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Abstract 16 

Two commercial biopes?cides were studied to determine their persistence in two soil 17 

types, such as sandy clay loam and clay loam soils. For this purpose, an orange oil-based 18 

biopes?cide was used, being limonene its main ingredient. The other biopes?cide was 19 

based on cinnamon extract, and trans-cinnamaldehyde as its main component. 20 

Degrada?on of these compounds was monitored, and transforma?on products or 21 

metabolites were detected. Limonene and its metabolites were analyzed by gas 22 

chromatography (GC) and trans-cinnamaldehyde by ultra-high-performance liquid 23 

chromatography (UHPLC). Both techniques were coupled to a high-resolu?on mass 24 

(HRMS) analyser, such as quadrupole (Q)-Orbitrap. Limonene and trans-cinnamaldehyde 25 

were rapidly degraded as result of first-order kine?cs. Possible metabolites such as 26 

thymol, cymene, isoterpinolene and cymenene for limonene, and hydroxycinnamic acid 27 

for trans-cinnamaldehyde were tenta?vely iden?fied. Moreover, four other metabolites 28 

of trans-cinnamaldehyde, some of them not previously described, were also detected. 29 

 30 

Keywords: Commercial biopes?cides, limonene, trans-cinnamaldehyde, soil, 31 

metabolites, HRMS  32 
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1. Introduction 33 

In recent years, less toxic pes?cides have been used to reduce the poten?al risk for 34 

environmental contamina?on, such as soil and water. It also minimizes the risk to human 35 

health and does not alter the soil microbiome, which is cri?cal to the proper func?oning 36 

of the environment (Rajmohan et al. 2020). For this purpose, natural pes?cides based 37 

on minerals, plants, or microorganisms, known as biopes?cides, have been developed 38 

(US EPA 2022). The use of plant extracts or essen?al oils against various pests has been 39 

carried out since ancient ?mes (Haritha et al. 2021), proving its effec?veness against 40 

different types of insects (Cárdenas-Ortega et al. 2015; da Silva et al. 2023). These 41 

extracts usually contain a high level of vola?le compounds, such as monoterpenes and 42 

other vola?le analytes. Among plant-based biopes?cides, those derived from essen?al 43 

oils such as pyrethrins or azadirach?n stand out (Fenibo et al. 2022). Addi?onally, 44 

limonene and trans-cinnamaldehyde are monoterpenes whose proper?es as 45 

insec?cides have been studied (Denkova-Kostova et al. 2021; de Andrade Rodrigues et 46 

al. 2022). Therefore, several commercial biopes?cides based on extract plants have been 47 

manufactured, where these two compounds are present at high concentra?on. 48 

Despite their growing use, biopes?cides make up only 5% of the global pes?cide market 49 

(Kumar et al. 2021; Fenibo et al. 2022), but it is expected that annual growth will reach 50 

8% by 2023 (Yadav et al. 2022). One of the circumstances that prevents the expansion of 51 

the use of biopes?cides is the strict restric?ons that are applied before they are 52 

marketed. This prevents the development of new biopes?cides that may be 53 

commercialized. In United States (US) or China, restric?ons are less strict than in the 54 

European Union (EU) (Kumar et al. 2021). As a result, there are only 60 to 80 55 

biopes?cides registered in the EU, compared with 200 to 400 in US (Kumar et al. 2021; 56 
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Fenibo et al. 2022), and in the global market the 63% of commercially available 57 

biopes?cides are microbial biopes?cides. 58 

Synthe?c pes?cides have been inves?gated for their persistence in the environment 59 

(Zhou et al. 2022; Merlo-Reyes et al. 2024), as well as the metabolites or transforma?on 60 

products of their ac?ve principles during the degrada?on process (Vargas-Pérez et al. 61 

2020; López-Ruiz et al. 2020). Despite the growing expansion of biopes?cides, studies of 62 

their degrada?on in the environment are limited (López-Serna et al. 2016; Huang et al. 63 

2022). Most studies on biopes?cides in soil and/or in water focus on azadirach?ns 64 

(Prestes et al. 2012; Suciu et al. 2019) and pyrethrins (Prestes et al. 2012; Feng et al. 65 

2018). In these studies, the extrac?on methods commonly used to extract them are 66 

QuEChERS (acronym of Quick, Easy, Cheap, Effec?ve, Rugged and Safe) (Prestes et al. 67 

2012; Feng et al. 2018; Suciu et al. 2019). In addi?on, they use gas chromatography (GC) 68 

(Feng et al. 2018), although high-performance liquid chromatography (HPLC) (Prestes et 69 

al. 2012; Suciu et al. 2019) can also be u?lized. As detectors, quadrupole (Q) (Feng et al. 70 

2018) for GC, and triple quadrupole (QqQ) (Prestes et al. 2012) or diode-array detector 71 

(DAD) (Suciu et al. 2019) for UHPLC are commonly employed.  72 

However, there are few studies on the extrac?on of limonene and trans-cinnamaldehyde 73 

in soil (López-Serna et al. 2016; Huang et al. 2022). For trans-cinnamaldehyde, a previous 74 

study only examined the mobility of the compound in soil (López-Serna et al. 2016) and 75 

did not evaluate its degrada?on and metabolites. On the other hand, only one study 76 

monitored the degrada?on of limonene and its metabolites in the soil but low resolu?on 77 

mass spectrometry was u?lized (Huang et al. 2022). Therefore, a study was carried out 78 

to monitor the degrada?on of limonene and trans-cinnamaldehyde in several soil types. 79 

UHPLC has been used to monitor trans-cinnamaldehyde, and GC for limonene, and most 80 
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of these previous studies have employed low-resolu?on mass analyzers such as Q 81 

(López-Serna et al. 2016; Huang et al. 2022). Bearing in mind these previous studies, an 82 

innova?on in this study is the use of high-resolu?on mass spectrometry (HRMS) using a 83 

Q-Orbitrap analyzer to monitor the degrada?on of both compounds. In addi?on, 84 

possible transforma?on products or metabolites of these compounds have been 85 

analyzed. To do this, an untargeted analysis has been carried out using suspect and 86 

unknown modes. Thus, understanding the fate of these metabolites provides a more 87 

comprehensive insight into the true impact of these biopes?cides on the soil, enabling 88 

the collec?on of data regarding their poten?al toxicity and permanence in the soil. 89 

 90 

2. Materials and Methods 91 

2.1. Materials 92 

Two commercial biopes?cides, Cinna (Hortalan; El Ejido, Spain) and Prevam® (ORO AGRI; 93 

Palmela, Portugal), based on cinnamon extracts and orange essen?al oil respec?vely, 94 

were obtained.  95 

Ethyl acetate (EtOAc, ≥99.7%) and methanol (MeOH, ≥99.9%) were provided from 96 

Honeywell (Charlone, NC, US), whereas formic acid (99.0%) and water (H2O, LiChrosolv®) 97 

were from Merck (Darmstadt, Germany). All solvents were HPLC grade. 98 

Analy?cal standards used were thymol provided by Tokyo Chemical Industry (Tokyo, 99 

Japan), (R)-(+)-limonene and m-cymene by Sigma Aldrich (Saint Louis, MO, US) and 100 

trans-cinnamaldehyde by Dr. Ehrenstorfer (Augsburg, Germany). Internal standards (IS) 101 

were triphenyl phosphate provided by Supelco (Darmstadt, Germany) for UHPLC, and 102 

biphenyl (Dr. Ehrenstorfer) for GC. 103 
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For each compound, individual stock solu?ons were prepared at 1000 mg/L in EtOAc. 104 

From the stock solu?ons, individual intermediate solu?ons at 10 and 1 mg/L in EtOAc 105 

were made. These solu?ons were kept at -18°C. 106 

Extracts were filtered with an Econofltr nylon filter 0.2 µm, 13 mm (Agilent Technologies; 107 

Santa Clara, CA, US).  108 

2.2. Equipment 109 

UHPLC and GC methods used were op?mized in a previous study (Reyes-Ávila et al. 110 

2023). 111 

2.2.1. UHPLC method 112 

A VanquishTM Flex Quaternary LC (Thermo Fisher Scien?fic; Waltham, MA, US) was the 113 

chromatographic equipment with a C18 Hypersil GOLDTM aQ column (2.1 x 100 mm, 1.9 114 

µm) purchased by Agilent. Mass spectrometer was a Q-Exac?ve Orbitrap, provided by 115 

Thermo Fisher. 116 

Electrospray interface (ESI) has been used with a collision energy of 30 eV (higher-energy 117 

collisional dissocia?on, HCD). The acquisi?on mode used was full scan (74-1100 m/z 118 

range) with a resolu?on of 70,000 full width at half maximum (FWHM). The automa?c 119 

gain control (AGC) value was equal to 106. Data dependent acquisi?on (DDA), in nega?ve 120 

and posi?ve ioniza?on modes, was used. DDA resolu?on was 35,000 FWHM, and AGC 121 

value was set at 105. Minimum AGC target value was 8·103. The flow rate was 0.2 122 

mL/min, the injec?on volume was set at 10 μL and the column temperature was 30 °C. 123 

The mobile phase consisted of MeOH as organic phase and, an aqueous solu?on of 124 

formic acid (0.1%) as aqueous phase. The gradient mode started with a constant 125 

composi?on of 5 % MeOH during 2 min. Then, it was increased up to 100 % MeOH during 126 
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14 min, and this composi?on was kept constant from 16 min to 26 min. Finally, the 127 

composi?on decreased to 5 % MeOH in 1 min, and it was kept constant for 3 min to 128 

equilibrate the column. Total running ?me was 30 min. The electrospray interface (ESI) 129 

condi?ons were: auxiliary and sheath gas used, N2 (95%); heater temperature, 305 °C; 130 

capillary temperature, 300 °C; spray voltage, 4 kV, and the S-lens radio frequency level 131 

was 50 (arbitrary units). 132 

2.2.2. GC method 133 

A TRACETM 1310 GC system was the chromatographic equipment with a TriPlusTM RSH 134 

autosampler (Thermo Scien?fic) and a J&W DB-5ms non-polar column (30 m × 0.25 mm 135 

× 0.25 μm) from Agilent Technologies, coupled to a Q-Exac?ve Orbitrap (Thermo Fisher 136 

Scien?fic) mass spectrometer. The injec?on volume was 1 µL. For chromatographic 137 

condi?ons, ini?al oven temperature was 60 °C (hold 2 min) and it was increased at 6 138 

°C/min rate to 220°C (hold 2 min). Finally, it was raised to 280 °C with a 20 °C/min rate 139 

(hold 4 min). The total running ?me was 37 min. For MS condi?ons, full scan in posi?ve 140 

mode was used (30-450 m/z range) with a 70-eV posi?ve electron ioniza?on (EI). The 141 

resolu?on was 70,000 FWHM, and an AGC value was set 106. Helium was used as carrier 142 

gas with a constant flow rate of 1 mL/min.  143 

2.3. Soil samples 144 

Four different soils have been used, two sandy clay loam soils (SCL1 and SCL2) and two 145 

clay loam soils (CL1 and CL2). The soils were collected in several greenhouses located in 146 

Roquetas de Mar, El Ejido and Vícar, which are placed in the southeast of Spain (Almeria). 147 

Before analysis, the soil was dried at ambient temperature for three days and si|ed to a 148 

par?cle size < 2 mm. Their physicochemical informa?on was collected in Table S1. 149 
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2.4. Laboratory studies 150 

Degrada?on studies were performed in the research group's laboratory. The 151 

experiments were carried out at room temperature (20 ºC) and with natural sunlight (8 152 

hours of light). 153 

First, aliquots (20 g) of each soil (SCL1, SCL2, CL1 and CL2) were weighed in Erlenmeyer 154 

flasks. To mimic soil humidity condi?ons, water (6 and 3 mL) was added to clay loam soils 155 

(30 % humidity) and to sandy clay loam soils (15 % humidity), respec?vely. Different 156 

sampling ?mes were selected: 0 h, 4 h, 1, 1.5, 2, 3, 4, 7 and 9 days. In both SCL1 and CL1 157 

soils, an applica?on rate according to the manufacturer's recommenda?ons (8 L/ha, 158 

normal dose rate ) and twice the recommended dose (16 L/ha, double dose rate) of the 159 

commercial biopes?cide Prevam® were applied. On the other hand, in SCL1, SCL2 and 160 

CL2 soils a normal dose rate (300 mL/hL) and a double dose rate (600 mL/hL) of the 161 

commercial biopes?cide Cinna were applied. The highest applica?on rate was used to 162 

improve the detec?on of possible metabolites. To prepare the dose rates, the 163 

commercial biopes?cides were diluted in water un?l reaching the desired dose. The 164 

theore?cal normal dose rate of limonene and trans-cinnamaldehyde, which were 165 

previously characterized (Reyes-Ávila et al. 2023), was 2377 µg/kg and 8477 µg/kg, 166 

respec?vely. Every two days water was added to restore its loss in each Erlenmeyer. 167 

Three replicates were made for each type of soil and ?me. 168 

2.5. Extraction method 169 

The extrac?on of biopes?cides from soil was carried out using a solid-liquid extrac?on. 170 

For this, 5 g of soil samples (5 g) were weighed in 50 mL centrifuge tubes. Then, 100 171 

µg/kg of each IS, biphenyl and triphenyl phosphate for GC and UHPLC, respec?vely, was 172 

added. A|er that, 10 mL EtOAc was added. The sample was put on a rotary shaker for 173 
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one hour. A|erwards, the mixture was centrifuged at 5000 rpm for 5 min. Finally, they 174 

were filtered. Three replicates of each sample were made. Limonene was analyzed by 175 

GC-Q-Orbitrap and trans-cinnamaldehyde by UHPLC-Q-Orbitrap. 176 

2.6. Method Validation 177 

For the valida?on of the extrac?on method using UHPLC-Q-Orbitrap and GC-Q-Orbitrap, 178 

limits of detec?on (LOD) and quan?fica?on (LOQ), linearity and matrix effect were 179 

calculated. Moreover, intra-day precision (repeatability) and trueness (recovery, %) were 180 

evaluated. 181 

LODs and LOQs were calculated by injec?ng enriched blank samples at low 182 

concentra?ons between 1 and 50 µg/kg. The coefficients of determina?on (R2) from the 183 

calibra?on curves (1-250 μg/L) were used to calculate the linearity. The matrix effect was 184 

measured by studying standards prepared in an extracted blank soil matrix and 185 

standards in EtOAc, which ranged from 1 to 250 μg/L. Precision was determined by 186 

carrying out a repeatability study. The rela?ve standard devia?on (% RSD) for each 187 

analyte were expressed with five replicates at each concentra?on level (10 and 100 188 

µg/kg). Trueness was studied by analyzing samples spiked at 10 and 100 µg/kg with five 189 

replicates for each concentra?on. 190 

2.7. Data analysis 191 

Data were processed using Xcalibur 3.0, with QualBrower and QuanBrowser. For the 192 

analysis of metabolites, Compound DiscovererTM 3.3 program (Thermo Fisher Scien?fic) 193 

and MassChemSite 3.1 (Mass Analy?ca, Sant Cugat del Vallés, Spain) were employed. 194 

Moreover, Na?onal Ins?tute of Standards and Technology (NIST) MS Search 2.2 library 195 

has been u?lized. 196 
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For metabolite untargeted analysis, the parameters chosen for Compound Discoverer 197 

were 0.1 min (reten?on ?me tolerance), 0.1 % (intensity threshold), 3 (S/N threshold), 198 

30 % (intensity tolerance), 50000 (min peak intensity) and 5 ppm (mass tolerance). GC-199 

Orbitrap libraries such as Contaminants Library, Other Environments, PCBs and 200 

Pes?cides, and NIST library such as replib, NISTDEMO and mainlib were selected in GC 201 

workflow. For UHPLC workflow, the libraries selected were mzVault, mzCloud, Mass List 202 

such as EFS HRAM Compound Database, Lipid Maps Structure Database, Natural 203 

Products Atlas 2020_06 or LCMS Co-formulant PPP, and ChemSpider. The selected 204 

adducts were [M-H]-, [M+H]+, [M-H+FA]-, [M+Na]+ and [M+H-H2O]+. 205 

The degrada?on kine?cs of limonene and trans-cinnamaldehyde in soil was studied 206 

using a Single First-Order Rate (SFO) model (Equa4on 1). To calculate half-life ?me (DT50) 207 

and 90% dissipa?on ?me (DT90), Equa4on 2 and Equa4on 3 was used, respec?vely, 208 

𝐶! = 𝐶"𝑒#$!   (1) 209 

𝐷𝑇%" =
&'	)
$

     (2) 210 

𝐷𝑇*" =
&'	+"
$

   (3) 211 

where: C0: concentra?on at ?me 0, Ct: concentra?on at a certain ?me, t: ?me (days), and 212 

k: rate constant. 213 

 214 

3. Results and discussion 215 

Limonene and trans-cinnamaldehyde have previously been characterized by GC and 216 

UHPLC, respec?vely (Reyes-Ávila et al. 2023). Spectral informa?on for both compounds 217 

is shown in Table S2. UHPLC-HRMS was used to monitor the degrada?on of trans-218 
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cinnamaldehyde as well as to iden?fy its possible metabolites. Considering limonene 219 

was not detected by UHPLC, its degrada?on was monitored by GC-HRMS. 220 

3.1. Extraction optimization and method validation 221 

The extrac?on method was op?mized by tes?ng several extrac?on ?mes and procedures 222 

with EtOAc as extrac?on solvent, which was used in previous studies for the extrac?on 223 

of trans-cinnamaldehyde (López-Serna et al. 2016). Thus, 5 g of SCL1 were spiked with 224 

50 µg/kg of limonene and trans-cinnamaldehyde. Moreover, 50 µg/kg of the 225 

corresponding IS was added to each sample. First, the targeted compounds were 226 

extracted using as extrac?on ?me 30 min and u?lizing a rotary agitator. The recoveries 227 

obtained for limonene and trans-cinnamaldehyde were below the acceptable values (70-228 

120 %), being 56.7 % and 50.9 %, respec?vely (Table S3). A|erwards, the same 229 

procedure was tested, but increasing the extrac?on ?me to 1 hour. The recoveries 230 

obtained were 98.5% (limonene) and 101.4% (trans-cinnamaldehyde), and RSD values 231 

were 4.7% (limonene) and 1.0% (trans-cinnamaldehyde). As the extrac?on ?me 232 

increased, recovery for both compounds improved within an acceptable range. On the 233 

other hand, an anempt was made performing ultrasound-assisted extrac?on (UAE) for 234 

20 min. The recoveries were 111.6 % (limonene) and 111.4 % (trans-cinnamaldehyde), 235 

and RSD were 4.6 % (limonene) and 2.7 % (trans-cinnamaldehyde). Therefore, it was 236 

decided to select the normal extrac?on for 1 h because it had bener recoveries for both 237 

compounds and the RSD for trans-cinnamaldehyde was lower. 238 

For method valida?on, the different parameters indicated in Sec?on 2.6 had been 239 

evaluated. The matrix effect was es?mated by dividing the slope obtained for limonene 240 

and trans-cinnamaldehyde, in the solvent by the slope obtained in the matrix for each 241 

compound. The matrix effect values were 0.97 for limonene and 0.86 for trans-242 
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cinnamaldehyde (Table 1). For both compounds, the matrix effect was considered 243 

negligible because it was within 0.8 and 1.2. Therefore, the quan?fica?on has been 244 

carried out with calibra?on curves prepared in solvent between 20 (limonene)-10 (trans-245 

cinnamaldehyde) up to 250 μg/L. Moreover, linearity from the calibra?on curves was R2 246 

> 0.991. Recoveries obtained for 10 µg/kg were 83.4 % (limonene) and 106.2 % (trans-247 

cinnamaldehyde); while for 100 μg/kg, they were 100.0 % limonene and 93.2 % trans-248 

cinnamaldehyde. For the repeatability study, RSD ranges from 2.6 to 16.3 % for 249 

limonene, and 2.8 to 16.4 % for trans-cinnamaldehyde were obtained. 250 

3.2. Laboratory studies 251 

Three replicates of each soil sample spiked with the commercial biopes?cide were 252 

analyzed at different ?me intervals, as it was described in Sec?on 2.4. The concentra?on 253 

of limonene and trans-cinnamaldehyde varied during the sampling ?me when using the 254 

two dosages (normal and double applica?on rate) for each compound, according to 255 

Figure 1 and Figure 2, respec?vely.  256 

3.2.1. Limonene study 257 

Limonene degrada?on occurred very quickly in both soil types following a first-order 258 

kine?cs (Equa4on 1). In CL1 soil, limonene was not detected a|er 7 days, while in SCL1 259 

soil was disappeared at 3 days as can be seen in Figure 1. The DT50 values obtaining was 260 

0.60 days in CL1 soil, and 0.08 days in SCL1 soil at normal dose rate. On the other hand, 261 

DT50 values at double dose rate have been 0.70 days in CL1 soil and 0.11 days in SCL1 soil 262 

as shown in Table 2. In addi?on, for the CL1 soil, DT90 values was 2.00 days (normal dose) 263 

and 2.32 days (double dose), while for SCL1 soil it was 0.28 days (normal dose) and 0.35 264 

days (double dose). This values indicated that limonene was degraded faster in SCL1 soil 265 

than in CL1 soil at both doses. In a previous study on limonene in soil, limonene also 266 
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followed a first-order degrada?on kine?cs, obtaining faster DT50 values for the SCL soil 267 

type too (Huang et al. 2022). This difference may be anributed to the higher organic 268 

maner content in SCL1 soil (4.1%) compared to CL1 soil (1.5%), which serves as 269 

sustenance for soil microorganisms (Murphy 2015). Since there was a greater amount of 270 

organic maner, it was likely that there is a higher density of microorganisms that 271 

degraded limonene faster. In a previous study, the detected oxida?on products were also 272 

generated by microbial biotransforma?on (Huang et al. 2022). There are several studies 273 

where limonene biotransforma?on has been inves?gated by microorganisms and 274 

enzymes involved (Tan and Day 1998; van der Werf et al. 1999). Despite the fact there 275 

are various microbial biotransforma?on pathways for limonene, it is also prone to 276 

autoxida?on due to its rela?ve instability in the presence of oxygen (de Groot 2019). 277 

To iden?fy poten?al transforma?on products or metabolites formed during the 278 

degrada?on process of limonene, an untargeted analysis (suspect and unknown modes) 279 

was performed. There are different pathways of transforma?on of limonene where 280 

different metabolites can be obtained such as carveol, carvone, or perillyl alcohol (van 281 

der Werf et al. 1999). For suspect analysis, these metabolites were searched using 282 

QualBrowser. For the tenta?ve iden?fica?on of them, their molecular weights and 283 

fragments collected in the literature and in the NIST library were used. However, none 284 

of the metabolites were detected using this approach. To expand the search for other 285 

metabolites, the Compound Discoverer program was used, carrying out an unknown 286 

analysis. This so|ware allows the comparison of the molecular weights and fragments 287 

obtained in the analysis for each reten?on ?me with those collected in commercial or 288 

home-made databases. Four possible metabolites have been tenta?vely found: thymol, 289 

cymene, isoterpinolene and cymenene. Thymol, as it can be seen in Figure 3, and 290 
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cymene have been confirmed with standards, obtaining a confidence level of 1 291 

(Schymanski et al. 2014). For the quan?fica?on of isoterpinolene and cymenene, a semi-292 

quan?fica?on was carried out, using limonene as standard. In SCL1 soil, all four 293 

metabolites were detected at both dose rates. However, isoterpinolene and cymenene 294 

were below the LOQ at normal dose rate. Metabolites were found to be present at 295 

concentra?ons of between 2.2 and 175.2 µg/kg at the normal dose, and 16.6 to 317.3 296 

µg/kg at the double dose (Table 3). The metabolite found at the highest concentra?on 297 

at the two doses was thymol (175.2 at normal dose rate and 317.3 at double dose rate). 298 

Furthermore, cymene had the lowest concentra?on at a double dose rate (48.7 µg/kg). 299 

In most of the detected metabolites, an ini?al concentra?on increase was observed in 300 

the first few days of the study, but eventually decreased. For CL1 soil, only thymol was 301 

detected at both dose rates. Its concentra?on was lower (55.6 µg/kg) compared to that 302 

obtained in SCL1 soil (175.2 µg/kg). This could confirm that, as more microorganisms 303 

were present in the soil, more amounts and concentra?on of metabolites has been 304 

produced. To iden?fy more polar metabolites, soil extracts were also analyzed by UHPLC. 305 

The data was processed with Compound Discoverer and MassChemSite programs. 306 

However, no metabolites have been detected. 307 

Toxicity Es?ma?on So|ware Tool (TEST) so|ware has been used to determine 308 

metabolite es?mated and experimental toxicity (LD50) in rats (US EPA). As can be seen in 309 

Table 4, the toxicity of the metabolites formed was very similar to limonene (4.84 g/kg), 310 

being thymol the most toxic metabolite (LD50 = 0.65 g/kg). 311 

3.2.2. trans-Cinnamaldehyde study 312 

First, degrada?on of trans-cinnamaldehyde in SCL2 and CL2 soils was studied. trans-313 

Cinnamaldehyde degrada?on (Figure 2) also occurred rapidly at both dose rates and soil 314 
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types. In both types of soil, trans-cinnamaldehyde was degraded a|er 4 days, following 315 

a first-order kine?c. Its half-life ?mes were 0.28 days (CL2 soil) and 0.26 days (SCL2 soil) 316 

at normal dose rate, while at double dose they have been 0.20 days (CL2 soil) and 0.27 317 

days (SCL2 soil). On the other hand, DT90 values were 0.60 days in CL1 soil, and 0.08 days 318 

in SCL1 soil at the normal dose rate; and at double dose rate they were 0.70 days in CL1 319 

soil and 0.11 days in SCL1 soil (Table 2). As these values show, this compound degraded 320 

equally in the two soil types. In this case, the two different tested soils had a similar 321 

percent of organic maner (1.4 % for CL2 soil and 1.5 % for SCL2 soil). Therefore, it is 322 

understandable that it has degraded similarly in two soils. To determine whether the 323 

amount of organic maner really influences the degrada?on process, the same 324 

experiment was carried out using SCL1 soil (Figure 2). This soil caused trans-325 

cinnamaldehyde to degrade slightly faster and disappearing a|er 3 days. In this soil type, 326 

trans-cinnamaldehyde also followed a first-order kine?c. At the normal and double dose 327 

rate, the value of DT50 for trans-cinnamaldehyde was 0.16 days (Table 2). As expected, 328 

trans-cinnamaldehyde took less ?me to be degraded than in the other two soils 329 

containing less organic maner (SCL2 and CL2). 330 

To perform unknown analysis, Compound Discoverer and MassChemSite so|ware were 331 

used. When Compound Discoverer was u?lized, 4-hydroxycinnamic acid and cinnamic 332 

acid have been tenta?vely iden?fied. Both metabolites were found in CL2 and SCL2 soils 333 

but not in SCL1 soil. The adduct of these compounds was [M-H]- with reten?on ?mes of 334 

12.15 and 12.43 min, respec?vely. To quan?fy them, a semi-quan?fica?on has been 335 

carried out using the calibra?on curve obtained for trans-cinnamaldehyde. Although 336 

both compounds appeared quickly, they also eventually degraded (Table 5). Greater 337 
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amounts of 4-hydroxycinnamic acid (111.8 µg/kg) were produced than cinnamic acid 338 

(37.7 µg/kg).  339 

Four other possible metabolites were tenta?vely found using MassChemSite program. 340 

This so|ware allows the elucida?on of possible transforma?on products of the precursor 341 

compound, giving data on the precursor ion of the metabolite as well as its possible 342 

structure and adduct formed. These compounds were deriva?ves of trans-343 

cinnamaldehyde and have been named CM1, CM2, CM3, and CM4 (Figure 4). The 344 

metabolite structures CM3 and CM4 can be related to the structure of trans-β-345 

methylstyrene and cinnamyl alcohol, respec?vely. Some studies have evaluated the 346 

biotransforma?on of trans-cinnamaldehyde to cinnamyl alcohol and cinnamic acid by 347 

fungi such as Mucor (Ma et al. 2011). The degrada?on of trans-cinnamaldehyde to 348 

styrene has also been described (Balaguer et al. 2014; Becerril et al. 2019). However, 349 

CM1 and CM2 have not been described previously. Their adduct was [M+H]+ and their 350 

reten?on ?mes were 3.12, 13.97, 14.96, 16.05 min, respec?vely. The m/z and molecular 351 

formula for these compounds were shown in Table S4. These metabolites were observed 352 

only when commercial biopes?cide containing cinnamon extract was applied to the 353 

double dose rate (Table 5). Furthermore, CM1 metabolite was not detected in CL2 soil. 354 

In this case, it was not possible to find these metabolites in SCL1 soil either. A semi-355 

quan?fica?on has also been performed, using trans-cinnamaldehyde as standard. These 356 

four metabolites were almost completely degraded a|er a few days. A|er two days, CM1 357 

and CM3 concentra?ons in SCL2 and CL2 soils were below the LOD. While for CM2 and 358 

CM4 there were s?ll detected a|er three days. For SL2 soil, the concentra?ons (81.4-359 

85.8 µg/kg) were higher than in the CL2 soil (11.0-54.7 µg/kg). Concentra?ons of these 360 

metabolites ranged between 25.0 and 882.3 µg/kg. The most highly concentrated 361 
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metabolite was CM4 in both soils (SCL2 and CL2). Both CM2 and CM4 concentra?ons 362 

were higher than CM1 and CM3. Looking at Figure 4 it can be noted that CM4 and CM2 363 

would be intermediate steps in the forma?on of the other two metabolites respec?vely. 364 

CM1 and CM3 may derive from these other metabolites and therefore their forma?on is 365 

lower. 366 

Finally, trans-cinnamaldehyde (2.36 g/kg) is slightly more toxic than limonene (Table 4). 367 

Similar to limonene, the metabolites found for trans-cinnamaldehyde exhibited a similar 368 

level of toxicity. CM2 has a lower LD50 of 1.92 g/kg and CM3 has a higher LD50 of 3.87 369 

g/kg. These compounds are not highly toxic and stay in the soil for a short period of ?me, 370 

however it would be necessary to monitor their presence in a real scenario to confirm 371 

their low toxicity. 372 

4. Conclusions 373 

This study evaluated for the first ?me the trans-cinnamaldehyde degrada?on in different 374 

soil types. In addi?on, it was possible to detect several unknown metabolites produced 375 

as a result of its degrada?on. Limonene and trans-cinnamaldehyde have undergone 376 

rapid degrada?on in soil. Moreover, the metabolites found were also rapidly degradable 377 

compounds, resul?ng in no risk to the environment. These compounds and their 378 

metabolites have a high LD50 values, therefore they were not highly toxic. This confirms 379 

the value of commercial biopes?cides to fight against pests but not endangering the 380 

environment. 381 

Degrada?on could have been mainly due to microbial ac?on of microorganisms that are 382 

present in the soil. Using so|ware such as Compound Discoverer or MassChemSite is a 383 

good strategy for searching for poten?al metabolites that are generated during this 384 

process. It would be interes?ng to reproduce this study in soils with different 385 
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characteris?cs and other type of environmental and food matrices to check the matrix 386 

influence in the degrada?on of these products. Thus, a broader vision of these 387 

commercial biopes?cides could be obtained. 388 

 389 

Supporting Information 390 

Physicochemical characteris?cs of soils (Table S1); characteris?c chromatographic-MS 391 

parameters of limonene and trans-cinnamaldehyde (Table S2); recoveries and RSD of 392 

limonene and trans-cinnamaldehyde in different extrac?on methods (Table S3); UHPLC- 393 

Q-Orbitrap parameters of trans-cinnamaldehyde metabolites found with MassChemSite 394 

(Table S4). 395 

 396 

Acknowledgements 397 

Authors gratefully acknowledge to the University of Almeria, the Andalusian Ministry of 398 

Economic Transforma?on, Industry, Knowledge, and Universi?es and FEDER for financial 399 

support (project reference: UAL2020-FQM-B1943).  400 



19 

References 401 

Balaguer MP, Fajardo P, Gartner H, et al (2014) Func?onal proper?es and an?fungal 402 

ac?vity of films based on gliadins containing cinnamaldehyde and natamycin. Int J Food 403 

Microbiol 173:62–71. hnps://doi.org/10.1016/j.ijfoodmicro.2013.12.013 404 

Becerril R, Manso S, Nerín C (2019) Metabolites iden?fied as interac?on products 405 

between EOs from food packaging and selected microorganisms. LWT 116:108518. 406 

hnps://doi.org/10.1016/j.lwt.2019.108518 407 

Cárdenas-Ortega NC, González-Chávez MM, Figueroa-Brito R, et al (2015) Composi?on 408 

of the essen?al oil of Salvia ballo?flora (Lamiaceae) and its insec?cidal ac?vity. 409 

Molecules 20:8048–8059. hnps://doi.org/10.3390/molecules20058048 410 

da Silva AS, Farias de Aguiar JCR de O, Nascimento J da S, et al (2023) Larvicidal ac?vity 411 

and docking study of Ramalina complanata and Cladonia ver?cillaris extracts and 412 

secondary metabolites against Aedes aegyp?. Ind Crops Prod 195:116425. 413 

hnps://doi.org/10.1016/j.indcrop.2023.116425 414 

de Andrade Rodrigues RMB, da Silva Fontes L, de Carvalho Brito R, et al (2022) A 415 

sustainable approach in the management of Callosobruchus maculatus: essen?al oil of 416 

Pro?um heptaphyllum and its major compound d-limonene as biopes?cides. J Plant Dis 417 

Prot 129:831–841. hnps://doi.org/10.1007/s41348-022-00617-4 418 

de Groot A (2019) Limonene hydroperoxides. Derma??s 30:331–335. 419 

hnps://doi.org/10.1097/DER.0000000000000465 420 

Denkova-Kostova R, Teneva D, Tomova T, et al (2021) Chemical composi?on, an?oxidant 421 

and an?microbial ac?vity of essen?al oils from tangerine (Citrus re?culata L.), grapefruit 422 

(Citrus paradisi L.), lemon (Citrus lemon L.) and cinnamon (Cinnamomum zeylanicum 423 

Blume). Z Naturforsch, C, J Biosci 76:175–185. hnps://doi.org/10.1515/znc-2020-0126 424 

Feng X, Pan L, Wang C, Zhang H (2018) Residue analysis and risk assessment of 425 

pyrethrins in open field and greenhouse turnips. Environ Sci Pollut Res 25:877–886. 426 

hnps://doi.org/10.1007/s11356-017-0015-1 427 



20 

Fenibo EO, Ijoma GN, Matambo T (2022) Biopes?cides in sustainable agriculture: 428 

Current status and future prospects. In: de Mandal S, Ramkumar G, Karthi S, Jin F (eds) 429 

New and future development in biopes?cide research: Biotechnological explora?on. 430 

Springer Singapore, pp 1–53 431 

Haritha D, Ahmed MF, Bala S, Choudhury D (2021) Eco-friendly plant based on botanical 432 

pesicides. Plant Arch 21:2197–2204. 433 

hnps://doi.org/10.51470/PLANTARCHIVES.2021.v21.S1.362 434 

Huang C, Bian C, Wang L, et al (2022) Development and valida?on of a method for 435 

determining D-limonene and its oxida?on products in vegetables and soil using GC–MS. 436 

Microchem J 179:107470. hnps://doi.org/10.1016/j.microc.2022.107470 437 

Kumar J, Ramlal A, Mallick D, Mishra V (2021) An overview of some biopes?cides and 438 

their importance in plant protec?on for commercial acceptance. Plants 10:1185. 439 

hnps://doi.org/10.3390/plants10061185 440 

López-Ruiz R, Romero-González R, Ortega-Carrasco E, et al (2020) Degrada?on studies 441 

of dimethachlor in soils and water by UHPLC-HRMS: puta?ve elucida?on of unknown 442 

metabolites. Pest Manag Sci 76:721–729. hnps://doi.org/10.1002/ps.5570 443 

López-Serna R, Ernst F, Wu L (2016) Analysis of cinnamaldehyde and diallyl disulfide as 444 

eco-pes?cides in soils of different textures—a laboratory-scale mobility study. J Soils 445 

Sediments 16:566–580. hnps://doi.org/10.1007/s11368-015-1249-5 446 

Ma L, Liu X, Liang J, Zhang Z (2011) Biotransforma?ons of cinnamaldehyde, cinnamic 447 

acid and acetophenone with Mucor. World J Microbiol Biotechnol 27:2133–2137. 448 

hnps://doi.org/10.1007/s11274-011-0677-7 449 

Merlo-Reyes A, Baduel C, Duwing C, Ramírez MI (2024) Risk assessment of pes?cides 450 

used in the eastern Avocado Belt of Michoacan, Mexico: A survey and water monitoring 451 

approach. Sci Total Environ 916:170288. 452 

hnps://doi.org/10.1016/j.scitotenv.2024.170288 453 

Murphy BW (2015) Impact of soil organic maner on soil proper?es—a review with 454 

emphasis on Australian soils. Soil Res 53:605–635. hnps://doi.org/10.1071/SR14246 455 



21 

Prestes OD, Padilla-Sánchez JA, Romero-González R, et al (2012) Comparison of several 456 

extrac?on procedures for the determina?on of biopes?cides in soil samples by ultrahigh 457 

pressure LC-MS/MS. J Sep Sci 35:861–868. hnps://doi.org/10.1002/jssc.201101057 458 

Rajmohan KS, Chandrasekaran R, Varjani S (2020) A review on occurrence of pes?cides 459 

in environment and current technologies for their remedia?on and management. Indian 460 

J Microbiol 60:125–138. hnps://doi.org/10.1007/s12088-019-00841-x 461 

Reyes-Ávila A, Romero-González R, Arrebola-Liébanas FJ, Garrido Frenich A (2023) 462 

Comprehensive analysis of commercial biopes?cides using UHPLC and GC-HRMS: 463 

Targeted, suspect and unknown component determina?on. Microchem J 193:109020. 464 

hnps://doi.org/10.1016/j.microc.2023.109020 465 

Schymanski EL, Jeon J, Gulde R, et al (2014) Iden?fying small molecules via high 466 

resolu?on mass spectrometry: communica?ng confidence. Environ Sci Technol 467 

48:2097–2098. hnps://doi.org/10.1021/ES5002105 468 

Suciu N, Vasileiadis S, Puglisi E, et al (2019) Azadirach?n and trifloxystrobin had no 469 

inhibitory effects on key soil microbial func?ons even at high dose rates. Applied Soil 470 

Ecology 137:29–38. hnps://doi.org/10.1016/j.apsoil.2019.01.016 471 

Tan Q, Day DF (1998) Bioconversion of limonene to α-terpineol by immobilized 472 

Penicillium digitatum. Appl Microbiol Biotechnol 49:96–101. 473 

hnps://doi.org/10.1007/s002530051143 474 

US EPA (2022) What are Biopes?cides? hnps://www.epa.gov/ingredients-used-475 

pes?cide-products/what-are-biopes?cides. Accessed 24 Jul 2023 476 

US EPA (2023) Toxicity Es?ma?on So|ware Tool (TEST). hnps://www.epa.gov/chemical-477 

research/toxicity-es?ma?on-so|ware-tool-test. Accessed 10 Jul 2023 478 

van der Werf MJ, Swarts HJ, de Bont JAM (1999) Rhodococcus erythropolis DCL14 479 

contains a novel degrada?on pathway for limonene. Appl Environ Microbiol 65:2092–480 

2102. hnps://doi.org/10.1128/aem.65.5.2092-2102.1999 481 



22 

Vargas-Pérez M, Egea González FJ, Garrido Frenich A (2020) Dissipa?on and residue 482 

determina?on of fluopyram and its metabolites in greenhouse crops. J Sci Food Agric 483 

100:4826–4833. hnps://doi.org/10.1002/jsfa.10542 484 

Yadav R, Singh S, Singh AN (2022) Biopes?cides: Current status and future prospects. 485 

Proc Int Acad Ecol Environ Sci 12:211–233 486 

Zhou S, Zhao L-T, Meng F-F, et al (2022) Synthesis, herbicidal ac?vity and soil degrada?on 487 

of novel 5-subs?tuted sulfonylureas as AHAS inhibitors. Pest Manag Sci 78:5315–5324. 488 

hnps://doi.org/10.1002/ps.7153 489 

  490 

  491 



23 

Statements & Declarations 492 

Ethical Approval 493 

Not applicable  494 

Consent to Participate  495 

Authors confirm their consent to par?cipate.  496 

Consent to Publish 497 

Authors confirm their consent to publish. 498 

 499 

Funding 500 

This work was supported by the University of Almeria, the Andalusian Ministry of 501 

Economic Transforma?on, Industry, Knowledge, and Universi?es and FEDER for financial 502 

support (project reference: UAL2020-FQM-B1943). 503 

Competing Interests 504 

The authors have no relevant financial or non-financial interests to disclose. 505 

Author Contributions 506 

Material prepara?on, data collec?on, analysis and first dra| of the manuscript were 507 

performed by Alba Reyes-Ávila. All authors commented on previous versions of the 508 

manuscript and approved the final manuscript. The conceptualiza?on and supervision 509 

were performed by Antonia Garrido Frenich and Roberto Romero-González. 510 

  511 



24 

Figure caption 512 

Figure 1. Degrada?on of limonene at normal dose rate in: a) clay loam soil 1 and b) sandy 513 

clay loam soil 1, and at double dose rate in c) clay loam soil 1 and d) sandy clay loam soil 514 

1. Error bars: standard devia?on (number replicates = 3). 515 

Figure 2. Degrada?on of trans-cinnamaldehyde at normal dose rate in: a) clay loam soil 516 

2, b) sandy clay loam soil 2 and c) sandy clay loam soil 1, and at double dose rate in d) 517 

clay loam soil 2, e) sandy clay loam soil 2 and f) sandy clay loam soil 1. Error bars: 518 

standard devia?on (number replicates = 3). 519 

Figure 3. GC-Q-Orbitrap chromatogram and MS/MS spectra of: a) standard of thymol at 520 

200 µg/L, and b) thymol (163.3 µg/kg) in sandy clay loam soil 1 at normal dose rate at 521 

day 1; and c) MS/MS spectra of thymol collected in NIST library. The theore?cal 522 

molecular weight of thymol is 150.10392 m/z. 523 

Figure 4. Structure of unknown metabolites of trans-cinnamaldehyde found with 524 

MassChemSite and Compound discoverer. 525 

 526 



Table 1. Validation parameters obtained for limonene and trans-cinnamaldehydea 

aAbbreviation: LOD: limit of detection; LOQ: limit of quantification; R2: coefficient of 
determination; RSD: relative standard deviation 
bEstimated as the ratio between the slope in matrix and solvent  
cNumber of replicates: 5 
 

Method Parameters Limonene trans-Cinnamaldehyde 
Matrix effectb 0.97 0.86 

R2 0.999 0.991 

LOD (µg/kg) 2 1 

LOQ (µg/kg) 10 5 

Recovery (%)c 
10 µg/kg 83.4 106.2 

100 µg/kg 100.0 93.2 

Intra-day precision: 
RSD (%)c 

10 µg/kg 16.3 16.4 

100 µg/kg 2.6 2.8 



Table 2. Kinetic parameters of limonene and trans-cinnamaldehyde degradationa 

Kinetic 
parameter 

Limonene trans-Cinnamaldehyde 
SCL1 CL1 SCL1 SCL2 CL2 

ND DD ND DD ND DD ND DD ND DD 
DT50 (days) 0.08 0.11 0.60 0.70 0.16 0.16 0.26 0.27 0.28 0.20 

DT90 (days) 0.28 0.35 2.00 2.32 0.54 0.54 0.88 0.91 0.94 0.67 

k (days-1) 8.30 6.54 1.15 0.99 4.25 4.25 2.63 2.53 2.45 3.45 

R2 0.9843 0.9973 0.9968 0.9817 0.9996 0.9998 0.9979 0.9975 0.9960 0.9999 
aAbbreviation: CL: clay loam soil; DD: double dose; DT50: half-life time; DT90: 90% dissipation time; k: rate constant; ND: normal dose; R2: coefficients of 
determination; SCL: sandy clay loam soil 
  



Table 3. Concentration (µg/kg) of limonene metabolites obtained by GC-HRMSa 

aAbbreviation: CL: clay loam soil; DD: double dose rate; ND: normal dose rate; SCL: sandy clay loam soil  

Metabolites 
SCL1 

Doses 0 hour 4 hours 1 day 1.5 day 2 days 3 days 4 days 7 days 

Thymol 
ND 107.5 100.2 163.3 175.2 128.5 37.5 114.5 109.3 

DD 317.3 127.2 163.3 179.5 120.2 187.3 68.2 146.1 

Cymene 
ND 17.1 19.7 4.8 2.2 39.3 22.5 22.9 < LOD 

DD 16.6 26.0 47.2 48.7 19.1 19.9 < LOD < LOD 

2-menthene DD 44.7 45.8 97.3 104.9 59.6 60.6 35.6 36.2 

Cymenene DD 58.6 59.8 98.9 100.4 61.5 61.1 50.1 51.5 

                                  CL1 

Thymol 
ND 53.7 55.6 52.9 55.4 51.9 20.7 25.8 75.5 

DD 137.3 138.0 110.7 110.5 60.0 104.8 27.9 106.6 



 

Table 4. LD50 values of limonene, trans-cinnamaldehyde and their metabolitesa 

Compound 
Oral LD50 (g/kg) 

Predicted Experimental 

Limonene 4.84 5.30 

Thymol 0.65 0.98 

Cymene 3.13 4.75 

Cymenene 4.96 - 

Isoterpinolene 4.41 3.65 
 

trans-Cinnamaldehyde 2.36 - 

Cinnamic acid 2.29 2.50 

4-Hydroxycinnamc acid 2.81 - 

CM1 2.87 - 

CM2 1.92 - 

CM3 3.87 3.60 

CM4 2.53 2.00 
aAbbreviation: LD50: median lethal dose 

 

 



Table 5. Concentration (µg/kg) of trans-cinnamaldehyde metabolites obtained by UHPLC-HRMSa 

aAbbreviation: CL: clay loam soil; DD: double dose rate; ND: normal dose rate; SCL: sandy clay loam soil 

 

Metabolites 
SCL2 

Doses 0 hour 4 hour 1 day 1.5 day 2 day 3 day 

Cinnamic acid 
ND 37.7 32.3 30.0 25.8 25.0 < LOD 

DD 32.8 27.5 11.7 11.0 < LOD < LOD 

4-Hydroxycinnamic acid 
ND 111.8 102.9 32.4 35.1 34.7 < LOD 

DD 127.9 140.9 12.7 12.2 < LOD < LOD 

CM1 DD 151.9 140.6 33.3 27.0 < LOD < LOD 

CM2 DD 772.7 882.3 644.0 714.7 96.5 81.4 

CM3 DD 156.2 198.4 136.7 144.6 < LOD < LOD 

CM4 DD 453.6 488.9 308.9 382.4 200.1 85.8 

                                               CL2 

Cinnamic acid 
ND 45.8 34.8 26.1 25.6 24.7 < LOD 

DD 42.4 36.1 12.1 11.0 < LOD < LOD 

4-Hydroxycinnamic acid 
ND 222.1 125.0 64.5 34.5 29.8 < LOD 

DD 72.7 70.2 38.8 21.2 < LOD < LOD 

CM2 DD 725.2 666.4 716.6 710.5 20.6 11.0 

CM3 DD 191.2 180.7 178.1 158.9 < LOD < LOD 

CM4 DD 404.8 402.4 436.4 402.8 79.1 54.7 










