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Abstract

Vine is one of the crops undergoing the most pesticide treatment. Due to the presence of pesticides
residues in water and food, and the negative effects on human and wildlife health, it is necessary to
develop an effective treatment. Photocatalytic oxidation using semiconductors is one of the
advanced oxidation processes for degradation of organic pollutants in water and air. A TiO; in
nanopowder is an excellent photocatalyst that can mineralize a large range of organic pollutants such
as pesticides and dyes. In order to eliminate the problems due to TiO, nanoparticles, we have
successfully supported TiO, on B-SiC foams. The supporting material has been used to degrade
Pyrimethanil molecule and its commercial formulation: Scala® a fungicide produced by BASF ompany.
After 4 hours of treatment in our conditions, a 88% and 74% of Pyrimethanil and Scala was removed
with a 58 and 47% of mineralization, respectively. These results are very encouraging because there
is no need to filter to separate the catalyst from the treated water which is very important for a

large-scale use of this process.
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l. Introduction

The use of chemical pesticides since half a century has allowed a spectacular increase in crop yield
and the development of intensive farming. The aftermath of the intensive use of pesticides is a
widespread contamination of the environment, the emergence of pest resistance to these products,
the presence of pesticides residues in food, and the negative effects on human and wildlife health
[1]. Vine is one of the crops undergoing the most pesticide treatment. In average, twenty treatments
were applied annually in Europe. The main fungicide treatments are required to control two
important diseases, powdery mildew and downy mildew, which generate 70% of the total grapevine
growing costs according to an INRA report in 2006 [2]. In this context, the grape growing sector is
increasingly concerned with environmental, toxicological and health issues. New solutions are
needed to assist the vineyard sector to change practices that combine better environment
protection: pesticide use reduction and also a better treatment of contaminated water by fungicides
in vineyard.

During the two last decades, advanced oxidation processes and especially photocatalysis have caused
enormous considerations and have been demonstrated to be the “green” and effective methods for
water purification and disinfection [3].This process is based on the absorption of light by a
semiconductor, usually TiO,, to produce electron-hole pairs, reacting at the interface to produce
oxidizing species such as hydroxyl or superoxide radical. Hydroxyl radicals have been deemed to be
the major active species during the photocatalytic oxidation reaction. One the main advantages of
photocatalysis is they capacity to mineralize, without selectivity, the majority of organic compounds
especially active molecules containing in the commercial formulations of pesticides.

However the utilization of TiO, nanoparticles in suspension poses the problem of the recovery of the
photocatalyst after the treatment. In order to solve this, supported photocatalysis were developed
since many years [4]. The use three-dimensional supports are necessary to improve the exchange
surface between the supported photocatalyst and the organic pollutant. In our institute we
developed 3D-support materials in silicon carbide foams are highly suitable due to their high
chemical resistance, outstanding thermal stability and their macro-porosity providing a high internal
surface enabling the immobilization of large amounts of photocatalysts [5].

Scala®, from BASF Company, is an efficient commercial fungicide that targets fungal pathogens such
as gray mold and powder mildew in a variety of crops, which include apples, oranges, strawberries
and grape vines. But its active substance: Pyrimethanil is toxic to aquatic life and the organs of
several animal models in previous studies [6]. Pyrimethanil is classified as Group C “possible human

carcinogen” by PubChem open chemistry database [7]. Some studies have shown the effectiveness of



heterogeneous photocatalysis for the removal of pyrimethanil from water [8-11], but very few
involved a supported catalyst system [12-13] or the its commercial formulation [14]

This study evaluates the influences of some important parameters (pH, Crio2, Cpyrimethanil, -..) involved
during the photocatalytic degradation of Pyrimethanil [N-(4,6-dimethylpyrimidin-2-yl) aniline] and its
commercial formulation (Scala®) in the presence of suspended and supported on B-SiC foams TiO,-
P25 nanoparticles. The aim of this work is to determine the optimal experimental conditions for the
photocatalytic degradation and mineralization of pyrimethanil in laboratory pilot scale photoreactor

with integrated supported photocatalyst.

1. Experimental part

Il.1. Chemicals and materials

Pyrimethanil (C12H13Ns, 99.9 %, Techlab), commercial formulation of Scala® (40%, W/V, Pyrimethanil
from Bayer), TiO,-P25 (average size 20 nm, purity 97 %, surface area 50 m2 g and 80 % anatase, 20
% rutile, Evonik industries) P90 also from Evonik, Hombikat UV100 from Sachtleben and STO1 from
Ishihara Sangyo Kaisha were used as received. Ethanol anhydride 99.8 % and titanium tetra
isopropoxide (TTIP, Ci2H2304Ti, 97%) were purchased from respectively Fluka and Sigma-Aldrich.

Distilled water was used to prepare all the solutions.

11.2. Preparation of TiO,-SiC foams by dipping in TiO, suspension

The B-SiC alveolar foams were synthesized and supplied by SICAT Company (Willstatt, Germany) [15].
The foam samples have a dimension of 9.5 cm (length) x 6 cm (width) x 1 cm (thickness), with a
weight of about 20 g. The foam has been calcined at 1000°C for 2h to eliminate the residual organic
carbon. Each B-SiC foam samples was completely immersed in the TiO, suspension (10 g of TiO,-P25
and 4 mL of TTIP in 200 mL of dry ethanol) for a period of three minutes at a speed of 5 rpm in order
to immobilize TiO, photocatalysts on foam. This operation was repeated five times. Then the
photocatalytic materials were dried at room temperature for 20 minutes, avoiding clogging of the
alveoli. TiO,/B-SiC foams were placed in an oven at 110 °C overnight to evaporate residual organic
compounds. Subsequently, TiO,/B-SiC foams were brought to the furnace at 450 °C during 2 h at a
rise rate of 5 °C.min™. The average wt % of TiO, per foam was about 7.5% corresponding to 1.5 g of
TiO, fixed on the support. Photocatalytic materials have been characterized by Scanning electron
microscopy. SEM was carried out in secondary electron mode on a JEOL-JSM-6700 F microscope
equipped with a field emission gun and operating with an extraction potential ranging from 1 to 10

kVv.



11.3. Experimental setups

11.3.1. With TiO,-P25 suspension

Batch mode experiments were conducted at ambient temperature in a glass cylinder reactor with
aqueous solutions of Pyrimethanil and Scala under UV-visible irradiation. The ATLAS Suntest CPS
solar box simulating natural radiation and equipped with a vapor Xenon lamp was used in all
experiments. TiO, photocatalyst was dipped by means of stirring in a volume of 200 ml of
Pyrimethanil or scala aqueous solution (between 10 and 25 mg/l). Before each irradiation, the
suspensions were kept in the dark for 30 min in order to reach the adsorption equilibrium. During the
irradiation procedure 10 ml of solutions were sampled at regular time interval and filtered
(Whatmann, 0.45 mm). The remaining concentration of Pyrimethanil and Scala was determined with
a LIBRA S12 UV- Vis spectrophotometer (Amax= 267 nm) and the mineralization by TOC analysis
(SHIMADZU TOC-L).

11.3.2. With supported TiO,-P25 on -SiC foam

Photocatalytic experiments were carried out in a recirculation mode photoreactor in polypropylene
with a size of 20 cm (length) x 7.5 cm (width) x 2.5 cm (depth). One or two TiO,/B-SiC foam samples
were introduced inside the photoreactor to perform the photocatalytic tests. The photoreactor was
covered with a quartz plates. Two UV-A lamps (Philips 18W) were placed horizontally at 2 cm above
the reactor to illuminate the TiO,/B-SiC photocatalysts (figure 1). Irradiation wavelength was around
368 + 20 nm with an irradiance of about 60 W.m-? (radiometer, spectral range: 315 — 400 nm; HD
9021; Delta OHM; ltaly). The treated solutions (Pyrimethanil or Scala® with a concentration between
10 and 30 mg/L) were circulated through the reactor system using a peristaltic pump (Master Flex,
model 7520-47) at a flow rate between 26 and 78 mL.min! with a retention time varying from 4 to 12
min about. Before each irradiation, TiO,/B-SiC were kept 1h in the dark. The remaining concentration
of Pyrimethanil and Scala was determined with UV-Vis spectrophotometer and by TOC analysis

without filtration.



20 cm (2 foam samples)

Figure 1: Experimental photocatalytic device: A (2 UV-A lamps); B (photoreactor); C (Pyrimethanil or

Scala aqueous solution); D (Thermostatic bath).

1l. Results and discussions

lll.1. Degradation of pure Pyrimethanil and Scala by TiO,-P25 slurry

Before to immobilize titania catalyst onto the foams, a screening of different commercial titania

catalyst was performed to choose the most active for Pyrimethanil degradation. The catalysts

showed very different physico-chemical properties like crystal-phases, external surface and

isoelectric point (table 1).



Table 1: Physico-chemical properties of commercial photocatalysts and pseudo-first-rate constants of

Pyrimethanil degradation.

Catalyst XRD S ot (m?/g) Isoelectric Koyri (Min) /R? kroc x1073
(A:R) Point (mg/mL min)/R?

P25 80:20 55 6.3 0.023/0.99 2.7/0.99

P90 90:10 90 5.5 0.011/0.98 2.5/0.98

STO1 100:0 312 4.4 0.011/0.98 2.4/0.98

uUv-100 100:0 330 5.5 0.003/0.99 0.6/0.98

For the majority of the organic molecules [16], the photocatalytic disappearance follows apparent
first-order kinetics when the initial concentration is low enough and no catalyst saturation occurs, as
in the case of Pyrimethanil. For a low initial fungicide concentration, the simplest representation for
the rate of photodegradation is given by InC; = - kt + InCo. This equation can be used to demonstrate
the linearity of data. Its integration is given by Ln(Co/C:) = kt where k is the constant of the pseudo-
first-order rate. On the other hand, at natural pH no degradation has been detected in the dark after
3 hours. This shows that Pyrimethanil hydrolysis in water is very low. All catalysts were able to
degrade Pyrimethanil in solution, but P25 was the most active with a complete Pyrimethanil removal
in 4h of reaction. Also, in terms of TOC mineralization P25 depicted the highest degradation rate

(values included in the table).

The next step was to evaluate the photocatalyst amount to degrade the Pyrimethanil solution (10
mg/l) because it was necessary to find the optimum concentration of TiO, for efficient degradation
(table 2). In our conditions, this optimum is found to be 0.75 g/L, and a further increase of the
catalyst concentration may cause light scattering and screening effects, reducing the penetration of
light into the solution. This phenomenon is classic in heterogeneous photocatalysis. Figure 2A shows

the evolution of the Pyrimethanil concentration according to the fungicide concentration. After 2



hours of irradiation, a total disappearance of Pyrimethanil was obtained. The obtained constants (k)

have been listed in Table 2.

Table 2: Pseudo-first-order rate constant ki for the photocatalytic disappearance of pyrimethanil

Pyrimethanil TiO; Koyri TOC

Exp. Concentration concentration pH (min™) R? elimination

(mg.L?) (mg.L?) after 1h (%)
1 10 0.75 6.7 0.094 0.96 62
2 15 0.75 6.7 0.052 0.98 56
3 20 0.75 6.7 0.062 0.97 52
4 25 0.75 6.7 0.060 0.96 25
5 10 0.25 6.7 0.030 0.98 52
6 10 0.5 6.7 0.056 0.99 50
7 10 0.75 6.7 0.094 0.95 65
8 10 1 6.7 0.075 0.96 62
9 10 1.5 6.7 0.065 0.94 75
10 10 2 6.7 0.062 0.94 60
11 10 0.75 4 0.084 0.97 65
12 10 0.75 10 0.021 0.98 41

In the range of pH 4 to 10, the Pyrimethanil degradation kinetic was pH dependent (table 2). The
amino group protonated at pH around 4 because the pK; value of Pyrimethanil is 3.52. At this pH the
TiO; surface is positively charged; therefore, there are weak repulsive forces with Pyrimethanil. In
basic condition (pH 10), there is repulsion between the negative surface of TiO, and the free electron
pairs of the three nitrogen atoms as well as the aromatic ring, explaining the low rate constant at pH
10.

Finally, the best result is obtained at natural pH (6.7), because the molecule is neutral and, in this
condition, the electrostatic interactions between Pyrimethanil and the TiO, surface is weak but
optimum. This is an important result for industrial applications because it will be no need to adjust

pH during treatment.



Regarding the kinetic variations of TOC according to the irradiation time, we observed three distinct
steps in the mineralization of Pyrimethanil (figure 2B). As suggested by Aguera et al [14], who
followed fungicide by-product formation, by LC-MS, during the first step we have the formation of
hydroxy derivative of Pyrimethanil without mineralization of organic carbons.

Then, there is a rapid decrease of the TOC suggesting the transformation of organic carbon into
mineral carbon by photooxidation into phenyl derivatives and to finish a very low abatement of TOC

with formation of hardly oxidizable aliphatic molecules such as formamide, acetamide...
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Figure 2: Kinetics of Pyrimethanil disappearance (A) and TOC evolution (B) according to Pyrimethanil

concentration

In order to learn more about the degradation mechanism of Pyrimethanil, we have tried to
determine the role of reactive oxygen species (ROS) during photodegradation in the presence of TiO..
For this, before irradiation, we added in the Pyrimethanil solution, different compounds as
benzoquinone [17] (BQ) and methanol [18] (CH30H) used as O,°" and OH® scavengers, respectively.

As you can see on figure 3, when methanol (hydroxyl radical quencher) is added to the Pyrimethanil
solution in a concentration of 0.155g/l (15 times larger than the fungicide) a great inhibition in
Pyrimethanil degradation is observed. These results suggest that OH® play an essential role in the
reaction mechanism of Pyrimethanil oxidation. On the other hand, addition of BQ causes a weak
inhibition of the Pyrimethanil degradation reaction. It shows that the oxidation of Pyrimethanil is also

caused by the superoxide anion (inhibited by BQ), but at a more moderate level than by OH".

1,2 -
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Figure 3: Effect of BQ and MeOH addition in the photocatalytic degradation of Pyrimethanil

If we compare the degradation kinetics of Scala (commercial formulation) with its active molecule

(Pyrimethanil), we observe that they are very similar (figure 4). This result shows that the

formulation contains mainly the active substance with few organic additives. The small differences



between degradation kinetics are due to the presence of trace amounts of 1,2-Benzisothiazol-3(2H)-
one and 1 to 5% by weight of 1,2-Propanediol in the composition of Scala. This fact was confirmed by
the kinetic variation of the TOC for the both solutions. After 120 min of irradiation the elimination of

TOC was 76 % and 67 % for Pyrimethanil and Scala respectively.

e Pyrimethanil

e= == Scala

70 90 110
Irradiation time (min)

Figure 4: Photocatalytic degradation kinetic of Scala compared to Pyrimethanil

111.2. Photocatalytic elimination of Pyrimethanil and Scala by TiO,-P25 supported on SiC foams

Although TiO, in powder form demonstrates high photocatalytic activity for the elimination of
Pyrimethanil, the filtering process required after water treatment and the catalyst recovery and
recycling makes its application on an industrial scale complex and costly. To solve this issue, research
has been directed towards the utilization of several materials based on alumina, silica and carbons
for use as TiO, photocatalyst support in reactors. To overcome these limitations and reduce the
treatment cost, we developed TiO, photocatalytic material supported on B-SiC foam. This material
has already been studied and described in our laboratory as photocatalytic support for air treatment
[19] and water depollution [20]. These different works showed that B-SiC foam has all the advantages
to be a good catalyst support (high mechanical strength, oxidative resistance, chemical inertness...).

All the experiments with the supported catalysts, have been realized using UV-A lamps in order to
increase the performances of the process and also because in the continuation of our works, we will

build an industrial pilot reactor which will work with artificial lamps.



After dipping in TiO, suspension and annealing at 450°C, the coated foam was characterized by
scanning electron microscopy (figures 5). In the case of the TiO, suspension containing TTIP, the
coating is very homogeneous (figure 5a) but in the absence of TTIP of some cracks is highlighted at
the microscale (figure 5b) due to the strains during the drying step (dip-coating) or the annealing step
at 450°C. This suggests that the addition of TTIP improve the deposition method and the stability of

the photocatalytic material because he plays the role of binder.
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Figure 5: SEM characterization of SiC foams coated by TiO,-P25 with TTIP (5a) and whitout TTIP (5b)
in the suspension

On the other hand, the stability of the deposit was verified systematically by weighing TiO2/SiC
foams before and after photocatalytic tests. No significant differences were found even after a large
use (13 times) of the same sample.

In the preliminary study, we showed that there was a strong adsorption of fungicide on
photocatalytic materials prepared with foams calcined at 450 ° C (about 80% after 7h), this
adsorption is halved with calcined foams at 1000 ° C for 2h (figure 5). This is explained by the
presence in the cells of foams of organic carbon products, which are then removed at higher
temperatures. For the rest of our study, all the foams were treated at 1000 ° C before the TiO;

deposit.
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Figure 5: Effect of the calcination temperature on the pyrimethanil adsorption

Figure 6 shows the evolution of fungicide concentration and TOC during the irradiation in the
presence of TiO,/SiC for Pyrimethanil and its commercial formulation (Scala). Firstly, even if we are
not exactly in the same conditions, the reaction rates are lower than when we use TiO; in suspension
(figure 4). Then, we can note that the order of the reactions is slightly different because it is close to
a pseudo zero order especially in the case of the TOC evolution. This is a logical result because in the
case of supported catalyst, the rate is limited by the contact area between the phases (thus between
the fungicide compound and the photocatalyst). The rate will further depend on the specific surface

area of TiO, supported on the B-SiC foams.
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Figure 6: TOC abatement and concentration decay of Scala and Pyrimethanil in the presence of

TiO02/SiC Foams.

Influence of flow rate: A flow study is essential to show the response of reactor efficiency towards
various flow rates. In wastewater treatment, the flow study is typically used to optimize flow, i.e. in
the case of a continuous flow reactor the fastest possible flow without compromising the reactor
efficiency. Here, in a closed system working in a recirculation mode, a compromise should be found
between the photocatalytic efficiency, the flow rate and the mass transfer [21]. The influence of the
circulation rate of the solution on the Pyrimethanil degradation kinetics obtained on TiO,/SiC foams
is shown in Figure 7A. Increasing the flow rate from 26 to 78 mL.min™ (corresponding to a decrease
in residence time from 12 to 4 min) only resulted in a slight increase in the disappearance rate. This is
not the case for the mineralization rates, on the figure 7B, we observed clearly that the flow rate had
an incidence on the photooxidation of by-products. It is likely that the by-products will degrade less
rapidly than Pyrimethanil and in this case the most important factor is the residence time in the
photoreactor. This is a parameter that will need to be considered for a large scale application of

photocatalytic treatment of Pyrimethanil (and Scala).
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Figure 7: Effect of flow rate on the Pyrimethanil disappearance (A) and mineralization (B).

v. Conclusion



The photocatalytic degradation of Pyrimethanil and its commercial formulation (Scala) in aqueous
solution has been investigated in the presence of TiO,-P25 slurry and supported on B-SiC foams
under UV-Visible irradiation. In our conditions, Pyrimethanil and Scala can be degraded efficiently
with TiO, suspension 98 % and 91 % respectively after 30 min illumination. Various experimental
parameters influencing the kinetics were investigated such as pH, catalyst concentration and
Pyrimethanil concentration. The results showed that the optimum concentration of TiO, was 0.75 g.
L' and it was necessary to work at natural pH. The study on the contribution of the ROSs indicates
that 0,° and more specially OH® are responsible for the major degradation of the Pyrimethanil.

In the case of the use of supported photocatalysts (TiO,/SiC foam), degradation kinetics are lower
than for suspensions. However, after 4 hours of treatment, we degraded 88% and 74% of
Pyrimethanil and Scala respectively and mineralized 58% of Pyrimethanil and 47% of Scala. These are
very encouraging results because there is no need to filter to separate the catalyst from the treated
water which is very important for a large scale use of this process. Finally, the use of the supported
catalyst showed a change in the mineralization kinetics since the reaction is closer to a pseudo-zero

than to an order-one.
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