Chapter 14

Photo-assisted Mineralization

of the Agrochemical Pesticides Oxamyl
and Methomyl and the Herbicides
Diphenamid and Asulam

Hisao Hidaka, Teruo Kurihara, and Nick Serpone

Abstract Pesticides of the oximecarbamate type, such as Oxamyl and Methomyl,
and the aromatic-bearing herbicides, Diphenamid and Asulam, undergo photo-
assisted mineralization nearly quantitatively (ca. 90-100% within ~4 h) in aerated
UV-illuminated aqueous TiO, dispersions. The complex structure of the agrochem-
icals that bear carbon, nitrogen, and sulfur functions are easily mineralized to CO,,
NH; and NOj ions, and SO;~ ions, respectively. Evolution of carbon dioxide has
been monitored by gas chromatography and by loss of total organic carbon (TOC).
The site and mode of adsorption of these agrochemicals onto the TiO, particle
surface has been inferred from point charge calculations, whereas the position of
attack by reactive oxygen species such as OH radicals has been estimated by
frontier electron density calculations.

1 Introduction

Advanced oxidation technologies for wastewater treatment have been developed
during the last two decades and are now being exploited in various industrial
applications (Parsons 2004). Aquatic environments contaminated with difficult-
to-biodegrade substances have become the subject of serious global concern.
Some of the more promising technologies are the photo-assisted degradation
methodologies that involve titanium dioxides photo-activated by Solar UV radia-
tion despite the low content (ca. 3-5%) of the total solar flux. This lower UV
irradiance impinges on the overall photon efficiencies. The highly oxidative OH
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and OOH radicals photogenerated on the TiO, surface by oxidation of water and
reduction of oxygen, respectively, through charge separation under UV-irradiation
attack the organic substances converting the carbon function into CO, gas, the
sulfur into SO}~ ions, and the nitrogen function to NH; and NOj3 ions.

Photo-assisted rates of mineralization depend principally on the chemical struc-
ture of the agrochemicals examined. Rate-determining factors in the detoxification
of most aquatic wastewater contaminants are their solubility in water and their
mode of adsorption on the TiO, photo-mediator. In comparison to a hydrophilic
pollutant, a hydrophobic contaminant exhibits poor adhesive properties toward the
hydrophilic TiO, mediator, and to the extent that some agrochemical organics
bearing complex functions are not commonly water-soluble, their decomposition
in aqueous environments in high yields is difficult to achieve within a brief time
period. As well, agrochemicals spread in fields tend to persist for relatively long
periods of time without any visible decomposition. Many types of highly toxic
pesticides and herbicides are typically used to exterminate vermin and other
harmful insects. Within this context, the TiO, photo-assisted degradations
of several agrochemicals such as permethrin (Hidaka et al. 1992a, b), atrazine
(Pelizzetti et al. 1990; Pelizzetti et al. 2003), 2,4-dichlorophenoxyacetic acid
(Watanabe et al. 2003, 2005), Diphenamid (Rahman et al. 2003), Asulam (Catastini
et al. 2002a, b), paraquat (Cantavenera et al. 2006), and imazethapyr commonly
used in Brazil (Ishiki et al. 2005) have been examined previously by us (Hidaka
et al. 1992a, b; Watanabe et al. 2003, 2005) and by others (Pelizzetti et al. 1990,
2003; Rahman et al. 2003; Catastini et al. 2002a, b; Cantavenera et al. 20006;
Ishiki et al. 2005).

Contamination of subsurface waters has recently shown increasing trends.
Intake of agrochemicals by human and animals via the food chain and through
drinking water, and sea and river waters has become a worrisome issue (FAO and
WHO 1985; Cohen et al. 1986; Muszkat et al. 1994). Accordingly, many countries
have introduced restrictive legislative regulations (EPA 2002; Dowd et al. 1988) to
control and regulate the usage of these agrochemicals toward food safety since such
chemicals are too often not easily biodegraded and tend to persist in nature for some
time. Indeed, microbial detoxification of waters contaminated at ppm (mgL™")
levels of pollutants tends to be rather difficult owing to the inefficiency of the
biodegradation at such low substrate loadings (Muszkat et al. 1995) not to mention
that some pollutants may also be toxic to the bacterial microorganisms.

The nitrogen- and sulfur-bearing pesticide Oxamyl is commonly used as an
agrochemical in the protection of farm crops, vegetables, tobacco, and chrysanthe-
mum among others, and is also effective in the extermination of eelworms and plant
parasites (USDA 2005; Garthwaite et al. 2005). By comparison, the broad spectrum
pesticide Methomyl is used (1) as an acaricide to control ticks and spiders, (2) in the
foliar treatment of vegetables, fruit and field crops, cotton, and commercial orna-
mentals, and (3) in and around poultry houses and dairies (USDA 2005; Garthwaite
et al. 2005). Note that in the structure for Oxamyl and Methomyl (and others — see
below) the numbers identify the atoms for the point charge and electron density
calculations.
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These two pesticides belong to the class of oximecarbamates widely used to
control insect and nematode pests and of which nearly 1,360 metric tons are used by
the agricultural sector in the United States alone (Gianessi and Marcelli 2000).
Another no less important source of pesticides in the aqueous environment is
the disposal of used pesticide bottles and the rinsing of pesticide-spray containers
(Malato et al. 2000). Both these carbamates inhibit the activity of the acetylcholin-
esterase enzyme resulting in the buildup of the neurotransmitter acetylcholine to
toxic levels (Hassall 1990). Their acute toxicity ranks amongst the highest of
several pesticides, thus generating some environmental concerns since both
Oxamyl and Methomyl are highly water-soluble (280 gL' and 58 gL', respec-
tively; Hornsby et al. 1996) and both show low affinity for adsorption onto soils
(Gerstl 1984; Cox et al. 1993). This latter property renders these two carbamates
highly mobile throughout the soils and aqueous ecosystems, so much so that they
have been detected in groundwaters that serve as drinking waters (Kolpin et al.
2000) at concentrations that often surpass recommended thresholds (Kolpin et al.
2000; Zaki et al. 1982; Moye and Miles 1988).

Carbamate pesticides can degrade under anoxic and abiotic conditions via a base-
catalyzed elimination process to yield an oxime byproduct, methylamine and carbon
dioxide. However, at pHs below 7 the process is extremely slow with half-lives of
months to years (Bank and Tyrrell 1984; Chapman and Cole 1982; Harvey and Han
1978; Hegarty and Frost 1973). By contrast, a more rapid degradation occurs in an
aqueous anoxic environment (e.g. a soil suspension) containing iron(II) through a
two-electron reduction process generating, in addition to the oxime byproduct and
methylamine, a nitrile, methanethiol, and carbon dioxide (see Fig. 1) (Strathmann
and Stone 2001, 2002a, b; Bromilow et al. 1986; Smelt et al. 1983).

Others have reported the TiO, photo-assisted degradation of Oxamyl under
direct sunlight using a compound parabolic collector system, with the pesticide
being slowly mineralized to CO, via various non-identified intermediates
subsequent to a postulated cyclization of the carbamate chain and/or ultimate
cleavage of the carbamate function (Malato et al. 2000).

Diphenamid is a widely used herbicide for the control of annual broadleaf weeds
such as carpetweed, chickweed, knotweed, lambs quarters, pigweed, purslane, and
smartweed, as well as annual grasses. In short, it is used for the control of some
broad-leaved weeds in cotton, potatoes, sweet potatoes, tomatoes, vegetables,
capsicums, okra, soya beans, groundnuts, tobacco, stone fruit, citrus fruit, bush
fruit, strawberries, forestry nurseries, and ornamental plants, shrubs, and trees
(Elmore et al. 1968). It is also a plant growth regulator and moderately persists in
the environment for about 1-3 months (Defelice 1999). Moreover, Diphenamid is
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Fig. 1 Scheme illustrating the two pathways (base-catalyzed elimination and 2-electron reduc-
tion) in the degradation of the two oxime-carbamate pesticides: (a) oxime by product,
(b) methylamine, (c) substituted nitrile, and (d) methanethiol. Adapted from Strathmann and
Stone (2001) and from Bromilow et al. (1986)

stable to hydrolysis at pHs 5-9 for about 7-10 days at a temperature relatively
higher than ambient (49°C) (Rahman et al. 2003).
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The carbamate-type herbicide, Asulam, is toxic to insects and animals, and is
largely used as a principal and selective herbicide in the control of bracken (Marrs
et al. 1992; Bruff et al. 1995); additional details on the properties and toxicity of
Asulam are available elsewhere (The International Programme on Chemical Safety
(IPCS) 1996). Suffices to note that, in general, carbamate pesticides attack the
nervous conveyance cell and cause abnormal excitement (IPCS 1996). This herbicide
degrades photolytically faster in moist soils than in dry soils; the respective half-lives
are 98 h and 350 h, respectively (Graebing et al. 2003). The photodegradation of
Asulam in aqueous media in the presence of aquacomplexes as the photoinducer
under sunlight irradiation necessitated from 13 to 14 h for complete degradation to
CO,; the principal products formed in the initial stages were parasulfanilic acid,
benzoquinone, and traces of hydroquinone (Catastini et al. 2002a, b).
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This article addresses the photo-assisted disposal of the pesticides Oxamyl and
Methomyl and the herbicides Diphenamid and Asulam in aerated aqueous TiO,
dispersions under bench-top UV irradiation. We show that the mineralization of
these agrochemicals to carbon dioxide is nearly quantitative (ca. 90-100%) within a
relatively short time of ca. 4 h subsequent to the UV/TiO, treatment.

2 Experimental Section

2.1 Materials

All chemicals were used as received. The pesticide methyl-2-(dimethylamino)-N-
{ [((methyl- amino)carbonyl]oxy }-2-oxoethanimidothioate, referred to as Oxamy],
was supplied by Dr. Ehrenstorfer GmbH, Germany, in highly pure reagent grade
form. The oral acute toxicity of Oxamyl LDs(rat) is 2.5 mg kg7l and LDsp(mouse)
is 2.3 mgkg™'; additional information on the toxicity of Oxamyl is available
elsewhere (Tomar 1997; European Food Safety Authority (EFSA) 2005). This
pesticide is highly water-soluble (pK = 6.2), available for leaching and is relatively
non-persistent in soil with its loss due mainly to decomposition via first-order
kinetics degrading to <5% of the parent compound within 1 month of field applica-
tion. Its reaction rate decreases with increase in concentration (Wagenet et al. 1984).

The pesticide methyl-N-{[(methylamino)carbonyl]oxy} ethanimidothioate, known
commercially as Methomyl, was supplied by Wako Pure Chem. Co. Ltd. It has an oral
acute toxicity of LDsq(rat) of 17 mgkg ™" and the LDsy(mouse) is 10 mgkg ™' (IPCS
1996). Methomyl is transformed in some greenhouse soils with half-lives of about
3—14days. Microbial degradation appears to be the major transformation process in soil
with CO, as the principal end product. However, a lag period of 1-2 weeks may be
needed in unacclimatized soils before biodegradation begins. In aquatic ecosystems,
hydrolysis half-lives of Methomyl in ethanol/water at pHs 6.0, 7.0, and 8.0 are 54, 38,
and 20 weeks, respectively, at 25°C, whereas the hydrolysis half-life in pure water at
25°C s 37.5 weeks (MacCorquodale 2003).

The herbicide N,N-dimethyl-o-phenylbenzeneacetamide, also known as Diphena-
mid, was supplied by Kanto Chem. Co. Inc. It has an oral acute toxicity of LDsq
=685 mgkg ! for the rat and 600 mgkg ™" for the mouse; for additional details, see
also Ref. Cantavenera et al. 2006. The herbicide methyl-[(4-aminophenyl)sulfonyl]-
carbamate, commercially named Asulam, was supplied by Wako Pure Chem. Co.
Ltd. The latter has an oral acute toxicity LDsq(rat) that exceeds 5 g kgf1 and an acute
inhalation LDsq(rat) that is greater than 5.0 mg kg*1 (Morales et al. 2002).

Titanium dioxide was Degussa P-25 with particle size 20-30 nm assessed by
transmission electron microscopy; surface area 53 m?g~' by BET methods;
crystalline form 83% anatase and 17% rutile as determined by X-ray diffraction
analysis.
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2.2 Photomineralization Procedures

Aqueous solutions of each of the above substrates (0.10 mM; 50 mL; pH 4.5 unless
noted otherwise) were placed in a 127-mL Pyrex vessel containing TiO, particles
(100 mg; loading, 2.0 gL ") followed by supersonication to obtain uniform dis-
persions. The latter were subsequently purged with oxygen gas prior to UV irradia-
tion. The TiO,-containing aqueous dispersions were then illuminated with a 75-W
mercury lamp (Toshiba SHL-100UVQ2) that emitted an irradiance of ca. 2.0 mW
cm 2 in the wavelength range 310-400 nm (maximal emission, 360 nm).

2.3 Analytical Procedures

The temporal evolution of CO, was assayed with a Shimadzu GC-8AIT gas
chromatograph equipped with a TCD detector and a Porapack Q column; helium
was the carrier gas. The loss of total organic carbon (TOC) in the dispersion was
measured with a Shimadzu TOC-5000A TOC analyzer.

Additional measurements of the temporal degradation of Diphenamid (0.1 mM,
50 mL) were carried out in the presence of 100 mg of TiO, at pH 4.5. Opening of
the rings during the photodecomposition of the Diphenamid and Asulam was
monitored at 206 nm and 262 nm, respectively, with a JASCO V-570 UV-Visible
spectrophotometer. The pH indicated in each of the Figures is the initial pH before
UV illumination. When the pH of the degraded solution after a fixed time of
illumination shifted gradually acidic, the surface charge of TiO, changes positively.
The number of OH radicals which attack an organic substrate is the same as the
number of protons formed theoretically.

Figure 2 illustrates the temporal spectral changes in the photodegradation of
Diphenamid and Asulam. Formation of NH; and NOj ions was assayed on a

——-60min
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Fig. 2 Temporal spectral changes occurring during the photo-assisted degradation of (a) Diphe-
namid and (b) Asulam in aqueous TiO, dispersions
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JASCO high-pressure liquid chromatographic system equipped with a CD-5 con-
ductivity detector and either a Y-521 cationic column or an I-524 anionic column.
Changes in the concentration of NH] ions were monitored with the JASCO ion
chromatograph and the Y-521 cationic column; the eluent was nitric acid (4 mM).
Nitrate ions were also monitored by ion chromatography with the I-524 anionic
column using a mixed solution of phthalic acid (2.5 mM) and tris(hydroxymethyl)
aminomethane (2.3 mM) as the eluent.

Fourier transform infrared spectroscopy (FT-IR; KBr method; JASCO spectro-
photometer; Model FT/IR-620) was used in attempts to identify some of the
intermediate products. Spectra were recorded after a freeze-dry procedure
subsequent to removal of the TiO, particles from the photodegraded dispersions
through filtration and/or centrifugation. Appropriate assignments of the observed
IR bands were done according to standard infrared databases (Pouchert 1970;
Schrader 1989; Socrates 2001).

2.4 Point Charge and Electron Density Calculations
(Dewar et al. 1985; Stewart 1989; Dewar
and Yuan 1990; Horikoshi et al. 2003)

Molecular orbital calculations were performed by the parametric method 3 (PM3)
with application of the Window MOPAC program. All the geometrical parameters
for the above substances were calculated using the Broyden—Fletcher—Goldfarb-
Shannon algorithm incorporated in the program for optimization, with the minimum
energy obtained at the AM1 level. The geometries of the examined agrochemicals in
aqueous solution were compared to those obtained in the gas phase by the conductor-
like screening model orbital (COSMO) and electrostatic potential (point charge)
calculations. The COSMO procedure generated a conducting polygonal surface
around the system at van der Waal’s distances. Standard values used herein were
the number of geometrical segments per atom (NSPA) = 60; the dielectric constant
was 78.4 at 25°C (in water). Initial positions of the 'OH radical attack are deduced
from electron densities, whereas possible modes of closest approach of the agro-
chemical molecules onto the TiO, particle surface are inferred from the calculated
point charges.

3 Results and Discussion

3.1 Photomineralization

The complete mineralization of Oxamyl, for example, as expressed by (14.1)
should produce 35 pmols of carbon dioxide for an initial concentration of
5 pumols in the 50-mL dispersion (0.1 mM)
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C7H3N303S + Oy (excess) — 7CO;, + SO, + 3(NH; and/or NO3 )

+ H,O

(14.1)

The temporal evolution of CO, gas (in % yield) produced in the photo-assisted
degradation of the two pesticides and herbicides and monitored by gas chromatog-
raphy is shown in Fig. 3. In all the cases, formation of carbon dioxide increased with

increasing irradiation time attaining approximately 90% mineralization after ca. 4 h
of UV illumination.
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Fig. 3 Temporal CO, evolution yield (%) in the photo-assisted mineralization of Oxamyl,
Methomyl, Diphenamid, and Asulam; initial concentrations of each, 0.10 mM in 50-mL disper-
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Fig. 4 Normalized temporal decrease of TOC in the photo-assisted degradation of Oxamyl,
Methomyl, Diphenamid, and Asulam (pH 4.5). Initial concentrations in carbon content were,
respectively, 6.6 ppm, 4.1 ppm, 19.1 ppm, and 9.2 ppm
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The comparatively temporal decrease of TOC in the degradation of the two
pesticides and the two herbicides is depicted in Fig. 14.4. TOC loss for Oxamyl
organic carbon is 100% complete within 4 h into the mineralization process. In all
the other cases, TOC loss is also quantitative and followed first-order kinetics with
the rates being Diphenamid (19.5 ppmh™') > Asulam (12.7 ppmh™") > Oxamyl
(9.1 ppmh~") > Methomyl (3.4 ppmh™'), in reasonable accord with the trend in
CO, evolution. Note that the slight discrepancies between the extent of CO,
evolution (Fig. 3) and loss of TOC (Fig. 4) are due to the forms of CO, present at
the prevailing pH of 4.5 (CO,°H,0 ~ H,CO; ~ H* 4+ HCO3; pK,; =6.4) in the
form of small quantities of bicarbonate species during the chromatographic deter-
minations of CO,.

3.2 Conversion of N and S Functions

The temporal formation of NHJ, NO;3, and SO?[ ions against UV irradiation time
in the photo-assisted mineralization of Oxamyl is shown in Fig. 5. Under acidic
conditions (pHs 3.0 and 4.5), the generated amount of NH; ions was significantly
greater than that of NOj; ions, which typically showed a lag time before its
formation. By contrast, the amount of generated SO;~ ions was far smaller than
expected, particularly at pH 3.0. We suppose that since the surface of TiO, catalyst
is positively charged, the doubly charged SOZ’ anions may remain adsorbed on the
TiO, surface, thereby mitigating somewhat the quantity of SO?[ ion detected in the
aqueous bulk solution. By comparison, at pH 4.5 the observed quantity of SOi_
ions increased while the amount of NHI ions formed decreased, whereas the
amount of NOj ions produced remained nearly constant at both acidic pHs. On
the other hand, the quantity of NO3 anions formed at the alkaline pH of 11.0 was
more significant than the quantity of NH; ions produced. As well, the amount of
sulfate anions produced was more significant the more alkaline the solution bulk
becomes, since adsorption is no longer a restrictive factor owing to electrostatic
repulsion between the negatively charged TiO, surface and the sulfate anions.
However, we also cannot preclude that the smaller quantity of ammonium ions
observed in alkaline media may be due to a certain quantity of NH; that is oxidized
to NOj ions (Pollema et al. 1992). The stoichiometric sum of both NH; and NO;
ions produced in the photomineralization of Oxamyl (initial concentration, 0.1 mM)
bearing three nitrogen atoms should theoretically be 0.30 mM. Experimentally we
find the combined total amount of NH; and NO; ions at pH 3.0 to be 0.297 mM
after 4 h of UV illumination of the aqueous TiO, dispersion indicating maximal
conversion of the N functions within experimental error. At pH 4.5, the
[NHI + NO5'] sum was 0.28 mM after the 4-h illumination period, whereas in
alkaline media (pH 11.0), the sum was ~0.24 mM corresponding to about 80% of
the expected amount.

The temporal formation of SO?~, NH{, and NO; ions during the photodegrada-
tion of Methomyl at pHs 3.0, 7.0, and 11.0 is illustrated in Fig. 6. The same
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Fig. 5 Formation of SOZ’, NH;, and NOj ions in the photodegradation of Oxamyl (initial
concentration, 0.1 mM in 50 mL) at pHs 3.0, 4.5, and 11.0

tendency is evident with respect to Methomyl as observed in the case of Oxamyl.
That is, the amount of SOf‘_ anions produced at pH 3.0 was relatively small owing
to electrostatic attraction on the positive TiO, surface. By contrast, at pH 11.0 the
amount of sulfate anions produced was greater attributable to repulsion between the
negatively charged TiO, surface and SO?[ anions. Contrary to Oxamyl, however,
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Fig. 6 Formation of SOi_, NH;, and NO; ions in the photodegradation of Methomyl (0.1 mM,
50 mL) at pHs 3.0, 7.0, and 11.0

the quantity of NH; cations formed during the degradation of Methomyl
was always greater than the quantity of NO5 ions produced even under alkaline
conditions of pH 11.0. The total amount of NH; and NOj ions formed and
expected to be theoretically 0.20 mM for the mineralization of Methomyl
(0.1 mM) after 240 min of UV illumination reached 0.19 mM at pH 3.0, 0.20 at
pH 7.0, and 0.19 mM at pH 11.0.
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Fig. 7 Formation of NH; and NO; anions during the photo-assisted degradation of Diphenamid
(0.1 mM, 50 mL) at pHs 3.0, 7.0, and 11.0

The temporal evolution of ammonium and nitrate ions produced during the
photo-asissted transformation of the nitrogen functions at pHs 3.0 and 7.0 in the
Diphenamid structure is depicted in Fig. 7. After ca. 4 h into the process, approxi-
mately 19% of the nitrogen was converted into NO3 ions and ca. 72% into NH;
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Fig. 8 Formation of SO3~, NH;, and NO; ions in the photo-assisted degradation of Asulam
(0.1 mM, 50 mL) at pHs 3.0, 7.0, and 11.0

ions, giving a total of 91% at pH 3.0 or about 0.091 mM against a theoretical
estimate of 0.10 mM. At pH 7.0, approximately 21% of the N function was
transformed into NO3 ions and ca. 60% into NH; ions for a total of 81% or
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0.081 mM. The remaining nitrogen was probably converted to primary and/or
secondary amines, although they were not identified. At pH 11.0, both NH; and
NOy ions were also produced under such alkaline aqueous conditions.

Formation of SOZ’, NHI, and NOy5 ions in the photodegradation of Asulam at
pHs 3.0, 7.0, and 11.0 is depicted in Fig. 8.

Examining the pH dependence of the degradation of Asulam after 4 h into the
process, the amount of NH; ions formed decreased in the order: pH 3.0 (0.16 mM) >
pH 7.0 (0.13 mM) >pH 11.0 (0.080 mM). By contrast, the quantity of NO3 ions
produced varied in the order: pH 3.0 (0.037 mM) > pH 7.0 (0.054 mM) <pH 11.0
(0.037 mM). The total sum of both NH; and NOj ions produced was: pH 3.0
(0.19 mM)>pH 7.0 (0.18 mM)>pH 11.0 (0.12 mM), against the expected
0.20 mM. With respect to the quantity of SOi_ anions generated, a larger amount
was produced in alkaline media (pH 11.0; 0.080 mM) than in neutral (pH 7.0;
0.039 mM) or acidic media (pH 3.0; 0.019 mM). Again it is tempting to attribute the
greater quantity in alkaline media to electrostatic desorption (or repulsion) of SO?[
anions from the negatively charged TiO, surface at pH 11.0 than is the case in acidic
media where the particle surface is positively charged.

Table 1 summarizes the dynamics of the photomineralization of the four sub-
strates in terms of rates of evolution of carbon dioxide and conversion of the N and
S functions into NHZr and NOj, and SOZ’ anions, respectively, at three different
pHs. The rates of formation of CO, varied in the order: Diphenamid > Asulam >
Methomyl > Oxamy], indicating that mineralization of the herbicides possessing an
aromatic-ring is faster than for the non-aromatic pesticides. Formation of nitrate
ions often necessitated a lag time before its formation could be detected, and was
particularly significant in the degradation of Diphenamid and Asulam. Regardless,
conversion of the N and S functions followed the first-order kinetics. A glance at the
first-order rates shows that reduction of the N function predominates in acidic
media, at least for Oxamyl, Diphenamid, and Asulam contrary to Methomyl for
which NH; ion formation appears to be faster in alkaline media. By contrast,
oxidation of N to give nitrate ions tends to predominate in alkaline media. Trans-
formation of the S function appears best carried out at near neutral conditions
according to the dynamics displayed in Table 1.

3.3 Identification of Some Intermediates by FTIR

The temporal changes observed in the infrared (FTIR) spectral patterns in the
400-1,800 cm™" wavenumber region for the degraded products of Oxamyl are
illustrated in Fig. 9.

The IR spectrum of Oxamyl has two strong characteristic bands at 1,736 cm ™",
one of which is attributable to the ketone C=O0 stretching vibration and the other at
1,716 cm ™' is assigned to the ester —O—C=0 carbonyl stretching mode. This initial
absorption peak of the ester at 1,716 cm ™' disappeared after 1 h of UV illumination,
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Fig. 9 Temporal variations in the FT-IR spectral patterns during the photodegradative process for
Oxamyl spanning a 24-h period. Initial concentration was 1.0 mM and thus required longer
irradiation times for the degradation

whereas the ketone carbonyl signal still remained strong. It would appear therefore
that the ester group in Oxamyl can be cleaved more easily than the ketone carbonyl.
The secondary —NH—CHj; and tertiary —N=(CHj3), amines in Oxamyl have a
strong intensity band in the neighborhood of 3,300 cm™' (not shown) that is
attributable to N—H stretching vibrations. After UV illumination for more than
1 h, this broad band broadened even more and spanned the range
3,000-3,500 cm ™', which suggests an increase in the extent of O—H group stretch-
ing vibrations in the photooxidation of Oxamyl. Although the S—CHj; group in
Oxamyl can be mineralized to SO;~ ions, the intermediate product CH;SO;H was
also identified by IR spectroscopy. A strong absorption band at 1,662 cm™' was
observed after 1 h of irradiation and is attributed to the tertiary amide group in
Oxamyl. The peak intensity of the 1,667 cm™' band showed a remarkable decrease.

The strong broad band at 1,405 cm ™' still present even after the 24-h irradiation
period is assigned to the —N<(CHs3), group, indicating the presence of some
dimethylamine derivative.

3.4 Point Charges and Electron Densities

The calculated point charges and electron densities for all non-hydrogen atoms in
both the gas phase and in the presence of water molecules for Oxamyl, Methomyl,
Diphenamid, and Asulam are reported in Tables 2-5, respectively.
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Table 2 Molecular orbital calculation of electron densities and point charges for Oxamyl

2
CH (@) CH3
3’>N \C—N
13 11”‘0-{4% CH
S—CH3
Oxamyl
Point charge Electron density

Atom no Type Gas Water Gas Water

1 C 0.3455 0.3754 3.6545 3.6246

2 (0] —0.3449 —0.5227 6.3449 6.5227

3 N —0.3178 —0.2616 5.3178 5.2616

4 C —0.0829 —0.1051 4.0829 4.1051

5 C —0.0799 —0.1123 4.0799 4.1123

6 C —0.2476 —0.2281 4.2476 4.2281

7 S 0.2931 0.2366 5.7069 5.7634

8 C —0.3877 —0.3856 4.3877 4.3855

9 N —0.0472 —0.0582 5.0473 5.0582
10 (0] —0.1882 —0.2237 6.1882 6.223
11 C 0.4089 0.4780 3.5911 3.522
12 (0] —0.3325 —0.5454 6.3325 6.5454
13 N —0.3647 —0.3107 5.3647 5.3106
14 C —0.0728 —0.0961 4.0727 4.0961

As noted earlier, the atoms that approach most closely the positively charged
TiO, particle surface will be those with the greatest negative point charge, which in
the case of Oxamyl are the O% and O'? carbonyl oxygens; for Methomyl the largest
negative point charge rests on the O® carbonyl oxygen, whereas for Diphenamid it
lies on the O carbonyl oxygen. By contrast, in the Asumal structure the largest
negative point charge lies on the two sulfonyl oxygens O and O'° followed by the
phenyl C* carbon. What is also notable in these calculated point charges is that the
negative charge on the atoms noted above is remarkably made more negative in
water than they are in the gas phase. Accordingly, these will be the atoms that
approach the particle surface in acidic media when the surface is positively charged.
In alkaline media where the particle surface is negatively charged, the atoms that
will approach most closely the surface are expected to be the corresponding
carbonyl carbons in Oxamyl, Methomyl and Diphenamid, and the sulfonyl sulfur
in the case of Asumal all of which bear the largest positive point charge.

More important, however, in TiO, photo-assisted oxidations will be the posi-
tions with the greatest electron density that will be most significant, as these sites
are the ones most likely to be the points of attack by the photogenerated OH
radicals. Evidently from Tables 2-5, these sites would appear to be the same
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Table 3 Molecular orbital calculation of electron densities and point charges for Methomy1

g ”~ S—CH;
>\I—C\ /3 4
9 7 0—N=C
H 6 5 2\1
CHj
Methomyl
Point charge Electron density
Atom no Type Gas Water Gas Water
1 C —0.1723 —0.2169 4.1723 4.2169
2 C —0.1935 —0.1277 4.1935 4.1277
3 S 0.2172 0.2237 5.7828 5.7763
4 C —0.3645 —0.3954 4.3645 4.3954
5 N —0.0899 —0.1685 5.0899 5.1684
6 (0} —0.2099 —0.2446 6.2099 6.2446
7 C 0.4130 0.4284 3.5870 3.5716
8 o —0.3493 —0.5374 6.3493 6.5374
9 N —0.3655 —0.3021 5.3655 5.3020
10 C —0.0711 —0.1053 4.0711 4.1053

oxygen atoms that bore the largest negative point charges. However, it is more
likely that the sites for OH radical attack be the atoms adjacent to these oxygens,
namely the N°, N°, and N'? nitrogens, and the sulfur atom S’ in Oxamyl, in the
latter case yielding methylsulfonic acid as an intermediate and ultimately SO%’
ions. In Methomyl they are the nitrogens N° and N° as well as the S> sulfur atom
again producing CH3SO3H and ultimately sulfate anions. Attack on the nitrogens
begins the path toward formation of nitrate and ammonium ions through what
would be, no doubt, a complex mechanism.

In the herbicide Diphenamid, the most probable position of OH radical attack
should be the N* atom to yield a dimethylhydroxyl amine and diphenylacetic acid as
the first two possible intermediates toward mineralization. Note that we made no
attempt in this study to identify the intermediates photogenerated during the mineral-
ization process as this was not the present goal. The work of Rahman and coworkers
(2003) on the photodegradation of Diphenamid identified no less than five inter-
mediates (I-V) under conditions that were not very dissimilar from the ones used
herein. Formation of these byproducts was suggested to take place by attachment of
an OH radical at the carbonyl C? with loss of methylamine yielding species I,
followed by further attack by the reactive oxygen species OH and/or OOH radicals
producing intermediate II, and subsequent loss of benzene giving species III. By
contrast, intermediate IV was derived from an oxidative process involving electron
transfer to either the OH and/or OOH radicals or to the valence band holes (that is,
direct hole oxidation), whereas species V was formed by OH radical abstraction of
the o-hydrogen at the C' position in the Diphenamid structure (see Table 4).
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Table 4 Molecular orbital calculation of electron densities and point charges for Diphenamid

10 3
12 SO @ -CHs
3 Cf 2
it £
18 14 CHj
6
17 15
16
Diphenamid
Point charge Electron density
Atom no Type Gas Water Gas Water
1 C —0.9641 —0.08260 4.0015 4.0055
2 C 0.6436 0.6793 3.7365 3.6681
3 O —0.3582 —0.5573 6.3562 6.5593
4 N —0.2842 —0.2237 5.0692 5.0246
5 C —0.2233 —0.2604 4.0750 4.0930
6 C —0.0688 —-0.0775 4.0872 4.1094
7 C 0.4962 0.3229 4.0823 4.0956
8 C 0.3222 0.2517 4.0765 4.1024
9 C —0.3265 —0.2756 4.1019 4.1166
10 C —0.1285 —0.2009 4.1028 4.1277
11 C —0.1851 —0.1695 4.0974 4.1222
12 C —0.0888 —0.1896 4.0977 4.1277
13 C —-0.3912 —0.3078 4.0890 4.1294
14 C —0.2673 —0.3256 4.0856 4.1251
15 C —0.1446 —0.1318 4.0995 4.1234
16 C —0.1401 —-0.2034 4.0972 4.1196
17 C -0.1737 —0.1817 4.1043 4.1265
18 C -0.2229 —0.1985 4.0959 4.1103
0 C (o]
chs\ //o caH 7 GHS cé.
) ( \ \ ) \OH
CeHf H OH CeHs OH OH o
| n m
[o} CeH (o]
cSHE\ c// 4
R N\ _CH;
N, _CH
N-"T8  CeH{ OH N~
CH{ H )
H CH,

v v
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Table 5 Molecular orbital calculations of electron densities and point charges for Asulam

13
9
2 3 O " é_l;
NH2—1©"—-&3—-N/ % 0—CH,
7 " | 14 15
6 5 H
10
Asulam
Point charge Electron density
Atom no Type Gas Water Gas Water
1 C 0.1771 0.2204 3.8229 3.7796
2 C —0.2449 —0.2984 4.2450 4.2984
3 C 0.0406 0.0186 3.9594 3.9814
4 C —0.9341 —1.0274 4.9341 5.0274
5 C 0.0406 0.0664 3.9594 3.9336
6 C —0.2449 —0.3276 4.2450 4.3276
7 N —0.3666 —0.3130 5.3666 5.3130
8 S 2.887 3.0271 3.1128 2.9729
9 (0} —-0.9193 —1.0875 6.9193 7.0875
10 o —0.9194 —1.0842 6.9194 7.0842
11 N —0.8245 —0.7958 5.8245 5.7958
12 C 0.4141 0.5122 3.5859 3.4878
13 (0} —0.3635 —0.5279 6.3635 6.5279
14 0} —0.2796 —0.2905 6.2796 6.2905
15 C —0.0534 —0.0699 4.0534 4.0699

Asulam possesses two pK,s of 1.3 and 4.1 (Catastini et al. 2002b) so that at pH 3.0
it exists in its neutral form, whereas at pH 7.0 it exists in its deprotonated form at the
N'! position, thereby increasing the electronic density at this N atom. In the same
reasoning as above then, in the case of Asulam, 'OH radical attack should occur at
N'! and at the phenyl C* positions to give a sulfonic acid and an aminophenol. The
intermediates identified by Catastini and coworkers (1992b) were the parasulfanilic
acid and benzoquinone with traces of hydroquinone. The latter two were likely the
result of photooxidation of the aminophenol known to degrade fairly rapidly under
conditions somewhat similar to those used here (Serpone et al. 1998).

4 Concluding Remarks

This study examined the quantitative TiO, photo-assisted mineralization of two
widely used pesticides and herbicides as evidenced by the evolution of carbon
dioxide and by the loss of total organic carbon in aqueous dispersions under acidic
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(pH 3.0), neutral (pH 7.0), and alkaline (pH 11.0) conditions. Conversion of the N
functions into ammonium ions (or ammonia) appears to predominate at pH <7,
whereas formation of nitrate ions seems dominant in alkaline media. Nonetheless,
the conversion is also nearly quantitative. The S function is transformed into SOﬁ_
ions, the quantity of which increased toward more alkaline conditions.
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