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Abstract: Based on the effects that allelochemicals can exert over organisms, their use as alternatives
to synthetic pesticides has been proposed. To this aim, it is important to understand their behavior
in soils as allelochemicals can readily dissipate by different routes. In this work, novel granules
based on the commercial organoclay Cloisite® 10A were prepared as a new strategy for the possible
application of S-carvone as a bioherbicide, overcoming its rapid dissipation in the environment.
Batch release, degradation, mobility, and phytotoxicity tests in soil were performed. Until now,
the phytotoxicity of organoclay-based formulations of S-carvone in soil has not been studied. The
release of S-carvone in water from the granules occurred slowly. There were no differences in the
persistence of the allelochemical after its application to soil as a free compound (readily available
form) or supported on granules. However, the granulated formulation reduced and delayed the
leaching of S-carvone, thus controlling its downward movement in soil columns, as compared to the
free S-carvone. Bioassays revealed that S-carvone supported on granules reduced the germination
and aerial biomass of Lactuca sativa L. to a greater extent than the free compound. Our results
demonstrated that the prepared formulation of S-carvone, based on granules of the commercial
organoclay Cloisite® 10A, could be used to control transport losses, such as leaching or volatilization,
increasing the bioefficacy of the allelochemical. These findings could inspire further investigations
for the preparation of novel formulations of monoterpenes as potential bioherbicides.
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1. Introduction

The intensification of agriculture to achieve adequate crop yields has led to the mas-
sive application of synthetic pesticides, which has resulted in contamination problems
by the widespread presence of their residues in the environment. Furthermore, repeated
pesticide applications lead to gradual pest resistance and adverse effects on soil biodiver-
sity [1-3]. Hence, new alternative management strategies are required to overcome these
problems and ensure sustainable agricultural production. Accordingly, modern agriculture
is evolving towards natural-based solutions [4].

Many natural products released by living organisms have a positive or negative influ-
ence on neighboring living organisms, a phenomenon known as allelopathy [5]. The use of
allelochemicals as active ingredients in formulations for crop protection has been proposed,
considering that allelochemicals can be potential eco-friendly substitutes or complements
to synthetic pesticides [6-9]. Given that herbicidal, fungicidal, and insecticidal properties
have been ascribed to many allelochemicals [10], these could help decrease the amounts
of conventional pesticides introduced into the environment, reducing problems related to
contamination, toxicity, and pest resistance [11].

Monoterpenes (C10 unsaturated hydrocarbons derived from two C5 isoprene units)
are volatile organic compounds of biogenic origin and are major allelopathic components
of plant (essential) oils [12]. Phytotoxicity has been one of the most studied facets of
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these compounds for their potential use as biopesticides [9,13-18]. However, despite the
pesticidal properties attributed to monoterpenes, their commercialization as biopesticides
is still very poor. One of the main limitations associated with their use lies in the difficulty
of predicting their effectiveness once they reach the soil environment [11,18,19]. They can
be transported by leaching to deeper soil layers or groundwater, volatilized, or chemically
and/or biologically degraded [8,20]. Thus, the effect of different field conditions, such
as UV radiation, humidity, pH, and inherent soil characteristics, on their stability needs
to be solved [21,22] since they can be easily deteriorated by oxygen, light, moisture, heat,
and microorganisms [23], leading to a reduction in bioavailability and bioactivity [9]. For
instance, Karamanoli et al. [16] studied the decomposition of essential oils in soils and
established monoterpene biodegradation profiles with time. No losses by transport (leach-
ing) or chemical degradation were observed. Some compounds, such as 1,8-cineole, with
high phytotoxic activity under laboratory conditions, show little activity in the presence of
soil as a result of a low bioavailability [24]. These aspects suggest that monoterpenes may
lack the necessary persistence/availability to be effective bioherbicides [25].

Nanoformulation is a novel approach recently proposed to modulate the rate of
release of allelochemicals into the environment, specifically for monoterpenes [25]. These
formulations can regulate the delivery of the active ingredient at the specific place of action,
diminish the toxic effects on non-target organisms, and avoid dissipation of the active
molecule by microorganisms [17,26], besides evading chemical losses by volatilization or
leaching. Ouédraogo et al. [27] found that loading the cellulose and cellulose acetate with
terpinen-4-ol and carvone, respectively, could efficiently prolong the retention of these
compounds, retarding their volatilization. More recently, Campos et al. [28] observed
reduced toxicity to non-target organisms when carvacrol and linalool were encapsulated in
B-cyclodextrin-chitosan composites, while the formulation prepared displayed insecticidal
activity against corn earworm (Helicoverpa armigera) and spider mite (Tetranychus urticae).
These represent some examples of the current interest in the development of natural
pesticides based on sophisticated formulation technologies to optimize their effectiveness.
Nevertheless, little is known regarding the ability of these types of formulations to reduce
monoterpenes’ transport losses in soils and more research is needed in this sense.

Naturally occurring clay minerals have been broadly proposed as sorbents of pesti-
cides due to their surface features [29]. Specifically, organoclays, which are the nanohybrid
materials resulting from the intercalation of a surfactant or other organic cations or poly-
mers [29-31] into the interlayer of swelling clay minerals, are among the most studied
pesticide sorbents [32,33]. The exchange of hydrated, inorganic cations for organic ones
changes the original hydrophilic surfaces of clays to hydrophobic, yielding materials with
wide environmental applications and biocompatibility to be used in cosmetics, pharma-
ceutics, and medicine [29,34-37]. For example, clays can be selectively modified to sorb
a particular pesticide, choosing the chemical characteristics of the modifier [29,38,39].
Accordingly, organoclays show exceptional properties to be used as filters for water de-
contamination [40], soil amendments for contaminant immobilization [41], or supports
for the slow release of agrochemicals [35]. In organoclay-based pesticide formulations,
the pesticide availability is controlled, minimizing undesirable transport losses, reducing
possible toxicity on non-target organisms, and preventing extensive dissipation of the
agrochemical [42].

In previous works, we successfully employed organoclays to regulate the behavior
of carvone enantiomers in soil [8]. The organoclays satisfactorily sorbed and prevented
the rapid biodegradation and leaching of the monoterpene carvone when the material was
added to soil as an amendment. Furthermore, it has been verified that the sorption of natu-
ral compounds on organoclays commonly occurs through surface and reversible sorption
mechanisms [8,43]. Based on this knowledge, organoclays emerge as good candidates to
test their ability to control the release of this allelochemical.

Although their fine particle size could complicate the manipulation and performance
of organoclays in practical applications, several works have proposed their granulation to
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improve their physical features [40,44,45]. The conversion of clay powders into granules
could enhance the permeability and delay desorption because of the porous structure and
bulk density of the granulated material [46]. Likewise, the management of the material
becomes easier by avoiding segregation of fine particles during use [47]. Only a few
works have evaluated the sorption of terpenes on organoclays and, more importantly,
the performance of organoclay-based formulations for the slow release of monoterpenes
and their subsequent herbicidal activity in soil have not been previously studied [48,49].
Accordingly, we hypothesized that the formulation of the herbicidally-active carvone
enantiomer, S-carvone, as granules of organically modified clay would perform better than
the allelochemical applied as a free compound. Hereafter, the aims of this work were:
(i) to prepare novel granules of a commercial organoclay, Cloisite® 10A, for their use as
supports for the monoterpene S-carvone, (ii) to examine the release, degradation, and
mobility of S-carvone applied to soil as a formulation based on organoclay granules, and
(iii) to test the phytotoxicity in soil of S-carvone supported on granules as compared to the
free compound.

2. Materials and Methods
2.1. S-Carvone, Organoclay and Soil

S-carvone with analytical standard quality (purity of 98.5%, vapor pressure of 1900 mPa
and solubility in water of 27 mg/L at 20 °C) [50], was provided by Sigma-Aldrich (Madrid,
Spain) and used for the preparation of the granule formulation. A stock solution of
10,000 mg/L of S-carvone was also prepared in methanol to be used in the dissipation,
leaching, and bioassay experiments. The schematic structure of S-carvone is represented in
Figure 1.

CH,
—CH,=N—CH,
(CH,)=—CH,

Figure 1. Schematic structure of S-carvone (left) and the organic modifier in Cloisite® 10A (right).

Cloisite® 104, provided by BYK-Chemie GmbH (Wesel, Germany), was used as a
sorbent for the monoterpene. This organoclay contains dimethyl, benzyl, hydrogenated
alkyl tallow quaternary ammonium cations as organic modifier. The structure of the
interlayer cation is depicted in Figure 1. The characterization of Cloisite® 10A can be found
elsewhere [51].

The soil was sampled from the research station of CSIC sited in Seville (Spain)
(37°16/54.5” N 6°03'59.0” W). A sample of the soil was obtained from the 0-20 cm surface
layer, then sieved through a mesh of 2 mm and stored at 4 °C. The soil was characterized
by the Soil Analysis Service of IRNAS (CSIC) as sandy clay loam soil with 74% sand,
4% silt, 22% clay, 0.6% CaCO3, 0.17% organic carbon, and pH of 7.9, measured in 1:2 (w/v)
soil/ distilled water mixture.

2.2. Granulation Procedure

Cloisite® 10A was granulated in a Languedoc Scientifique (LSCI) granulator, model
DGI-01, mixing 50 g of organoclay with 100 mL of ethanol, which was added with a
nebulizer. To get the desired granule size, avoiding the snowball effect, the mixture was
stirred with a spatula during spherification. Once formed, the granules were dried in an
oven at 80 °C overnight and sieved to separate the particles with sizes between 63 pm and
2 mm. In Figure S1, photographs of the original powder and prepared granules of Cloisite®
10A are compared.
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2.3. Preparation of the S-Carvone Formulation

The formulation of S-carvone based on organoclay was prepared by impregnating the
allelochemical on the granules. To this aim, 62 mg of pure S-carvone in liquid form was
added to 2 g of organoclay granules. To obtain a uniform distribution of the allelochemical
on the granules, these were also impregnated with 200 uL of methanol. The formulation was
allowed to air-dry for 24 h. In triplicate, 15 mg aliquots of the sample were extracted with
10 mL of methanol and analyzed by high-performance liquid chromatography (HPLC) to
confirm the content in S-carvone of the formulation. Recoveries were >90%, as determined
in [21]. The amount of S-carvone in the formulated granules was 3.0 £ 0.1%.

2.4. Batch Release Kinetics

A batch release kinetic study was performed to evaluate the goodness of the prepared
formulation for the slow release of the allelochemical. The experiment consisted of adding
0.5 mg of S-carvone (active ingredient, a.i.) supported on granules (17.3 mg) to 250 mL
of deionized water in amber glass jars closed with screw caps. At certain time intervals,
the jars were agitated gently and allowed to settle down for 20 min. After that, 5 mL of
solution was taken, filtered, and the concentration of S-carvone was determined by HPLC.
The experiment was performed in duplicate. The amount of S-carvone released from the
granulated formulation was calculated with respect to the total amount added to obtain
the cumulative release values with time.

2.5. Dissipation of S-Carvone in Soil

The soil dissipation of S-carvone supported on granules was compared with that of
the free, non-granulated compound through an incubation experiment. Samples of 5 g of
soil were weighed in Pyrex® glass tubes, and an appropriate amount of S-carvone was
added to reach a dose of 100 mg/kg soil, either as free compound (50 uL of 10,000 mg/L
methanolic solution) or granulated formulation (17 mg). Next, the soil water content was
adjusted near to the water holding capacity of the soil (30%) by the addition of 1.5 mL of
water to the tubes. Then, the tubes were closed and incubated in darkness at 25 4= 2 °C
for 14 days. Triplicate tubes were removed at selected times and frozen until analysis.
S-carvone residues were extracted from the soil samples with 8.5 mL of methanol after
overnight shaking. The extracts were centrifuged, filtered, and the S-carvone residues were
determined by HPLC. Preliminary tests indicated that recoveries were >90%.

2.6. Leaching of S-Carvone in Soil Columns

Leaching was studied in soil glass columns (dimensions: 30 cm long x 3 cm inner
diameter). The base of the columns was packed with 10 g of sea sand and glass wool to
avoid soil losses during the experiment, and then 160 g of air-dry soil was used to fill
the column (20 cm). Lastly, 10 g of sea sand was added on the topsoil to facilitate the
uniform circulation of the allelochemical and flux of water during the experiment. Before
treatment, the columns were saturated by the addition of 100 mL of distilled water, and
then allowed to drain for 24 h. The water leached was measured to calculate the amount
of pore volume (Vp = 60 = 1 mL). Next, 3.6 mg of S-carvone was added to the top of the
columns, either as free compound (360 pL of a 10,000 mg/L methanolic solution) or as
granulated formulation (125 mg). This application rate corresponded to ca. 100 mg/kg
soil considering a soil depth of 5 cm. Fifteen mL of water was added, twice a day, to the
columns, simulating a rainfall episode of 40 mm/day, and the leachates were collected in
vials with 5 mL of methanol to stabilize the compound and stored at 4 °C in the dark until
analysis. At the end of the experiment, the columns were sectioned in segments of 5 cm
(0-5, 5-10, 10-15, and 15-20 cm) which were extracted using methanol (100 mL) to obtain
the amount of S-carvone remaining at different depths.
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2.7. Bioassays

The phytotoxicity of S-carvone supported on granules was compared to that of the
free compound by means of a soil bioassay. The bioassay was conducted in plastic pots
of 20 cm? containing 20 g of soil, with glass wool and 30 g of sea sand positioned at the
bottom to prevent soil losses. The pots were treated with 6 mL of deionized water (30%
soil humidity) and, in triplicate, with 200 uL of the 10,000 mg/L methanolic solution of
S-carvone or 70 mg of granules containing S-carvone at 3%. This corresponded to an
application rate of 10 kg/ha and 100 mg/kg soil. Blanks with 200 uL of methanol or
granules without the allelochemical were also prepared as controls. Then, 12 seeds of
lettuce (Lactuca sativa L.) were sown on the pot surface. The samples were introduced in a
growth chamber at 25 + 2 °C, 70 &= 10% humidity, and photoperiod of 16:8-h light—dark
cycles. After 7 days, plant leaves and shoots were cut and weighed, and the root length
was measured.

2.8. Analytical Method

The concentration of S-carvone in solution was determined by HPLC using UV detec-
tion. The column used was a Chiralpak IG (150 mm length x 4.6 mm internal diameter and
3 um particle size) and the analytical conditions were: acetonitrile/water (50/50) as mobile
phase, flow rate of 1 mL/min, 50 pL as injection volume, and UV detection at 236 nm.
Different solutions between 0.1 and 6 mg/L concentrations were employed to generate the
external calibration curves.

2.9. Statistical Analysis

Standard errors were employed to express variability among replicates. Bioassay
data were subjected to one-way ANOVA and subsequent post hoc tests (Tukey’s HSD) for
pairwise comparison between the free compound or S-carvone formulation treatments.
Significant differences were established at 95% confidence level.

3. Results and Discussion
3.1. S-Carvone Release from Granules

The release of S-carvone from the prepared granules elapsed gradually during the
experiment, suggesting the feasibility of the granules to act as supports for the slow release
of the allelochemical (Figure 2). A plateau was identified at 4 days of the experiment,
with 80% of the active ingredient released. The portion of S-carvone that remained in
the granules was, most likely, trapped in the pores or strongly sorbed on the surface
of the organoclay. In this regard, we formerly found weak and reversible interactions
between racemic carvone and the organoclay cetyltrimethylammonium (CTMA)-Arizona
montmorillonite [8], whereby difficulties in the desorption of carvone due to pore diffusion
could have occurred. Additionally, the distribution coefficients calculated at this plateau
ranged between 2.7 and 3.5 L /g, which were in good agreement with those reported for
other organoclays used as supports for the slow release of different herbicides, such as
diuron or imazamox [42,52].

The release data of S-carvone in water were fit to the widespread model [53],
Mt/Mz = kt" + ¢, to calculate the time at which the active ingredient was released at
50% (ts0), where Mt/Mz is the released amount (%) of the compound at time t, and k, n,
and c are constants that are distinctive of the system. The calculated tsy was 0.8 days, which
suggests the proper performance of the prepared granules as S-carvone was not released
immediately into water even at a very low organoclay-to-water ratio. Additionally, the
diffusional exponent, n, was 0.24 £ 0.08, which, being lower than 0.5, was indicative that
the release of S-carvone into water corresponded with a Fickian diffusion mechanism [44].
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Figure 2. Release of S-carvone into water from the prepared granules. Symbols are experimental
data points whereas the line is the fit to the equation Mt/Mz = kt" + c.

3.2. Dissipation of S-Carvone in Soil

The dissipation data of S-carvone applied to soil either as free compound or supported
on the granules are shown in Figure 3. Data were fairly defined by the first-order dissipation
kinetics, with R? > 0.906 (Table 1). According to Figure 3 and data in Table 1, S-carvone
presented similar half-lives (p > 0.05) when it was applied as free compound or supported
on granules (3040 days). This suggested that the formulation in granules did not have an
adverse impact by prolonging excessively the persistence of the monoterpene in the soil.
A similar behavior had previously been described for the herbicide diuron supported on
powder of the organoclay SA-HDTMA [42].

100
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8
aE 60 -
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()
g 40
2
©
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B Granules
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0 2 4 6 8 10 12 14
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Figure 3. Dissipation curves for S-carvone applied to soil as free compound or supported on granules
of Cloisite® 10A. Symbols denote experimental data points and lines are the dissipation curves fitted
by the first-order kinetics. Error bars designate the standard errors of triplicates.

Table 1. Dissipation constants (k), half-lives (t; /), and R? for the dissipation of S-carvone in soil after
its application as free compound or supported on granules of Cloisite® 10A.

Treatment k (Days—1) ty/» (Days) R?
S-carvone (Free) 0.0224 + 0.0038 30 (26-37) 0.906
S-carvone formulation 0.0171 £+ 0.0023 40 (36-47) 0.936

Interestingly, the half-lives obtained in this work for S-carvone contrasted with those
previously found by Gamiz et al. [8,21] for racemic carvone in similar Mediterranean soils,
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where much shorter half-life values between 0.7 and 0.8 days were obtained. It is important
to note that, in this work, we used a different methodology and application rate in the
dissipation experiment compared to those used in Gamiz et al. [8,21]. In particular, the
dose of 100 mg/kg of S-carvone used here was greater than that of 2 mg/kg of racemic
carvone used in Gamiz et al. [8,21]. To clarify whether the application dose could impact
the dissipation rate of S-carvone, we repeated our incubation experiment at a dose of
2 mg/kg. The results showed a change in the degradation pattern (Figure S2), which
became similar to that reported in Gamiz et al. [21], yielding a calculated half-life value
of 1.4 days and evidencing that the persistence of carvone is prominently concentration-
dependent. The leading degradation mechanism of the monoterpene in soil has been
proposed to be microbial-mediated [21]. Additional processes, such as volatilization or
photodegradation, can account for its dissipation in soils, but in our incubation experiment,
losses by these processes can be discarded since the experiments were carried out in sealed
tubes and in the dark. Therefore, some toxic effects on soil microorganisms could have
enhanced the persistence of S-carvone in the soil at higher doses [54], which becomes an
interesting subject of further investigation.

3.3. Leaching of S-Carvone in Soil

The breakthrough curves (BTCs), relative and cumulative, of S-carvone after its appli-
cation as a free compound or supported on the granules to the soil columns are shown in
Figure 4.

50 100
—o— Free —e— Free
_ a0 —a— Granules 801 —a—  Granules
3 3
£ 304 5 60
] ]
© ©
K] K]
2 2
6 204 o 40 -
£ £
5 5
TR @ 20
0 » T \g 0 & T T
0 1 2 3 0 1 2 3
Water added (number of pore volumes) Water added (number of pore volumes)

Figure 4. Breakthrough curves (BTCs) for S-carvone applied to soil columns as free compound or
supported on granules: Relative curves (left) and cumulative curves (right).

Different leaching patterns of S-carvone depending on the application form are in-
ferred from the registered BTCs (Figure 4). The application of S-carvone as a formulation in
granules caused lower concentrations in leachates in comparison with the free compound
(Figure 4). In addition, the peak of maximum concentration of S-carvone shifted to a
larger volume of water added, yielding a more flattened curve compared to the free form
(Figure 4). This flattening and tailing effect has typically been described for the leaching of
pesticides when supported on other types of granules or organoclays [55]. Additionally, the
total amounts leached for the free and the formulated compound were markedly different,
85 £ 2% and 36 =+ 4%, respectively (Figure 4). These results confirmed that losses by the
downward movement of S-carvone could be controlled by its formulation in granules,
which is in line with the progressive release examined in the batch study conducted in
water (Figure 2).

Once the leaching experiment ended, the soil inside the columns was extracted and
analyzed. While no S-carvone remained in the soil when the allelochemical was applied as
a free compound, 8 + 3% of the allelochemical was recovered as soil residues when added
as granules (Table 2). Thus, the slow release from the granules prolonged the presence of
S-carvone as soil residues at moderate concentrations. The amount of allelochemical not
recovered (Table 2) should have suffered degradation, volatilization, or, in the case of the
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formulation, could have also remained sorbed or trapped in the granules, which stayed at
the sand surface layer of the columns at the end of the experiment. Nevertheless, most of
the allelochemical that could have remained in the granules was, presumably, potentially
releasable with time according to Figure 2.

Table 2. Data derived from the relative and cumulative breakthrough curves in the leaching experiment.

Treatment Leached (%)  Extracted (%)  Not Recovered (%) Position Cmax (Vp) !
S-carvone (Free) 85+2 <1 15 1.5
S-carvone formulation 36 +4 8+3 56 2.0

I Number of pore volumes of water at which the maximum concentration of S-carvone appeared in leachates.

3.4. Phytotoxicity of S-Carvone in Soil

The results of the bioassay conducted to determine the performance of the prepared
granules to improve the phytotoxicity of S-carvone in the soil, as compared to the free
compound, are summarized in Figure 5 and Figure S3. Data were compared according to
aerial biomass, seed germination, and root length of Lactuca sativa L., stated as percentages
of the control (without treatment with S-carvone). The effect of blanks with methanol and
granules, but without S-carvone, were also compared with the control.

120
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Figure 5. Effect of S-carvone applied as free compound or supported on granules on aerial biomass
and germination of Lactuca sativa L. in the soil after 7 days of treatment. Bars are means and standard

errors for n = 3. The asterisk indicates significant differences between the treatments and the control
at statistical level p < 0.05.

The treatment that displayed the highest effect on the aerial biomass of Lactuca sativa L.
was S-carvone in granules (Figure 5). S-carvone in free form did not provoke a significant
effect, with the aerial biomass being similar to that observed for the control (Figure 5).
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Additionally, neither the presence of methanol nor granules developed a significant impact
on this parameter (Figure 5). Interestingly, seed germination was also significantly reduced
for the granule formulation compared to the control and free S-carvone treatments, while
the addition to soil of methanol or granules did not have significant effects (Figure 5).
These results are congruent with the bioactivity described previously for monoterpenes,
reporting that this family of compounds mainly affects seed germination [13,15,56-58].
Nevertheless, even though most related works focused on germination, Reynolds pointed
out the importance of differentiating between seedling emergence and subsequent seedling
growth [59], and, here, we found a significant reduction of these two parameters only for
the granulated formulation of S-carvone (Figure 5).

Root length of emerged seedlings was similar for all treatments (Figure S3), even
though other works have reported the effects of monoterpenes on root growth for certain
plants [56,57]. Apart from the use of different target plant species, discrepancies could
have also been a consequence of the specific conditions of the bioassays since soil has
rarely been used as a medium growth in monoterpene bioassays [56]. Finally, considering
that the degradation of S-carvone after being applied as a free compound or granules
to the soil pots should have been similar (Figure 3) and that no leaching losses occurred
during the bioassay, a plausible explanation for the superior herbicidal performance of
the granulated formulation in the bioassay could have been a reduction in volatilization
losses. Volatilization is known to be a primary source of losses for monoterpenes, and
different methodologies for its reduction have previously been proposed, including the
impregnation into polymers [27] or the encapsulation into biological microspheres [60].
We conducted a simple test to compare volatilization losses of S-carvone from the solution
and the granulated formulation and found that, indeed, such losses were reduced for the
formulated form of the allelochemical (Table S1). A reduction in volatilization losses could,
thus, have accounted for the increased bioactivity of the granules that was apparent in the
soil pot study (Figure 5).

4. Conclusions

Novel granules of the allelochemical S-carvone based on the commercial organ-
oclay Cloisite® 10A were successfully prepared and the phytotoxicity of the organoclay-
formulated S-carvone in soil was appraised for the first time. The granules displayed
satisfactory features for the slow release of the allelochemical into water and were able
to reduce transport losses without greatly affecting its degradation rate in soil, as com-
pared with the free form. Most importantly, only by being supported on the granules,
the monoterpene displayed its phytotoxic effect in soil, and no significant bioactivity was
observed when applied as the free compound. The formulation was able to control the
aerial biomass and seed germination of Lactuca sativa L. whereas the root growth was not
affected. Our results indicate that S-carvone could be useful as a potential bioherbicide
after being suitably stabilized in soils and may inspire new formulations for monoterpene-
based bioherbicides. Further studies would be needed for the possible improvement of the
proposed formulation through the optimization of variables such as the nature of the organ-
oclay, the monoterpene loading, or the physical characteristics of the prepared granules.
Likewise, investigations on the effect of these formulations on soil biodiversity and their
performance under real field conditions would be convenient for the full comprehension
of their environmental behavior and their possible commercialization.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11081593 /51, Figure S1: Photograph of powder and granules of Cloisite 10A®,
Figure S2: Dissipation curves for S-carvone applied as a free compound to soil at an application
dose of 2 mg/kg, Figure S3: Effect of S-carvone applied to soil as a free compound or supported on
granules on root length of Lactuca sativa L., Table S1: Assessment of volatilization losses for the free
and granulated forms of S-carvone.


https://www.mdpi.com/article/10.3390/agronomy11081593/s1
https://www.mdpi.com/article/10.3390/agronomy11081593/s1

Agronomy 2021, 11, 1593 10 of 12

Author Contributions: Conceptualization, B.G. and R.C.; methodology, B.G. and R.C.; formal anal-
ysis, B.G. and R.C.; investigation, B.G.; writing—original draft preparation, B.G.; writing—review
and editing, B.G. and R.C.; visualization, B.G.; funding acquisition, R.C. Both authors have read and
agreed to the published version of the manuscript.

Funding: This work was financed by the Spanish Ministry of Science and Innovation (AEI grants
PID2020-112563-100 and AGL2017-82141-R) and Junta de Andalucia (grant PY20-00746), with EU
FEDER-FSE funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dornelas, A.S.P.,; Sarmento, R.A.; Saraiva, A.S.; Barbosa, R.S.; Vieira, M.M.; Gravato, C.; Soares, A.M.V.M. Effects of two
biopesticides and salt on behaviour, regeneration and sexual reproduction of the freshwater planarian Girardia Tigrina. |. Hazard.
Mater. 2021, 404, 124089. [CrossRef]

Cordeau, S.; Triolet, M.; Wayman, S.; Steinberg, C.; Guillemin, J.-P. Bioherbicides: Dead in the water? A review of the existing
products for integrated weed management. Crop Prot. 2016, 87, 44—49. [CrossRef]

Villaverde, J.J.; Sandin-Espaiia, P.; Sevilla-Moran, B.; Lopez-Goti, C.; Alonso-Prados, J.L. Biopesticides from natural products:
Current development, legislative framework, and future trends. BioResources 2016, 11, 5618-5640. [CrossRef]

Kalra, R.; Conlan, X.A.; Goel, M. Lichen allelopathy: A new hope for limiting chemical herbicide and pesticide use. Biocontrol Sci.
Technol. 2021, 1-24. [CrossRef]

Cheng, F.; Cheng, Z. Research progress on the use of plant allelopathy in agriculture and the physiological and ecological
mechanisms of allelopathy. Front. Plant Sci. 2015, 6, 1020. [CrossRef] [PubMed]

Gamiz, B.; Lopez-Cabeza, R.; Velarde, P.; Spokas, K.A.; Cox, L. Biochar changes the bioavailability and bioefficacy of the
allelochemical coumarin in agricultural soils. Pest Manag. Sci. 2021, 77, 834-843. [CrossRef] [PubMed]

Galan-Pérez, J.A.; Gamiz, B.; Celis, R. Determining the effect of soil properties on the stability of scopoletin and its toxicity to
target plants. Biol. Fertil. Soils 2021, 57, 643-655. [CrossRef]

Gamiz, B.; Facenda, G.; Celis, R. Nanoengineered sorbents to increase the persistence of the allelochemical carvone in the
rhizosphere. ]. Agric. Food Chem. 2019, 67, 589-596. [CrossRef]

Domingues, PM.; Santos, L. Essential oil of pennyroyal (Mentha pulegium): Composition and applications as alternatives to
pesticides—New tendencies. Ind. Crop. Prod. 2019, 139, 111534. [CrossRef]

Gerwick, B.C.; Sparks, T.C. Natural products for pest control: An analysis of their role, value and future. Pest Manag. Sci. 2014, 70,
1169-1185. [CrossRef]

Macias, F.A.; Mejias, FJ.R.; Molinillo, ]. M.G. Recent advances in allelopathy for weed control: From knowledge to applications.
Pest Manag. Sci. 2019, 75, 2413-2436. [CrossRef]

Laggoune, S.; Oztiirk, M.; Erol, E.; Duru, M.E.; Abaza, L; Kabouche, A.; Kabouche, Z. Chemical composition, antioxidant and
antibacterial activities of the essential oil of Mentha spicata L. from Algeria. J. Mater. Environ. Sci. 2016, 7, 4205-4213.
Chaimovitsh, D.; Shachter, A.; Abu-Abied, M.; Rubin, B.; Sadot, E.; Dudai, N. Herbicidal activity of monoterpenes is associated
with disruption of microtubule functionality and membrane integrity. Weed Sci. 2017, 65, 19-30. [CrossRef]

Inderjit; Muramatsu, M.; Nishimura, H. On the allelopathic potential of certain terpenoids, phenolics, and their mixtures, and
their recovery from soil. Can. J. Bot. Can. Bot. 1997, 75, 888-891. [CrossRef]

Vokou, D.; Douvli, P; Blionis, G.J.; Halley, ].M. Effects of monoterpenoids, acting alone or in pairs, on seed germination and
subsequent seedling growth. J. Chem. Ecol. 2003, 29, 2281-2301. [CrossRef]

Karamanoli, K.; Ainalidou, A.; Bouzoukla, E; Vokou, D. Decomposition profiles of leaf essential oils in the soil environment. Ind.
Crop. Prod. 2018, 124, 397-401. [CrossRef]

Pavela, R.; Benelli, G. Essential oils as ecofriendly biopesticides? Challenges and constraints. Trends Plant. Sci. 2016, 21, 1000-1007.
[CrossRef] [PubMed]

He, H.B.; Wang, H.B.; Fang, C.X,; Lin, Y.Y.; Zeng, C.M.; Wu, L.Z.; Guo, W.C.; Lin, W.X. Herbicidal effect of a combination of
oxygenic terpenoids on Echinochloa crus-galli. Weed Res. 2009, 49, 183-192. [CrossRef]

Trezzi, M.M.; Vidal, R.A; Balbinot Junior, A.A.; von Hertwig Bittencourt, H.; da Silva Souza Filho, A.P. Allelopathy: Driving
mechanisms governing its activity in agriculture. J. Plant Interact. 2016, 11, 53-60. [CrossRef]

De Albuquerque, M.B.; Dos Santos, R.C.; Lima, L.M.; Melo Filho, P.D.A.; Nogueira, R].M.C.; Da Camara, C.A.G.; Ramos, A.D.R.
Allelopathy, an alternative tool to improve cropping systems. A review. Agron. Sustain. Dev. 2011, 31, 379-395. [CrossRef]
Gamiz, B.; Hermosin, M.C.; Celis, R. Appraising factors governing sorption and dissipation of the monoterpene carvone in
agricultural soils. Geoderma 2018, 321, 61-68. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2020.124089
http://doi.org/10.1016/j.cropro.2016.04.016
http://doi.org/10.15376/biores.11.2.Villaverde
http://doi.org/10.1080/09583157.2021.1901071
http://doi.org/10.3389/fpls.2015.01020
http://www.ncbi.nlm.nih.gov/pubmed/26635845
http://doi.org/10.1002/ps.6086
http://www.ncbi.nlm.nih.gov/pubmed/32926587
http://doi.org/10.1007/s00374-021-01556-2
http://doi.org/10.1021/acs.jafc.8b05692
http://doi.org/10.1016/j.indcrop.2019.111534
http://doi.org/10.1002/ps.3744
http://doi.org/10.1002/ps.5355
http://doi.org/10.1614/WS-D-16-00044.1
http://doi.org/10.1139/b97-098
http://doi.org/10.1023/A:1026274430898
http://doi.org/10.1016/j.indcrop.2018.07.082
http://doi.org/10.1016/j.tplants.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27789158
http://doi.org/10.1111/j.1365-3180.2008.00675.x
http://doi.org/10.1080/17429145.2016.1159342
http://doi.org/10.1051/agro/2010031
http://doi.org/10.1016/j.geoderma.2018.02.005

Agronomy 2021, 11, 1593 11 of 12

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Man, Y.; Wang, B.; Wang, J.; Slany, M.; Yan, H.; Li, P; El-Naggar, A.; Shaheen, S.M.; Rinklebe, J.; Feng, X. Use of biochar to reduce
mercury accumulation in Oryza sativa L: A trial for sustainable management of historically polluted farmlands. Environ. Int. 2021,
153, 106527. [CrossRef] [PubMed]

Pavela, R.; Benelli, G.; Pavoni, L.; Bonacucina, G.; Cespi, M.; Cianfaglione, K.; Bajalan, I.; Morshedloo, M.R.; Lupidi, G.; Romano,
D.; et al. Microemulsions for delivery of Apiaceae essential oils—Towards highly effective and eco-friendly mosquito larvicides?
Ind. Crop. Prod. 2019, 129, 631-640. [CrossRef]

Soltys, D.; Krasuska, U.; Bogatek, R.; Gniazdowska, A. Allelochemicals as bioherbicides-present and perspectives. In Herbicides-
Current Research and Case Studies in Use; Price, A.J., Kelton, J.A., Eds.; Intech: Houston, TX, USA, 2013; pp. 517-542.

De Mastro, G.; El Mahdj, J.; Ruta, C. Bioherbicidal potential of the essential oils from mediterranean lamiaceae for weed control
in organic farming. Plants 2021, 10, 818. [CrossRef]

Damalas, C.A.; Koutroubas, S.D. Current status and recent developments in biopesticide use. Agriculture 2018, 8, 13. [CrossRef]
Ouédraogo, LW.K.; De Winter, J.; Gerbaux, P.; Bonzi-Coulibaly, Y.L. Volatility profiles of monoterpenes loaded onto cellulosic-
based materials. Ind. Crop. Prod. 2013, 51, 100-106. [CrossRef]

Campos, E.-VR; Proeng, PL.E; Oliveira, J.L.; Perei, A.E.S.; Pasquoto-stigliani, T.; Lima, R.; Melville, C.C.; Jaqueline, F. Carvacrol
and linalool co-loaded in B-cyclodextrin-grafted chitosan nanoparticles as sustainable biopesticide aiming pest control. Sci. Rep.
2018, 8, 1-14. [CrossRef]

Jain, S.K.; Dutta, A.; Kumar, J.; Shakil, N.A. Preparation and characterization of dicarboxylic acid modified starch-clay composites
as carriers for pesticide delivery. Arab. J. Chem. 2020, 13, 7990-8002. [CrossRef]

Gamiz, B.; Hermosin, M.C.; Cornejo, J.; Celis, R. Hexadimethrine-montmorillonite nanocomposite: Characterization and
application as a pesticide adsorbent. Appl. Surf. Sci. 2015, 332, 606—613. [CrossRef]

Park, D.H.; Hwang, S.; Oh, ].M.; Yang, ]. H.; Choy, J.H. Polymer—inorganic supramolecular nanohybrids for red, white, green, and
blue applications. Prog. Polym. Sci. 2013, 38, 1442-1486. [CrossRef]

Guégan, R. Organoclay applications and limits in the environment. Comptes Rendus Chim. 2019, 22, 132-141. [CrossRef]

Sarkar, B.; Xi, Y.; Megharaj, M.; Krishanamurti, G.; Bowman, M.; Rose, H.; Naidu, R. Bioreactive organoclay: A new technology
for environmental remediation. Crit. Rev. Environ. Sci. Technol. 2012, 42, 37-41. [CrossRef]

Gamiz, B.; Celis, R.; Hermosin, M.C.; Cornejo, J.; Johnston, C.T. Preparation and characterization of spermine-exchanged
montmorillonite and interaction with the herbicide fluometuron. Appl. Clay Sci. 2012, 58, 8-15. [CrossRef]

Phuekphong, A.; Imwiset, K.; Ogawa, M. Designing nanoarchitecture for environmental remediation based on the clay minerals
as building block. J. Hazard. Mater. 2020, 399, 122888. [CrossRef]

Slany, M.; Jankovi¢, L'.; Madejov4, ]. Structural characterization of organo-montmorillonites prepared from a series of primary
alkylamines salts: Mid-IR and near-IR study. Appl. Clay Sci. 2019, 176, 11-20. [CrossRef]

Choy, J.; Choi, S.; Oh, J.; Park, T. Clay minerals and layered double hydroxides for novel biological applications. Appl. Clay Sci.
2007, 36, 122-132. [CrossRef]

Celis, R.; Trigo, C.; Facenda, G.; Hermosin, M.C.; Cornejo, J. Selective modification of clay minerals for the adsorption of herbicides
widely used in olive groves. J. Agric. Food Chem. 2007, 55, 6650-6658. [CrossRef]

Cruz-Guzman, M.; Celis, R.; Hermosin, M.C.; Koskinen, W.C.; Cornejo, ]. Adsorption of pesticides from water by functionalized
organobentonites. J. Agric. Food Chem. 2005, 53, 7502-7511. [CrossRef] [PubMed]

Bueno, S.; Duran, E.; Gamiz, B.; Hermosin, M.C. Formulating low cost modified bentonite with natural binders to remove
pesticides in a pilot water filter system. J. Environ. Chem. Eng. 2021, 9, 104623. [CrossRef]

Gamiz, B.; Celis, R.; Hermosin, M.C.; Cornejo, J. Organoclays as soil amendments to increase the efficacy and reduce the
environmental impact of the herbicide fluometuron in agricultural soils. . Agric. Food Chem. 2010, 58, 7893-7901. [CrossRef]
Trigo, C.; Celis, R.; Hermosin, M.C.; Cornejo, J. Organoclay-based formulations to reduce the environmental impact of the
herbicide diuron in olive groves. Soil Sci. Soc. Am. J. 2009, 73, 1652-1657. [CrossRef]

Gamiz, B.; Cox, L.; Hermosin, M.C.; Spokas, K.; Celis, R. Assessing the effect of organoclays and biochar on the fate of abscisic
acid in soil. J. Agric. Food Chem. 2017, 65, 29-38. [CrossRef]

Huang, A.; Huang, Z.; Dong, Y.; Chen, L.; Fu, L.; Li, L.; Ma, L. Controlled release of phoxim from organobentonite based
formulation. Appl. Clay Sci. 2013, 80-81, 63-68. [CrossRef]

Jiang, L.; Mo, J.; Qin, Y.; Wang, Y,; Dai, L.; Kong, Z.; Ma, L. Effects of organobentonites on imidacloprid release from alginate-based
formulation. Appl. Clay Sci. 2015, 105-106, 52-59. [CrossRef]

Du, J.; Chadalavada, S.; Naidu, R. Synthesis of porous bentonite organoclay granule and its adsorption of tributyltin. Appl. Clay
Sci. 2017, 148, 131-137. [CrossRef]

Visavale, G.L.; Nair, RK,; Kamath, S.S.; Sawant, M.R.; Thorat, B.N. Granulation and drying of modified clay incorporated
pesticide formulation. Dry. Technol. 2007, 25, 1369-1376. [CrossRef]

Ghrab, S.; Eloussaief, M.; Lambert, S.; Bouaziz, S.; Benzina, M. Adsorption of terpenic compounds onto organo-palygorskite.
Environ. Sci. Pollut. Res. 2018, 25, 18251-18262. [CrossRef]

Ghrab, S.; Balme, S.; Cretin, M.; Bouaziz, S.; Benzina, M. Adsorption of terpenes from Eucalyptus globulus onto modified beidellite.
Appl. Clay Sci. 2018, 156, 169-177. [CrossRef]

Pesticides Properties Database (PPDB). 2021. Available online: http:/ /sitem.herts.ac.uk/aeru/bpdb/index.htm (accessed on 6
August 2021).


http://doi.org/10.1016/j.envint.2021.106527
http://www.ncbi.nlm.nih.gov/pubmed/33784588
http://doi.org/10.1016/j.indcrop.2018.11.073
http://doi.org/10.3390/plants10040818
http://doi.org/10.3390/agriculture8010013
http://doi.org/10.1016/j.indcrop.2013.08.032
http://doi.org/10.1038/s41598-018-26043-x
http://doi.org/10.1016/j.arabjc.2020.09.028
http://doi.org/10.1016/j.apsusc.2015.01.179
http://doi.org/10.1016/j.progpolymsci.2013.05.007
http://doi.org/10.1016/j.crci.2018.09.004
http://doi.org/10.1080/10643389.2010.518524
http://doi.org/10.1016/j.clay.2012.02.005
http://doi.org/10.1016/j.jhazmat.2020.122888
http://doi.org/10.1016/j.clay.2019.04.016
http://doi.org/10.1016/j.clay.2006.07.007
http://doi.org/10.1021/jf070709q
http://doi.org/10.1021/jf058048p
http://www.ncbi.nlm.nih.gov/pubmed/16159179
http://doi.org/10.1016/j.jece.2020.104623
http://doi.org/10.1021/jf100760s
http://doi.org/10.2136/sssaj2008.0349
http://doi.org/10.1021/acs.jafc.6b03668
http://doi.org/10.1016/j.clay.2013.06.010
http://doi.org/10.1016/j.clay.2014.12.023
http://doi.org/10.1016/j.clay.2017.07.033
http://doi.org/10.1080/07373930701438980
http://doi.org/10.1007/s11356-017-9122-2
http://doi.org/10.1016/j.clay.2018.02.002
http://sitem.herts.ac.uk/aeru/bpdb/index.htm

Agronomy 2021, 11, 1593 12 of 12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Pastor, A.; Gamiz, B.; Cruz-Yusta, M.; Sanchez, L.; Pavlovic, I. Carbendazim-clay complexes for its potential use as antimicrobial
additives in mortars. Build. Environ. 2020, 183, 107214. [CrossRef]

Cabrera, A.; Celis, R.; Hermosin, M.C. Imazamox-clay complexes with chitosan- and iron(Ill)-modified smectites and their use in
nanoformulations. Pest Manag. Sci. 2016, 72, 1285-1294. [CrossRef] [PubMed]

Celis, R.; Hermosin, M.C.; Carrizosa, M.].; Cornejo, J. Inorganic and organic clays as carriers for controlled release of the herbicide
hexazinone. J. Agric. Food Chem. 2002, 50, 2324-2330. [CrossRef] [PubMed]

Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—A review. Food Chem. Toxicol. 2008, 46,
446-475. [CrossRef]

Fernandez-Pérez, M.; Villafranca-Sanchez, M.; Flores-Céspedes, F,; Pérez-Garcia, S.; Daza-Fernandez, 1. Prevention of chloridazon
and metribuzin pollution using lignin-based formulations. Environ. Pollut. 2010, 158, 1412-1419. [CrossRef] [PubMed]
Vasilakoglou, I.; Dhima, K.; Paschalidis, K.; Ritzoulis, C. Herbicidal potential on Lolium rigidum of nineteen major essential oil
components and their synergy. J. Essent. Oil Res. 2013, 25, 1-10. [CrossRef]

Koiou, K.; Vasilakoglou, I.; Dhima, K. Herbicidal potential of lavender (Lavandula angustifolia Mill.) essential oil components on
bristly foxtail (Setaria verticillata (L.) P. Beauv.): Comparison with carvacrol, carvone, thymol and eugenol. Arch. Biol. Sci. 2020, 72,
223-231. [CrossRef]

Abrahim, D.; Braguini, W.L.; Kelmer-Bracht, A.M.; Ishii-Iwamoto, E.L. Effects of four monoterpenes on germination, primary
root growth, and mitochondrial respiration of maize. J. Chem. Ecol. 2000, 26, 611-624. [CrossRef]

Reynolds, T. Comparative effects of alicyclic compounds and quinones on inhibition of lettuce fruit germination. Ann. Bot. 1987,
60, 215-223. [CrossRef]

Ruiz, M.; Mulas, D.; Prades, J.; Ochoa, J.; Querzola, P.; Edmonds, J]. ARAW: Uva sin botritis y sin residuos. Phytoma 2015, 64-68.


http://doi.org/10.1016/j.buildenv.2020.107214
http://doi.org/10.1002/ps.4106
http://www.ncbi.nlm.nih.gov/pubmed/26436824
http://doi.org/10.1021/jf011360o
http://www.ncbi.nlm.nih.gov/pubmed/11929292
http://doi.org/10.1016/j.fct.2007.09.106
http://doi.org/10.1016/j.envpol.2009.12.040
http://www.ncbi.nlm.nih.gov/pubmed/20133032
http://doi.org/10.1080/10412905.2012.751054
http://doi.org/10.2298/ABS200106016K
http://doi.org/10.1023/A:1005467903297
http://doi.org/10.1093/oxfordjournals.aob.a087439

	Introduction 
	Materials and Methods 
	S-Carvone, Organoclay and Soil 
	Granulation Procedure 
	Preparation of the S-Carvone Formulation 
	Batch Release Kinetics 
	Dissipation of S-Carvone in Soil 
	Leaching of S-Carvone in Soil Columns 
	Bioassays 
	Analytical Method 
	Statistical Analysis 

	Results and Discussion 
	S-Carvone Release from Granules 
	Dissipation of S-Carvone in Soil 
	Leaching of S-Carvone in Soil 
	Phytotoxicity of S-Carvone in Soil 

	Conclusions 
	References

