410 [M+Na]*
386 [M-H] OCH,
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J oc- N—<\
oons | [ L
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y SO, NH-CO-NH{\ N IS ®
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S I N (/I >N' 7]
CO,CH3 188 S co 205 S CO,CHjs
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SO,~NH-COOH J SO2~NH
4 |
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SO,-NH-CO-NH N S 153 :
J \_% 220 CO,CH3 @
| OH ats
S CO,CHj4 - S Neo.ci
P2 (373 g/mol) HN—( N 205 =
t=7.8mn N y SO,-NH-CO
125 CHs s ’
220 [M-HJ
SO,—NH, SO,~NH’
74
| |
S
CO,CHjs CO,CH3
P3 (220 g/mol) 302\
t=8.5mn (j/\

Several studies proposed the mechanism of sulfonylurea degradation by simulated
sunlight in water and on a soil surface. The major photolysis reaction is the homolytic cleavage
of one of the bonds of the sulfonylurea bridge. Still, the nature of the final products depends
on the substituent of the molecular. The cleavage of the S—N bond was observed as the main
pathway for this family of pesticides. For chlorsulfuron [62,63], bond cleavage of the C-S is
the main photochemical pathway for some sulfonylurea as triasulfuron, cinosulfuron [64], and
metsulfuron-methyl [15,65]. Concerning the scission of the C-N bond, it was recognized as the
main pathway for tribenuron methyl [66]. Some other photochemical reactions involved the

two rings, aromatic and triazinic.
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In our experimental conditions, the photodegradation of thifensulfuron-methyl on
kaolinite and montmorillonite surfaces allowed the formation of four photo products. They
were obtained following two types of reactivity: by rupture of the sulfonylurea bridge and by
hydroxylation. The byproducts implying the sulfonylurea bridge are obtained from the
homolytic scission of bond B(C-H), eventually forming the products P3 and AMMT (pathways
2). Also, photohydrolysis and/or attack by radicals *OH on the bond a(C-H) can generate the
products P1 and AMMT (pathways 1 and 4). This type of reaction was observed by [67].
However, the product P2 was observed by hydroxylation of the group (OCHs) (pathways 2).
Indeed, hydroxyl radicals can be formed on the surface of kaolinite and montmorillonite via
two processes. (i) The involvement of TiO2 and Fe20s, which are part of the composition of
the two clays, are known by their photocatalytic effect in several studies. (ii) The photoinduced
behavior of some types of clays according to the reactions presented below[68-70]:

Cly + 0, hv—»CIayJr + 0,

O +H0 —» OH, + OH’

OHZ_ + HO ——» H,O02 + HO

Figure 4 presents the possible mechanism of photodegradation of Thifensulfuron-
methyl on the montmorillonite and kaolinite.

OCHg
N S SO,— NH—COOH
74 \
H2N4< N, \ P3
N_ °
AMMT CH3 T C02CH3 OH

Hzo /hv

P N N
S <50, NHZCO_NF> 7N
~ o o - - —

CH, CO,CH; P2
CO,CH; (1): TFSM
v OCHj
S — N
SO,— NH, ) ~\<
\ . H2N4< N
n={
CO,CH3 AMMTCH3
P3
Figure 4. Photoproducts and proposed pathways of thifensulfuron-methyl on montmorillonite and kaolinite
surface.

3.5. Mechanism of TFSM adsorption on MMT and kaolinite surfaces.

The adsorption mechanism of thifensulfuron-methyl (TFSM) onto two natural clays
(kaolinite and montmorillonite) was investigated using Monte Carlo (MC) simulations. The
close contacts between the TFSM molecule and the surface of the clay as well as the best
adsorption configuration for the compound, are presented in Figures 5 and 6. In gas and
aqueous phases, the interactions between TFSM and natural clays occur via several lone-pair
https://nanobioletters.com/ 90of17
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electrons containing N, O, and S atoms and r-aromatic systems. The more stable configurations
of FTSM adsorption on the MMT (001) and kaolinite (001) were obtained using the MC
method, and the results in gas and water phases were listed in Table 5. The adsorption
configurations of the title compound in the gas phase were -156.61 and -152.12 kcal/mol on
the MMT and kaolinite surfaces, respectively (Figure 5). Interestingly, adding water makes the
adsorption of TFSM on MMT more stable (Eags= -2.12 10° kcal/mol), where their adsorption
energy in kaolinite is -2.05 10° kcal/mol (Figure 6). These results explained the considerable
adsorption capacity of MMT compared with kaolinite surfaces in the aqueous medium.

@ (®)

IR PRI IR

»

Figure-5. The most stable low-energy configuration for the adsorption of TFSM on (a) MMT (001) and (b)
kaolinite (001) surfaces in the gas phase obtained using the Monte Carlo simulation.

Table 5. Adsorption energies (Eags) for TFSM on MMT (001) and kaolinite (001) surfaces in gas and aqueous
phases were obtained using the Monte Carlo simulation (in kcal/mol).

Gas Aqueous (100 H20) Agueous (500 H20)
MMT (001) -156.61 -579.76 -2.13 108
Kaolinite (001) -152.12 -548.83 -2.05 108

| P A » ) P
PO e e W w R e 9es e R es e Y

Figure-6. The most stable low-energy configuration for the adsorption of TFSM on (a) MMT (001)/500H,0
and (b) kaolinite (001)/500H,0 systems obtained using the Monte Carlo simulation.

The interactions of the TFSM molecule in the gas phase with MMT and kaolinite
surfaces and their cooperative interactions were further demonstrated with non-covalent
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interactions (NCI). The NCI isosurfaces for TFSM adsorbed on the MMT and kaolinite
surfaces are displayed in Fig-7. The green region between the title compound and clay surfaces
suggests that the weak vdW interaction has a key role in the adsorption of TFSM by clays. The
vdW interaction results via X-n (X: N, O, and S atoms) interactions for the MMT surface and
X-H (X: N and O atoms) interactions for kaolinite, occurring via the 1,3,5-triazine, thiophene
rings, and SO2 group. Moreover, moderate steric repulsion can also be observed as well based
near the red region, displayed by repulsive interactions in TFSM and Si-Si interactions on the
MMT surface.

(@

Figure 7. Gradient isosurfaces (s = 0.5 au) for TFSM intercalated and covalently grafted (a) MMT and (b)
kaolinite surfaces (Al, coral; O, red; C, cyan; Si, yellow; H, white). Blue, green, and red circles represent
hydrogen (H)-bond, Van der Waals (vdW), and steric repulsive interactions.

3.6. Theoretical prediction of degradation mechanism.

To explain the photodegradation reaction of TFSM on surface clays, the "softness-
matching principle" was applied, indicating that the interaction between two chemical species
will occur through the atoms whose softnesses are approximately equal [71]. Based on this, As°
between the reacting atoms must be as small as possible. Therefore, As’= s (O) - s%(X), the
difference between the local softnesses of the oxygen atom of the attacking *OH radical and
the atom (X) of the TFSM molecule were calculated for each of the atoms of the molecule. The
calculated Fukui functions °, local softness s°, and softness difference As® are presented in
Table 6.

Since S9 and C19 atoms with the highest f° are the first sites where the *OH radical
attack will occur, their products were identified in previous studies (Figure 8) [72]. These
reactions were not observed using MMT and kaolinite surfaces. The local softness s° and
softness difference As® values indicate that the C6 atom is the next target of hydroxyl radical
attack. The results indicate that C6-N4 bond cleavage takes place, resulting in the formation of
intermediate P1 (Figure 8). Then, intermediate P1 upon the attack of the *OH radical and the
formation of CO2 groups. The chemical reactivity indices in Table 6 imply that “OH radical
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attacks first C6 and N4 atoms, then N7, yielding intermediates P3 and AMMT compounds. In
addition, *OH radical attacks the C30 atom on the triazine ring and yields compound P2 by the
removal of -OCHs groups. All these findings were in good agreement with the experiment
results, and the compounds formed were detected by the LC-MS technique.

Table 6. Chemical reactivity descriptors for TFSM and the *OH radical.

TFSM (5=10.7694)
fo 0 As®
C1 0.0003 0.0031 3.1979
c2 0.0014 0.0155 3.1855
c3 0.0053 0.0570 3.1440
N4 -0.0025 -0.0268 3.2278
H5 -0.0093 -0.1003 3.3013
C6 0.0105 0.1132 3.0878
N7 -0.0386 -0.4154 3.6164
H8 -0.0069 -0.0741 3.2751
S9 0.0340 0.3662 2.8413
C10 -0.0213 -0.2292 3.4302
Ci1 -0.0031 -0.0332 3.2342
012 -0.1454 -1.5660 4.7670
013 -0.1244 -1.3402 45412
014 -0.0477 -0.5141 3.7151
C15 -0.0227 -0.2448 3.4458
N16 -0.0436 -0.4700 3.6710
N17 -0.0487 -0.5250 3.7260
N18 -0.0190 -0.2051 3.4061
C19 0.0112 0.1207 3.0803
020 -0.0106 -0.1145 3.3155
021 0.0019 0.0201 3.1809
c22 0.0029 0.0312 3.1698
H23 -0.0068 -0.0732 3.2742
H24 -0.0088 -0.0944 3.2954
H25 -0.0041 -0.0442 3.2452
H26 -0.0137 -0.1478 3.3488
c27 -0.0126 -0.1353 3.3363
S28 -0.0266 -0.2869 3.4879
029 -0.0001 -0.0013 3.2023
C30 0.0029 0.0314 3.1696
H31 -0.0051 -0.0548 3.2558
H32 -0.0046 -0.0491 3.2501
H33 -0.0049 -0.0527 3.2537
C34 0.0010 0.0104 3.1906
H35 -0.0069 -0.0739 3.2749
H36 -0.0067 -0.0720 3.2730
H37 -0.0060 -0.0647 3.2657
H38 -0.0090 -0.0972 3.2982
OH radical (S =4.1234)
0 | 0.7736 | 3.2075 |

Figure 8. Optimized structure of TFSM and the numbering system (C, grey; O, red; N, blue; H, white; S,
yellow).
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Wiberg bond indexes (WBI) were calculated for TFSM molecules to determine the
strength of a given chemical bond [73]. The lowest excited triplet state was found to be long-
lived photochemical reaction precursors for many compounds and reactions of an excited
molecule [74,75]. For this, the geometry of TFSM was investigated at its triplet states with a

spin multiplicity of 3, and the results were reported in Table 5. The WBI index of S9-N7, N7-

C6, and C6-N4 bonds of the TFSM are about 0.75, 1.10, and 1.00 for singlet and 0.18, 0.27,
and 0.25 for triplet (Table-5). This indicates that these bonds in the excited state are
significantly weakened, thus resulting in its feasible decomposition by photolysis. The LUMO-
HOMO energy gap of TFSM is about 0.18 a.u. for singlet and less than 0.09 a.u. for triplet,
indicating an increase in the reactivity of this molecule at the triplet state (Table-5). Therefore,

the C6-N7 and C6-N4 bonds could be more reactive in the triplet than the singlet state. With

all these in mind, the decrease in WBI and smaller LUMO-HOMO energy gap could account
for the higher reactivity of the C6-N bond in the exciting TFSM molecule.

Conclusions

The adsorption capacity and photodegradation activity were tested on Thifensulfuron-
methyl, using kaolinite and montmorillonite as support. The maximum adsorption capacity and
photodegradation were observed for the second clay. The photoproducts were identified using
the LC-MS technique, which allowed us to propose a photodegradation mechanism. Moreover,
the theoretical results were in good agreement with the experimental results, which makes this
study a new way to understand the photolysis mechanisms of thifensulfuron-methyl (TFSM).
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