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Abstract: The phototransformation of carbaryl was investigated upon solar light exposure on three
surfaces, silica, kaolin and sand, as soil models. By excitation with a Suntest set up at the surface of
the three solid supports, the degradation of carbaryl followed first-order kinetics with a rate constant
of 0.10 h−1. By using the Kubelka Munk model, the quantum yield disappearance at the surface of
kaolin was evaluated to 2.4 × 10−3. Such a value is roughly one order of magnitude higher than that
obtained in aqueous solutions. The results indicated that the particle size and the specific surface
area of the various models have significant effects. The photo-oxidative properties as well as the
byproduct elucidation by liquid chromatography combined with diode arrays (LC-DAD) and liquid
chromatography coupled mass spectrometry (LC-MS) analyses allowed us to propose the degradation
mechanism pathways. The main products were 1-naphtol and 2-hydroxy-1,4-naphthoquinone, which
arise from a photo-oxidation process together with products from photo-Fries, photo-ejection and
methyl carbamate hydrolysis. The toxicity tests clearly showed a significant decrease of the toxicity
in the early stages of the irradiation. This clearly shows that the generated products are less toxic
than the parent compound.

Keywords: photodegradation; carbaryl; kaolinite; soil; solar irradiation

1. Introduction

Carbaryl, 1-naphtyl N-methylcarbamate, also known by the trade name Sevin®, is distributed by
the Bayer Company. It is used as a substitute for some organochloride pesticides and represents one of
the most commonly used insecticides [1]. Carbaryl has been used against many harmful insects on
different crops by contact [2–4]. It has also been employed in golf courses, lawns, and alandscapes
for flea, lice or mosquito treatment [5,6]. Su ch wide range of applications is due to its ability to
act as an inhibitor of cholinesterase, which is one of the main enzymes in the nervous system [7].
Thus, regarding the large amount that is spread, it has been clearly established that this compound
can lead to bioaccumulation in food and water sources. Martin et al. have shown that carbaryl is
one of the most commonly detected insecticides in surface waters in the U. S., while Walters et al.
confirmed its presence in fish (7 µg L−1) and in rain runoff (1737 µg L−1) [8,9]. More recently, studies
have established the presence of carbaryl and/or its hydrolyzed products in soils in relatively high
amounts (16.3 ppm) [10–12]. Such results have prompted researchers to focus their attention on its fate
in various environmental compartments [13–18].

Soil Syst. 2019, 3, 17; doi:10.3390/soilsystems3010017 www.mdpi.com/journal/soilsystems

http://www.mdpi.com/journal/soilsystems
http://www.mdpi.com
http://www.mdpi.com/2571-8789/3/1/17?type=check_update&version=1
http://dx.doi.org/10.3390/soilsystems3010017
http://www.mdpi.com/journal/soilsystems


Soil Syst. 2019, 3, 17 2 of 14

It has been well described in the literature that, among the carbaryl transformation pathways in
water, the hydrolysis process may play a significant role. Such efficient reaction leads to the formation
of 1-naphtol as a primary product, in pure water as well as in artificial or natural waters within
a couple of days [16–18]. Moreover, carbaryl may also undergo photochemical dissociation in the
environment. In aqueous media, carbaryl photolysis occurs through the production of naphtoxyl
radicals by homolytic scission and leads to several naphtoquinone derivatives [19]. Concerning studies
on indirect photodegradation in natural waters, these highlight the role of hydroxyl radicals that
were generated by nitrate ions and dissolved organic matter (DOM) [20]. Beside these studies on
carbaryl behaviour in water under sunlight irradiation, to our knowledge, no work has been devoted
to the phototransformation of carbaryl on soil surfaces. However, several studies have investigated its
adsorption, interactions and biodegradation at the surface of clays and soils [21–26].

2. Materials and Methods

2.1. Chemical

Carbaryl (1-naphtyl-N-methylcarbamate) (99.8%), coumarin (≥99%), 1-naphtol and
2-hydroxy-1,4-naphtoquinone (97%) were purchased from Sigma Aldrich and used without
further purification. Kaolin and silica were purchased from Fluka. Sand (sand of Fontainebleau) was
purchased from Labosi, and was cleaned twice with methanol (5 g in 20 mL) and dried at 80 ◦C for
several hours prior to use. All the other chemicals were used as received without further purification.

2.2. Preparation of Solid Model Media Doped with Carbaryl

2.2.1. Kaolin Layer Samples

The preparation of clay layers (2.5 cm × 1.5 cm) was performed on Pyrex glass according to the
published procedure [27]. Clay slurry and the standard solution of carbaryl (12.5 mg in 25 mL) were
prepared in methanol solution. Accurate volumes of slurry were poured on the glass and allowed to
dry for 2 h at room temperature (roughly 20 ◦C). The layer thickness was determined considering the
dried amount of clay, surface area and kaolin bulk density (1.8 g cm−3) [28]. Thus, layers of various
thicknesses were varied from 25 to 200 µm by varying the slurry volume. Then, 0.5 mL of carbaryl
solution was systematically and carefully poured on kaolin layer to obtain a constant concentration of
carbaryl (roughly 0.25 mg per layer) after solvent evaporation.

2.2.2. Powder Samples

Five grams of solid sample were added to 5.0 mL of a methanol solution of carbaryl (2.5 × 10−4

mol L−1), mixed vigorously and then dried to allow the evaporation of the organic solvent. Carbaryl
concentration was maintained constant at 0.5 mg of carbaryl per gram of solid support. Three hundred
milligrams of this powder were deposited on a Teflon mold supported by a glass slide to obtain a
surface of roughly 1.0 mm thickness.

2.3. Characterization of Solid Supports

Particle size distribution was performed using a laser diffraction particle size analyser model
Mastersizer S from Malvern Instruments in dry mode. A standard size within the range 500 nm to
900 µm was selected. Samples were previously dried in oven for 48 h at 100 ◦C and left in a dessiccator
at room temperature prior to analysis.

A Beckman Coulter sorptiometer model SA 3100 was used to obtain the specific surface areas
(Sspec) and pore-size distributions using Brunauer–Emett–Teller (BET) and Barret–Joyner–Halenda
(BJH) models, respectively. Samples were previously degassed for 24 h under vacuum (10−4 torr at
100 ◦C) and adsorption measurements were realized with nitrogen at −196 ◦C.
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A Bruker AXS X-ray fluorescence (XRF) analyser model S4 Pioneer was employed to achieve the
elemental composition of the samples. The apparatus was equipped with an Rh anode X-ray tube and
an Si (Li) detector. The measurements were performed under vacuum with an analysis range from
sodium to bromine using a standard semi-quantitative method. The samples were prepared as pressed
pellets containing 9 g of H3BO3 as binder and 1 g of solid powder.

2.4. Irradiation Systems

2.4.1. Solar Simulated Irradiation

The system of irradiation was a device that simulated solar radiation (Suntest-CPS+, Atlas, IL,
USA) equipped with a Xenon lamp. A filter allowing transmission at λ > 290 nm was used. The power
was fixed to provide about 550 W·m−2 and the samples’ temperature was controlled by a water flow
(T = 20 ◦C).

2.4.2. Monochromatic Irradiation at 365 nm

Irradiations were carried out in an elliptical stainless-steel cylinder equipped with three
high-pressure mercury lamps (black lamp, Mazda MAW 125 W). The lamps presenting an emission
spectrum with a maximum located at 365 nm (97% of the emission) were symmetrically installed
and the reactor. A water-jacketed Pyrex tube (diameter of 2.8 cm) containing a maximum of 50 mL
solution was located in the centre. The solution was continuously stirred and cooled by a water flow at
a temperature of 20 ◦C during the entire irradiation process.

2.5. Extraction and HPLC Analysis

The concentrations of carbaryl in the solid samples were determined after the following extraction
procedure: the entire irradiated solid sample was transferred into a vial and 4.0 mL of methanol
were added. The solution was vigorously stirred for 10 min and then centrifuged at 13,500 rpm.
The supernatant was then analyzed by HPLC (Waters) equipped with a diode array detector (Waters
990), two pumps (Waters 515) and an auto sampler (Waters 717). A C18 column Nucleodur 100-5
(250 mm × 4.6 mm, 5 µm) with a Nucleodur 100-5 C8 pre-column from Macherey Nagel was used.
The mobile phase was a mixture of methanol and water (0.3% formic acid). The separation was
obtained using a linear gradient MeOH/water (10/90, v/v) to 100% of MeOH within 20 min analysis
time. The flow was fixed at 1.0 mL min−1. Thirty microliters of the supernatant were injected three
times. Two different samples were systematically irradiated, and the concentration of carbaryl was the
average of six independent analyses. It should be pointed out that, under our experimental conditions,
the extraction efficiency of carbaryl under these conditions was higher than 90%.

The photoproduct identifications were carried out by LC-MS experiments realized with a
Waters HPLC system (Alliance 2695) coupled to a Q-Tof mass spectrometer equipped with a
pneumatically-assisted electrospray ionization source (ESI). The HPLC system was also coupled
with a Waters 996 diode array detector. Chromatographic separation was achieved by using an elution
program from 95% water (with 0.2% acetic acid) and 5% methanol to 5% water (with 0.2% acetic acid)
and 95% methanol after 15 min; the obtained isocratic conditions were maintained during 10 min.
The flow rate was 0.2 mL min−1, the injected volume was 30 µL and the column was distributed by
Waters (Xterra MS C18, 100 mm × 2.1 mm, 3.5 µm). The electrospray source parameters were in a
positive mode: capillary voltage 3000 V (2100 V in negative mode), cone voltage 35 V, extraction cone
voltage 2 V, desolvation temperature 250 ◦C, source temperature 110 ◦C, ion energy 2 V and collision
energy 5 eV. The mass resolution was set to 103.

2.6. Toxicity Experiments

The toxicity tests were undertaken using kaolin layer samples (thickness 100 µm) spiked with
carbaryl (20.0 µmol g−1) and irradiated with the Suntest. After extraction with methanol followed by
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solvent evaporation and dissolution in water, the pH of the carbaryl solution (initial concentration
of 1.55 × 10−4 mol L−1) was adjusted to 7.0 using buffer solution. The toxicity was then evaluated
using thermal lens spectroscopy (TLS) detection with flow injection analysis (FIA) as described in
the literature [29]. The FIA system is an HPLC system equipped with a pump (Shimadzu LC-10Ai,
Marne La Vallee, France), two valves of injection (Rheodyne model 9010 and 7725) and a bio-analytical
column containing acetylcholinesterase enzyme. To determine the enzymatic activity, an inhibition
test is performed. Enzyme inhibition was calculated according to Equations (1) and (2):

A =
ar

a0
with a0 =

a1 + a2 + a3

3
(1)

I = 1−A (2)

where a0 is the initial activity of enzyme (average of three measurements a1, a2 and a3), ar is the activity
of the enzyme after injection of carbaryl solution and A is the remaining activity, and I is the enzyme
inhibition activity.

3. Results

3.1. Photodegradation of Carbaryl on Kaolin

In order to determine spectrophotometric features of carbaryl on solid supports, and prior to the
photochemical studies, the diffuse reflexion spectra at various concentrations on a 200 µm kaolin layer
were recorded and analysed (Figure 1). After subtracting the spectrum of kaolin alone as reported in
the literature [30], the spectra show an absorption maximum around 290 nm. The comparison with the
UV absorption spectrum of carbaryl recorded in aqueous solution [19] indicates a similar shape with a
slight bathochromic shift of roughly 10 nm. Such an effect is more likely owing to chemical and/or
physical interactions between carbaryl molecules and kaolin support.
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Figure 1. Diffuse reflexion spectra of carbaryl on kaolin as a function of carbaryl concentration (200 
µm thickness). The inset shows the evolution of the Kubelka Munk function f (R∞,carb). 
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Figure 1. Diffuse reflexion spectra of carbaryl on kaolin as a function of carbaryl concentration (200 µm
thickness). The inset shows the evolution of the Kubelka Munk function f (R∞,carb).

The evalutation of the molar absorption coefficient ε of carbaryl on the kaolin layer was obtained
using the method reported in the literature [31]. For samples with a thickness higher than 200 µm,
the Kubelka Munk model can be used [32], with the expression as follows:

f(R∞,carb) =
k
s
+

2ln(10)εcarb(λ)

s
Ccarb
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where R∞,carb is the reflexion of the spiked solid with carbaryl, k and s are the absorption and the
scattering coefficients of kaolin, respectively, εcarb is the molar absorption coefficient of carbaryl at a
given wavelength λ, and Ccarb is the concentration of carbaryl.

As clearly shown in the inset of Figure 1, f(R∞,carb) shows a linear relationship with Ccarb with
the intercept k/s that is in perfect accordance with published theoretical k and s values [31]. Thus,
the molar absorption coefficient at λmax = 290 nm can be deduced from the slope. It was evaluated to
7.6 × 106 mol−1 cm2, whereas in aqueous solution, it was found equal to 5.2 × 106 mol−1 cm2 [19],
indicating a small hyperchromic effect. As far as the overlap with the solar light emission spectrum is
concerned, such an effect, associated with the bathochromic shift, is clearly in favor of an increase of
the absorbance and thus of the potential photodegradability of carbaryl when deposited on the surface
of solid supports.

With the aim of studying the photochemical behaviour of carbaryl on kaolin surface, layers of
various thicknesses were prepared and exposed to a solar light simulator (Suntest). It should be noted
that no significant reaction occurred when the samples were kept in the dark and at room temperature
(T = 20 ◦C). Thus, under our experimental conditions, no biotic degradation occurs even though the
irradiations were undertaken in non-sterilized conditions. As can be seen in Figure 2, in the absence
of irradiation, the conversion of carbaryl represents less than 3% within 1 h. This figure also shows
the evolution of the concentration of carbaryl as a function of irradiation time and for five different
thicknesses: 25 µm, 50 µm, 100 µm, 150 µm, 250 µm. The complete disappearance of carbaryl was
observed for the lowest thickness within roughly 50 h of light irradiation, while only 30% degradation
was observed for a thickness of 250 µm. The kinetics clearly depend on the light penetration and
appear to follow first-order kinetics. The apparent first-order rate constants (kZ) as a function of the
clay layer thickness are gathered in Table 1. They appear to be proportional to 1/Z within the thickness
range 25 µm ≤ Z ≤ 100 µm, as highlighted by the calculation of the kZ × Z. This value is constant
within the given layer thickness range and evaluated as 2.40 h−1 µm. For higher Z values, the rate
constants rapidly decreased, likely owing to the very low carbaryl diffusion within kaolin particles.
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Figure 2. Photodegradation of carbaryl at the surface of kaolin for different thicknesses: 25 µm, 50 µm,
100 µm, 150 µm, 250 µm, [carbaryl] = 0.5 mg g−1, irradiation with a Suntest setup.

Table 1. Apparent first-order rate constant of carbaryl disappearance as a function of the layer thickness:
25 µm, 50 µm, 100 µm, 150 µm, 250 µm, [carbaryl] = 5 µmol g−1, Suntest irradiation.

Z (µm) 25 50 100 150 250
kZ (h−1) 0.096 0.049 0.024 0.011 0.006

kZ × Z (h−1 µm) 2.4 2.5 2.4 1.7 1.25

The constant value observed for kZ × Z is in agreement with the published following formula [27]:

kZ × Z = 1.443(Z 0.5k0
)
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where kZ is the rate constant obtained for a given layer thickness, k0 is the photolysis first order rate
constant at the kaolin surface and Z0.5 represents the depth for which the light intensity is divide
by a factor of two. Thus, the photolytic first-order constant at the surface of the kaolin layer, k0,
was estimated as 0.27 h−1 [27,28]. This value permitted the calculation of the quantum yield under
Suntest irradiation (Φ) using the following equation [27,33]:

k0 = 2.303×
∫
λ

φi × I0(λ)× ε(λ)dλ⇒ φi =
k0

2.303×
∫
λ

I0(λ)× ε(λ)dλ

Under our experimental conditions, the quantum yield of carbaryl transformation was evaluated
as 2.4 × 10−3, which is roughly one order of magnitude higher than that obtained in water [19].
This result demonstrates that the photodegradation of carbaryl on the kaolin surface is much more
efficient than in aqueous solutions. In order to gain a better insight into the photodegradation pathways
at the surface of solid supports, further investigations were undertaken on silica and sand (sand of
Fontainebleau).

3.2. Photodegradation of Carbaryl on Kaolin, Silica and Sand

Table 2 gathers the features of the three model supports that were used in the present work,
namely kaolin, silica and sand. Considering the maximum distribution of particle diameter size,
one can note that the particle size for sand is the largest, with a value of 310 µm, while the smallest
value was obtained for kaolin (5 µm).

Table 2. Some features of the solid model supports.

Kaolin Silica Sand

Particle size (µm) 5 10 310
Specific surface (m

2
/g) 15 294 0.1

Pore size (nm) 30–100 20 40–150
Silicon (wt %) 54.2 99.1 95.4

Iron (wt %) 2.6 0.00 0.1
Titanium (wt %) 0.9 0.00 0.1

Moreover, using gas adsorption technique, we confirmed the well-known high specific area of
silica (up to 294 m2 g−1) but also a very low specific area for the sand, while Kaolin presents an
intermediate value of 15 m2 g−1. One can notice that porous distributions as well as the maximum
diameter size of the pores depend on the support. The porous distribution is more homogeneous for
silica and centered around 20 nm, whereas a heterogeneous distribution was observed with kaolin
and sand. Two maxima were evidenced for kaolin and sand, at around 30 and 100 nm and around 40
and 150 nm, respectively. The chemical composition showed that the main component for the solid
model supports is silicon with a percentage of 99, 95.4 and 54.2 for silica, sand and kaolin respectively.
Nevertheless, it is worth noting that traces (<3%) of titanium and iron were also detected in kaolin
and sand.

The kinetics of carbaryl disappearance on the different supports, prepared as powder samples,
are represented in Figure 3.
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This clearly shows that the degradation rates are in the order Rsand > Rsilica > RKaolin (Table 3).
The degradation at the surface of silica is lower than that in sand despite its highest surface
area indicating that this parameter is not a crucial one. If the surface area could be in favor
of high photodegradability, the low particle and pore sizes could decrease the photodegradation
efficiency [34–36].

Table 3. Initial rate constants and degradation of carbaryl on different supports, [carbaryl] = 0.5 mg g−1,
Suntest irradiation.

Kaolin Silica Sand

k (h−1) 0.075 0.092 0.12
% of conversion after 5 h 35 46 38

In fact, the high specific area is in favor of the regular distribution and dispersion of carbaryl
as a monolayer on the solid support particle. This could promote the incident light penetration by
reducing the screen effect of carbaryl and thus lead to an increase of the photodegradation rate. Such
an effect of the specific surface area has been proved to be an important factor in the evolution of
the degradation process [34]. Moreover, regarding the high sand particle size, one can presume that
light scattering could be favored owing to the interparticle spaces. Both phenomena imply a deeper
light penetration, inducing the increase of carbaryl photodegradation as previously described with
different silica [35–38]. The low initial rate constant with kaolin can be attributed to low specific surface
area and small particle size. Therefore, the carbaryl screen effect is enhanced by the hypothetical
multilayer structure, while small interparticle spaces and restricted light scattering could limit incident
light penetration.

3.3. Photoinductive Properties of the Model Supports

The chemical composition of the used model supports showed that the amount of titanium and
iron, probably as oxide forms, is not negligible, in particular for kaolin and sand. The involvement
of such species in carbaryl degradation through photocatalytic reactions is highly conceivable for
prolonged irradiation times. In fact, light absorption by these photocatalysts is known to produce
highly reactive oxygen species (ROS) such as hydroxyl radicals (OH•). These species are able to
react with many organic compounds with high rate constants leading to their transformation [37,38].
As a consequence, the study of the photoinduced properties of the solid supports was undertaken to
highlight the formation of hydroxyl radicals. Experiments were carried out with solid suspension in
aqueous solution of coumarin in aerated medium and under irradiation at 365 nm. This irradiation
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wavelength was selected to allow selective excitation of the solid support. OH• formation was followed
by the selective fluorescence measurement at 453 nm of 7-hydroxycoumarin (7-HC) produced from the
reaction of hydroxyl radicals with coumarin [39–41].

Under our experimental conditions, it is worth noting that the fluorescence increase is observed
with all supports, confirming the generation of hydroxyl radicals (Figure 4). No relationship between
the percentage of titanium and iron species and hydroxyl radical production rate can be observed.
In fact, 7-HC formation is lower under irradiation with kaolin despite its highest content in titanium
and iron, while 7-HC quantities produced with silica and sand after 6 h are similar, probably because
of minor disparities in chemical composition. Moreover, no significant variation appears between
the initial appearance rates of 7-HC on different supports. The results suggest that titanium and/or
iron species present in the used solid supports have very low photoactivity, and we assume that the
photodegradation can be attributed to other species. In fact, as previously described in the literature
by Katagi for clays, the photoreactivity can be due to the solid support by an electron transfer process
with molecular oxygen [42]. The electron transfer reaction with oxygen can lead to the formation of a
superoxide anion (O2

•−) which can be transformed in the presence of residual water in hydroperoxide
radical (HO2

•) and afterward in hydrogen peroxide (H2O2) and hydroxyl radical. In addition, this set
of experiments corroborates the kinetics of carbaryl degradation with comparable efficiency for silica
and sand surfaces, but higher than for kaolin. This leads us to the conclusion that OH• radicals are
probably involved in the carbaryl photodegradation processes.
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Figure 4. Evolution of the fluorescence at 453 nm during the irradiation of different model supports:
(�) kaolin, (N) silica and (•) sand, (c = 1.0 g L−1) in the presence of coumarin (9.4 × 10−4 mol L−1),
λexc = 365 nm.

3.4. Photoproducts and Mechanisms

The irradiation of the pesticide carbaryl at the surface of the three solid surfaces leads to the
formation of several and similar by-products that were easily identified by liquid chromatography
and using diode array detector. As shown in Figure 5, the Suntest irradiation at the surface of
silica powder for 3 h, permitting a conversion of roughly 25%, gives rise to the formation of mainly
two products, P1 and P2, with the retention times of 13.4 and 14.2 min, respectively. Since both of
them are commercial compounds, they have been formally identified and quantified by injecting
standards. P1 corresponds to 2-hydroxy-1,4-naphthoquinone while P2 corresponds to 1-naphthol.
The latter compound was shown to be present as an impurity and decreased with irradiation time while
2-hydroxy-1,4-naphthoquinone was obtained from the early stages of irradiation and disappeared in
its turn after 3 h irradiation. Under our experimental conditions, P2 may be considered as the major
byproduct since it represents roughly 80% of carbaryl conversion.
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in 
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in
Suntest, λdetection = 280 nm.

In addition to P1 and P2, other photoproducts labelled as P3, P4 and P5 were detected using
the sensitive technique HPLC/ESI+/MS. They all show retention times lower than that of the parent
compound carbaryl (tret = 12.7 min), indicating that they are more polar. The proposed structures are
gathered in Table 4.

Table 4. Proposed structure for photodegradation products of carbaryl on different support, [carbaryl]
= 0.5 mg g−1, 1 h irradiation in Suntest, with an electrospray ionization source (ESI) in positive mode.
The elemental composition was obtained using MassLynx software. The mass resolution was set to 103.

Product tret min Accurate Mass
[M + H]+ (m/z)

Elemental
Composition

Mass Error
ppm

Proposed
Structure

Carbaryl 12.7 202.0875 C12H12O2N+ +3.4
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in 
Suntest, λdetection = 280 nm. 
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in 
Suntest, λdetection = 280 nm. 
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in 
Suntest, λdetection = 280 nm. 

In addition to P1 and P2, other photoproducts labelled as P3, P4 and P5 were detected using the 
sensitive technique HPLC/ESI+/MS. They all show retention times lower than that of the parent 
compound carbaryl (tret = 12.7 min), indicating that they are more polar. The proposed structures are 
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Figure 5. HPLC chromatogram of a silica powder spiked with carbaryl (0.5 mg g−1) irradiated 3 h in 
Suntest, λdetection = 280 nm. 
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Product P3 with a retention time of 11 min exhibits a protonated molecular ion m/z = 189
([M + H]+). The odd mass suggests the loss of the nitrogen atom and guides us to the loss of the
NH-CH3 group. This could be substituted by a hydroxyl. This was confirmed by the exact mass being
m/z = 189.0543, which corresponds to C11H9O3

+ as elemental composition. Product P4 presents a
protonated molecular ion m/z = 202 similar to that of the parent substrate but a retention time of 9.6
min, indicating the formation of an isomer of carabaryl (m/z = 202.0862; C12H12O2N+). Product P5
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is characterized by a protonated molecular ion with m/z = 218 that corresponds to the addition of
16 units. This more likely related to the hydroxylation of the naphthalene structure, as indicated in
the proposed structure shown in Table 4. The exact mass was m/z = 218.0810, which corresponds to
C12H12O3N+ as elemental composition.

As clearly shown experimentally, 1-naphtol was detected in the starting aqueous solution in
small quantities prior to irradiation. It is probably the result of the well-known carbaryl hydrolysis in
the dark and at room temperature [40–44]. During the irradiation process of carbaryl at the surface
of the solid supports, the amount of 1-naphtol continuously decreased, likely due to an efficient
photochemical [45]. Such reaction permits, via a multistep photo-oxidation processes, the formation of
the secondary product 2-hydroxy-1,4-naphthoquinone which accumulates well in the medium [42]
(Scheme 1).
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surface of kaolin.

The formation of product P3 may also be obtained by the hydrolysis of the NC(=O) bond of
carbaryl while product P4 more likely are from a photo-Fries process involving homolytic scissions of
C–H and O–C(=O) bonds. Product P5 generation may involve hydroxyl radicals that were shown to
be formed by excitation of the clays [30]. It may also be formed by an electron photoejection process
via the direct excitation of carbaryl and the oxygen oxidation of the generated radical cation on the
aromatic ring (Scheme 2).
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3.5. Toxicity Assessment

In this part, we investigate the toxicity evolution of carbaryl on a solid support surface under
solar light exposure by TLS-FIA experiments. Analyses were realized on spiked kaolin layer samples
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(Z = 100 µm). Carbaryl disappearance kinetics as well as the evolution of AchE activity are shown in
Figure 6.
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Figure 6. Evolution of AchE inhibition (•) and carbaryl kinetics (�) as a function of irradiation time,
kaolin layer samples (Z = 100 µm), [carbaryl] = 20 µmol g−1, Suntest.

As clearly shown, carbaryl itself presents a relatively high toxicity since a total inhibition of AchE
activity was obtained at the initial time [46–48]. Moreover, upon sunlight irradiation, the enzyme
inhibition drastically decreases, more particularly within the first stages of irradiation. After 5 h
irradiation, corresponding to about 20% conversion, AchE activity reaches the lowest value (roughly
20%) and no evolution is observed for a longer time even if the carbaryl concentration slowly decreases.
Such results clearly show that carbaryl byproducts generated on a solid surface are less toxic than the
initial product.

4. Conclusions

Throughout this study, we clearly demonstrated that carbaryl photodegradation at the surface
of the three solid supports of silica, kaolin and sand is effective. The degradation rate on the kaolin
surface revealed itself to be more efficient than in water, probably because of the major modifications of
carbaryl absorption properties on this surface (bathochromic and hyperchromic effects). Comparable
initial rate constants were obtained for the degradation kinetics at the surface of the three supports.
From the physicochemical characteristics, it appears that the main parameters controlling carbaryl
photodegradation could be the particle size diameter and the specific surface area. Large particle size
and high specific area promote light diffusion, and the screen effect decreases respectively, allowing a
more efficient photodegradation. The formation of hydroxyl radicals with the three solid supports was
evidenced in particular for silica and sand with higher amounts of radicals. Regarding the byproducts
formed, various mechanistic pathways could explain the degradation of carbaryl. Some of them are
comparable to that observed in water, such as photohydrolysis, electron photoejection, hydroxylation
and the scission of the naphthalene ring. Moreover, we clearly give evidence for the fast decrease of
carbaryl toxicity upon irradiation on the three solid surfaces from the early stages of the reaction.
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