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1 ABSTRACT

2 This study investigates the changes in sorption/desorption, dissipation and leaching of the two 

3 enantiomeric forms of the allelochemical carvone, R-carvone and S-carvone, after amending 

4 an agricultural soil sample with two nanoengineered sorbents: biochar (BC) and organoclay 

5 (OCl). The sorption of carvone enantiomers was non-enantioselective and similarly improved 

6 by the addition of OCl and BC to the soil. However, OCl-amended soil showed reversible 

7 sorption, whereas BC-amended soil displayed sorption-desorption hysteresis. Dissipation of 

8 carvone enantiomers was enantioselective. Both amendments increased the half-life of the 

9 enantiomers in soil compared to unamended soil. This effect was more pronounced for BC-

10 amended soil and for S-carvone. Leaching of R- and S-carvone through soil columns was 

11 scarce in unamended soil (< 7%), due to their rapid degradation during leaching, and null for 

12 OCl- and BC-amended soil, for which much of the applied R- and S-carvone remained in the 

13 top 0-5 cm amended soil layer. Addition of biochars and organoclays could help increase the 

14 persistence of carvone enantiomers in the rhizosphere, which may favor their use as residual 

15 pest management substances.

16

17 KEYWORDS: biochar, biopesticides, chiral pesticides, monoterpenes, organoclays, soil 

18 amendments, sorption
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20

21 INTRODUCTION

22 The unbridled use of synthetic pesticides is still a matter of concern due to the 

23 environmental risk, pest resistance problems, and loss of soil biodiversity associated with 

24 pesticide applications.1 This has led to a more restrictive legislation aiming at phasing out the 

25 application of these xenobiotics2 and implementing eco-friendly alternatives, compelling 

26 scientists to seek innovative approaches.3 In this regard, the use of natural products as a 

27 source of new pesticides is receiving increasing attention.2

28 Many natural compounds are allelochemicals, that is, chemicals which are released by 

29 living organisms (plants, insects, microbes, etc.) and are capable of stimulating or inhibiting 

30 the growth, health, behavior, or population biology of neighboring organisms.4 One important 

31 group of allelochemicals that has received the interest of scientists in the field of sustainable 

32 crop protection are the monoterpenes.5,6 Monoterpenes operate as a chemical defense against 

33 insects, bacterial and fungal pathogens, and herbivores; fragrances attractive to pollinators;7 

34 and phytotoxins to other plants.8 Nevertheless, in contrast to conventional pesticides, the 

35 direct use of monoterpenes for crop protection is not that simple. Once in the soil, 

36 monoterpenes rapidly undergo a series of transformation (degradation) and transport (e.g., 

37 leaching, volatilization) processes that decrease their biological efficacy, and this is possibly 

38 one of their weaknesses or “Achilles’ heel”.9,10 To control these processes, the sorption-

39 desorption of these compounds in soil plays a crucial role, since it dictates their bioavailability 

40 and consequently their final fate in soil.3,11

41 Nanotechnology seems to be a promising tool in the direction of designing improved 

42 formulations based on nanostructured sorbents for monoterpenes and other allelochemicals, 

43 since innovative nanoformulations can be used to enhance the stability and effectiveness of 

44 natural compounds in the environment.12,13 An alternative approach of using nanostructured 
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45 materials is their direct application to soils to modulate the bioavailability and activity of 

46 allelochemicals either after these are released directly by plants or exogenously applied to 

47 soil. In this way, their residual activity in the rhizosphere, where they should exert their 

48 action, may be prolonged.14 

49 Biochar and clay minerals are nanostructured materials which have been proposed to 

50 control the behavior of synthetic pesticides in soils. Biochar (BC) is defined as the solid 

51 material produced as a result of the pyrolysis of biomass, used to achieve agricultural and/or 

52 environmental benefits, such as reducing greenhouse gas (GHG) emissions and improving 

53 crop yield, plant growth, nutrient and water retention capacity and biological activity of 

54 soils.15,16 Simultaneously, due to the peculiarities of their surfaces, BC is a good sorbent for 

55 organic compounds. It has been reported that lower pyrolysis temperature biochars 

56 (350−500°C) could be the more suitable for minimizing environmental impacts of applied 

57 pesticides while maintaining their efficacy, because the main sorption mechanism implies 

58 reversible, partitioning and specific interactions on biochar surfaces.17,18 On the other hand, 

59 based on their nano-sized layers and the versatility of their structures, expandable clay 

60 minerals can easily be modified in order to obtain a new type of material which shares 

61 properties of both natures (organic/inorganic), known as nano-hybrid or organoclay (OCl).19 

62 OCls usually exhibit excellent sorbent properties towards organic compounds. In agricultural 

63 and environmental sciences, they have been proposed as supports in slow release pesticide 

64 formulations, immobilizing materials, and soil amendments.20,21

65 Carvone is a chiral monoterpene existing in nature as two enantiomers, S-carvone and R-

66 carvone (Figure S1), which are constituents of the essential oils from different seeds, such as 

67 caraway, dill, and spearmint seeds.22 Carvone enantiomers can be targeted as new active 

68 ingredients in commercial biopesticide formulations due to their reported fungistatic, 

69 bacteriostatic, insecticidal, and phytotoxic features.6,23 In a previous work, we found that 
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70 organic carbon is a key factor in the sorption of carvone enantiomers in soil, although the 

71 mineral fraction can also be important in soils with very low organic carbon contents.24 The 

72 dissipation of the enantiomers in soil was fast, microbial-mediated, and enantioselective.24 

73 Given that the addition of BC and OCls to soil has been reported to affect the fate of soil-

74 applied pesticides by modifying their sorption-desorption behavior, changing their 

75 degradation patterns and altering their leaching in soils,20,21,25 here we hypothesized that these 

76 nanostructured sorbents could be used to modulate the soil behavior of carvone enantiomers 

77 as well, in order to prolong their presence in the rhizosphere and increase their residual 

78 activity. Hence, the objective of this work was to assess the effect of adding OCl and BC to an 

79 agricultural soil on the sorption-desorption, degradation and leaching patterns of carvone 

80 enantiomers, and, to provide data for establishing new scientific-based management options 

81 for the potential application of carvone as a residual crop protection product.

82

83 MATERIALS AND METHODS

84 Carvone enantiomers. R-carvone and S-carvone were purchased as individual 

85 enantiomers from Sigma-Aldrich with a purity of 99.9% and 98.5%, respectively. As a typical 

86 characteristic of enantiomers, R- and S-carvone present the same physicochemical properties, 

87 e.g. molecular weight (150.2 g/mol), water solubility (27 mg/L) and vapor pressure (21.3 Pa 

88 at 25 °C).26 The aqueous solutions of carvone used for the sorption-desorption experiments 

89 were all racemic and were prepared by diluting a racemic methanolic stock solution of 200 

90 mg L-1 of (R+S) carvone, which was obtained by dissolving 10 mg of each enantiomer in 100 

91 mL of methanol.24 

92 Sorbents and Soil. The two sorbents used in this work as soil amendments were a low-

93 temperature biochar (BC) and an organophilic organoclay (OCl). The BC was prepared by 

94 pyrolyzing composted olive mill waste at 400 ºC under a flow of N2 at 1.5 L/min for 4 h. The 
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95 chemical properties of the BC were: 30% C, 1.8% N, 58% ash, N2-SBET < 1 m2/g, and a pH of 

96 9.8 determined in a 1:2 (w/v) BC/deionized water suspension. The OCl was 

97 cetyltrimethylammonium (CTMA)-saturated Arizona montmorillonite and was prepared by 

98 treating Ca-rich Arizona montmorillonite (SAz-1) from The Clay Minerals Society with a 

99 solution containing an amount of CTMA equivalent to the cation exchange capacity (CEC) of 

100 SAz-1 (1200 mmol/kg). Specific details of the synthesis can be found elsewhere.21 This OCl 

101 had a basal spacing value of 2.25 nm, 22% C, 1.3% N, and a N2-SBET of 11 m2/g.

102 The soil used was a sandy loam soil devoted to olive crop from an experimental farm 

103 located in Seville (Spain). It was collected from a 0-20 cm depth, air-dried, sieved through a 2 

104 mm mesh, and stored at 4 ºC prior to use. The soil contained 75% sand, 9% silt, 17% clay, 

105 1.9% CaCO3 and 0.63% organic carbon. The pH of a 1:2 (w/v) soil/deionized water mixture 

106 was 7.3. 

107 Sorption-Desorption Isotherms. The sorption-desorption isotherms of R- and S-carvone 

108 in unamended soil and in soil amended with BC and OCl were obtained by the batch 

109 equilibration method. In triplicate, 4 g of soil samples, either unamended or amended with BC 

110 or OCl at 2% (w/w), were weighed in Pyrex® glass screw-cap centrifuge tubes. To avoid the 

111 degradation of carvone enantiomers, the tubes containing the soil samples were subjected to 

112 three sequential autoclaving cycles for 20 min at 121 °C and 200 kPa on three consecutive 

113 days, with 24 h-incubation periods at 25 ºC between successive cycles.24 Subsequently, 8 mL 

114 of racemic aqueous solutions of carvone were added to each tube in concentrations (R+S) 

115 ranging from 0.1 to 2 mg/L, and the suspensions were equilibrated for 24 h by shaking at 25 ± 

116 2 ºC in an end-over-end shaker. Then, the tubes were centrifuged at 5000 × g for 15 minutes 

117 and 4 mL of the supernatant solutions were removed and stabilized with 4 mL of methanol to 

118 prevent losses of carvone prior to the analysis.24 The stabilized supernatants were filtered 

119 (0.45 µm) and analyzed by chiral-HPLC to quantify the aqueous solution concentration of 
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120 each enantiomer of carvone (Ce). The amount of R- and S-carvone sorbed, Cs (mg/kg), was 

121 calculated from the difference between their initial, Ci (mg/L), and final, Ce (mg/L), aqueous 

122 solution concentrations. Controls without soil were also prepared, and indicated negible 

123 chemical losses by processes other than sorption by the soil.

124 Desorption was measured by the successive dilution method, from the highest equilibrium 

125 point of the sorption isotherm, replacing the 4 mL of supernatant solution removed for the 

126 sorption analysis with 4 mL of deionized water. The tubes were re-suspended, shaken, and re-

127 equilibrated for 24 h at 25 ± 2 °C. Subsequently, the suspensions were centrifuged and 4 mL 

128 of the supernatant solutions were removed, stabilized with methanol, filtered, and analyzed by 

129 chiral HPLC. This procedure was repeated three times to complete the desorption isotherm.

130 Data from both sorption and desorption isotherms were fitted using the log-linear form of the 

131 empirical Freundlich model:

132

133 log Cs = log Kf + Nf log Ce

134

135 where Kf ((mg/kg)/(mg/L) Nf) and Nf (unitless) are the Freundlich constants. 

136 Additionally, to evaluate the irreversibility of the sorption-desorption process, the 

137 Thermodynamic Index of Irreversibility (TII) was used:

138

139 TII =1 - (Nfd/Nf)

140

141 where Nf and Nfd are the Freundlich constants obtained from the sorption and desorption 

142 isotherm, respectively.27 TII ranges from 0 to 1, where TII= 0 denotes completely reversible 

143 sorption and TII= 1 indicates irreversible sorption.

Page 8 of 32

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



8

144 Incubation Experiment. An incubation experiment in darkness and under aerobic 

145 conditions was designed to evaluate the dissipation of carvone enantiomers under three 

146 treatments, unamended soil and soil amended with BC or OCl at 2% (w/w). In duplicate, 50 g 

147 of soil, either unamended or amended, were placed in glass jars and spiked with 0.5 mL of the 

148 methanolic stock solution (200 mg/L) of (R+S)-carvone to reach a final rate of 2 mg of 

149 (R+S)-carvone/kg dry soil. The moisture content was adjusted to a value close to the water 

150 holding capacity of the soil (~ 30%) and was regularly checked and gravimetrically re-

151 adjusted by adding distilled water as necessary. Separately and prior to carvone spiking, 

152 another set of soil samples (unamended and BC- and OCl-amended soil) was autoclaved as 

153 detailed above, to estimate the biodegradation of carvone in sterilized soil samples. All glass 

154 jars were incubated at 25 ± 2 ºC for one week. At selected times, duplicate subsamples of 3 g 

155 of soil were sampled from each jar and immediately frozen until analyzed. Residues of R- and 

156 S-carvone were determined by extraction with 8 mL of methanol by shaking for 24 h. 

157 Recoveries were greater than 95% of the R- and S-carvone freshly applied to the unamended 

158 or amended soil. The extracts were analyzed by chiral HPLC. 

159 Experimental data of R- and S-carvone dissipation in unamended and amended soil were 

160 fitted to a first-order kinetic rate law:

161

162 C = C0  e-kt

163

164 where C (mg/kg) and C0 (mg/kg) are the concentration of each enantiomer in the soil at time t 

165 (days) and t= 0, respectively, and k (1/day) is the first-order dissipation rate constant. The 

166 half-lives (t1/2) of carvone enantiomers were calculated as t1/2= 0.693/k.

167 The enantioselectivity of the dissipation process for carvone under the different 

168 treatments was evaluated using the enantioselective factor, ES, which considers the excess of 
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169 the rate of the fastest over the slowest degraded enantiomers using the formula proposed by 

170 Müller and Buser:28

171

172 ES= (k1-k2)/(k1+k2)

173

174 where k1 and k2 are the first-order rate constants for the fastest and slowest degraded 

175 enantiomer, respectively. The ES value ranges between 0 (for a non-enantioselective process) 

176 and 1 (for a fully enantioselective process: k2 = 0 or k2<<k1).

177 Enantiomer fractions (EF) along the dissipation experiment were calculated according to 

178 Harner et al.29 criteria as:

179

180 EF = [S-carvone]/([S-carvone]+[R-carvone])

181

182 where [S-carvone] and [R-carvone] are the individual concentration of each carvone 

183 enantiomer. EF equal to 0.5 denotes racemic residues and EF higher or lower than 0.5 

184 indicates non-racemic residues.

185 Soil Respiration Experiment. The effect of the amendments (BC and OCl) as well as 

186 the effect of the autoclaving process on soil respiration was also assessed. This parameter was 

187 measured following the alkali trapping–titrimetric procedure described by Anderson.30 Soil 

188 samples (20 g) were placed in volumetric flasks joined to a trap containing 20 mL of 0.2 M 

189 NaOH to capture the released CO2. The flasks were then closed with Teflon-lined stoppers, 

190 and incubated at 25 ± 2 ºC. After 7 days, an excess of BaCl2 was added to the alkali traps to 

191 precipitate carbonate, and then the unreacted NaOH was back-titrated with 0.1 M HCl using 

192 phenolphthalein as an indicator. In this way, the amount of CO2 released by samples of 
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193 unamended soil and of soil amended with BC and OCl, either autoclaved or non-autoclaved, 

194 was quantified. The experiment was performed in duplicate.

195 Column Leaching Experiment. Leaching was studied in 30 cm length × 3.1 cm internal 

196 diameter (i.d.) glass columns filled with 160 g of dry soil (unamended soil) to a height of 20 

197 cm of soil in each column (bulk density ≈ 1.1 g/cm3). Amendment consisted of mixing the 

198 upper 5 cm of soil in the column (40 g) with BC or OCl at a rate of 2% (0.8 g), which was 

199 equivalent to about 10 t/ha. Glass wool was placed at the bottom of the columns to avoid soil 

200 losses, and 10 g of sea sand was added at the bottom and top of all soil columns. Next, the 

201 columns were saturated by adding 100 mL of distilled water and allowed to drain overnight. 

202 The pore volume calculated for the soil columns was 60 ± 1 mL. Subsequently, (R+S)-

203 carvone was applied to the top of the columns in amount equivalent to a dose of 2 kg/ha (0.75 

204 mL of the 200 mg/L methanolic stock solution of R+S carvone). Next, three times a day, 15 

205 mL of distilled water was added to complete 12 additions in 4 days. Three hours after each 

206 water addition, the leachates were collected in vials containing 5 mL of methanol and stored 

207 at 4 °C in the dark prior to analysis. Then, the leachates were filtered and analyzed by chiral 

208 HPLC to determine the R- and S-carvone concentrations. At the end of the leaching 

209 experiment, the residual amounts of carvone enantiomers remaining in the soil columns at 

210 different depths (0−5, 5−10, 10−15, and 15−20 cm), were extracted with 100 mL of methanol 

211 and analyzed by chiral HPLC.

212 Analysis of Carvone Enantiomers. Carvone enantiomers were determined by chiral 

213 HPLC using a Waters 600E chromatograph coupled to a Waters 996 diode-array detector. The 

214 enantiomers were resolved with a Chiralpak IG column (150 mm length × 4.6 mm i.d. and 3 

215 μm of particle size from Chiral Technologies Europe) using a mobile phase of 

216 acetonitrile:water (50:50) at a flow rate of 1 mL/min, with a sample injection volume of 50 

217 µL and UV detection at 236 nm. The retention times under these conditions were 8.0 and 8.9 
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218 min for R-carvone and S-carvone, respectively. The limit of quantification (LOQ), calculated 

219 as the concentration resulting in a signal to noise ratio of 10:1, was 0.01 mg/L. More details 

220 regarding the analytical conditions can be found elsewhere.24

221 Data Analysis. Statistical analysis was performed using Sigmaplot v.13.0. Standard error 

222 was used to specify variability among independent replicates. Soil respirations, enantiomer 

223 fractions (EF), distribution coefficients (Kd), first-order dissipation rate constants, and column 

224 leached and extracted fractions were compared using paired t-test to classify significant 

225 differences between treatments. Significant statistical differences were considered at p < 0.05. 

226

227 RESULTS AND DISCUSSION

228 Sorption-desorption Isotherms of Carvone Enantiomers on Unamended and 

229 Amended Soil. Sorption of R- and S-carvone by unamended soil and by soil amended with 

230 OCl and BC was non-enantioselective; both enantiomers were sorbed equally at all tested 

231 concentrations (Figure 1). The same behavior was observed in a previous work, where the 

232 sorption of carvone enantiomers in six different soils, was assessed,24 and also for the sorption 

233 of the chiral phytohormone abscisic acid by unamended and amended soil.14 It is known that 

234 when sorption of chiral solutes on soil is measured using racemic initial solutions, the process 

235 is usually apparently non-enantioselective.31–33 The fact that for all treatments the sorption-

236 desorption isotherms of R- and S-carvone overlapped (Figure 1) also confirmed that little, if 

237 any, biodegradation occurred during the experiment. This is because, given that the 

238 biodegradation of carvone is an enantioselective process, biodegradation during the sorption-

239 desorption experiment would have resulted in the pathway of sorption or desorption of R-

240 carvone being different from that of S-carvone.24

241 The sorption isotherms fitted well to the Freundlich equation (R2 > 0.989). The uptake of 

242 carvone enantiomers was non-linear with Nf values ranging from 0.75 to 0.83 (Table S1). This 
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243 indicated that sorption was concentration-dependent and sorption sites became limited at high 

244 carvone solution concentrations.34 The addition of the amendments to the soil enhanced the 

245 sorption of carvone enantiomers. According to the Kf values, sorption followed the order: 

246 unamended soil < OCl-amended soil ~ BC-amended soil (Table S1). 

247 Different types of surface interactions could have controlled carvone sorption in OCl- and 

248 BC-amended soil. The improved affinity of R- and S-carvone towards OCl-amended soil can 

249 be ascribed to hydrophobic-type interactions with the interlayer organic phase of the OCl,35 

250 facilitated by the large basal spacing value (d001= 2.25 nm) that OCl possesses.36,37 Polar 

251 interactions between the ammonium group of the alkylammonium cations (CTMA) of OCl 

252 and the O-containing functionality present in the structure of carvone (Figure S1) could also 

253 have contributed to the sorption mechanism.21,37,38 Regarding BC-amended soil, several works 

254 have reported that sorption of organic compounds in BC-amended soils is influenced by 

255 physical-chemical properties of the BC such as its carbon content and specific surface 

256 area.39,40 For the BC used in this study, neither the carbon content nor the SSA was 

257 particularly high, which suggests that other BC properties could have contributed to the 

258 sorption of carvone. Biochars produced at lower pyrolysis temperatures (e.g., 400 ºC) contain 

259 a considerable amount of amorphous organic matter, which provides a partitioning medium 

260 for the sorption of organic compounds.41,42 Furthermore, the polarity of carvone could have 

261 played an important role, given that low temperature BCs maintain surface functional groups 

262 from feedstock which favor polar interactions, as reported for other polar organic 

263 compounds.17

264 The bioavailability and bioactivity of carvone in soil will be controlled, not only by the 

265 extent of sorption, but also by the degree of sorption reversibility. The shape of desorption 

266 isotherms was consistent with the sorption mechanism proposed above. Only in the case of 

267 OCl-amended soil, carvone enantiomers exhibited a fully reversible behavior with the 
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268 desorption branches completely coinciding with the sorption ones (Figure 1). This indicated 

269 that sorption was dominated by weak, hydrophobic-type interactions, as proposed for the 

270 interaction of different organic compounds with organophilic organoclays.20,35 On the 

271 contrary, both unamended soil and BC-amended soil showed certain resistance to carvone 

272 desorption (Figure 1). The effect was more pronounced in the case of BC-amended soil, with 

273 TII values of 0.76 and 0.77 for R- and S-carvone, respectively, in comparison to the TII 

274 values of 0.49 and 0.50 for R- and S-carvone in unamended soil (Table S1). The hysteresis 

275 observed indicated that there was a fraction of carvone molecules in BC-amended soil, which 

276 was strongly or irreversibly bound to soil or BC particles. It has been reported that polar 

277 interactions contributed to hysteresis more than the partitioning mechanism in the sorption of 

278 organic compounds on biochar.43 Furthermore, the L-type isotherms indicated sorption sites 

279 with different energy levels which could have resulted in rate-limited sorption or desorption.43 

280 Additional causes of irreversibility of organic compounds in BC-amended soil are linked to 

281 intraparticle diffusion, pore deformation during sorption, or entrapment into micropores,44 

282 together with some experimental artefacts.45

283 Dissipation. The dissipation curves of carvone enantiomers in unamended soil and in soil 

284 amended with OCl and BC are shown in Figure 2. The first-order dissipation rate constants 

285 and half-lives for R- and S-carvone together with the enantioselectivity factor (ES) are given 

286 in Table 1. The degradation of carvone enantiomers followed the same pattern as that 

287 observed by Gámiz et al.24 for unamended soils, that is, dissipation was enantioselective and 

288 the S-enantiomer was degraded faster than the R-enantiomer (Figure 2) in all treatments. 

289 Specifically, in unamended soil, the dissipation of both enantiomers was faster than to that in 

290 BC- and OCl-amended soil (p < 0.05), with half-lives of 1.2 days for R-carvone and 0.7 days 

291 for S-carvone (Table 1). These half-life values are in agreement with data formerly reported 

292 for the dissipation of carvone in a similar sandy loam soil.24 The short half-lives revealed the 
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293 need to increase the persistence of this type of compound if it is intended to be used as a 

294 residual (soil-applied) pest management product.46,47 

295 Amendment of the soil affected the dissipation rates of the enantiomers, although the 

296 preferential degradation of S-carvone over R-carvone remained (Figure 2). The addition of 

297 OCl or BC to the soil resulted in an increase in the persistence of both R- and S-carvone (p > 

298 0.05) (Table 1). When comparing treatments, the persistence of R-carvone in soil (t1/2= 1.2 

299 days) significantly changed upon the addition of OCl (t1/2= 2.6 days) or BC (t1/2= 5.6 days) (p 

300 < 0.05) (Table 1). Similarly, the addition of OCl and BC to the soil increased the half-life of 

301 S-carvone from 0.7 days to 1.6 and 3.4 days, respectively (p < 0.05) (Figure 2 and Table 1). 

302 Regarding the enantioselectivity, when ES was used to describe the overall 

303 enantioselectivity in the dissipation process, both unamended and OCl-amended soil showed 

304 an ES value of 0.24 (Table 1). This indicated that the dissipation process, as described by ES, 

305 was scarcely enantioselective, most likely, due to the short half-lives observed, which were 

306 not long enough to develop a marked enantioselectivity. Nevertheless, the low persistence of 

307 S-carvone in unamended soil rendered an EF= 0 at only 3 days after the spiking with the 

308 enantiomers (Figure S2), contrasting with an EF= 0.31 (p < 0.05) for OCl-amended soil at the 

309 same sampling time. This result confirmed that for compounds which are rapidly degraded in 

310 soil, the interpretation of enantioselectivity by ES becomes complicated. For BC-amended 

311 soil, ES reached a value of only 0.18 (Table 1), which indicated on even lower 

312 enantioselectivity than in unamended soil, also supported by the EF value of 0.44 at the end of 

313 the experiment (Figure S2). 

314 Enantioselectivity in the dissipation of chiral compounds has been related to biological 

315 degradation processes.32 By autoclaving the soil, we confirmed that carvone dissipation in soil 

316 mainly proceeded via biodegradation.24 More than 80% of the initial carvone added to the 
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317 sterilized (unamended or amended) soil samples remained after 8 days of incubation, and the 

318 remaining residues were racemic (EF= 0.5) (Figures 2 and S2). 

319 The greater sorption registered for carvone enantiomers in the amended soil (Figure 1, 

320 Table S1) would explain their longer persistence compared to the unamended soil (Figure 2, 

321 Table 1). Greater sorption typically implies greater persistence in soil, because the sorbed 

322 compound is protected from biodegradation.48 Enantioselective dissipation patterns can also 

323 change due to an indirect effect of sorption,49 because sorption will preserve originally 

324 racemic residues which are not as degraded and therefore, more racemic in soils.14,32 It should 

325 be noted that the bioavailability and bioaccessibility of organic compounds in soil will depend 

326 not only on sorption, but also on the desorption process.48 In spite of the fact that BC- and 

327 OCl-amended soil displayed similar affinity for carvone enantiomers, the latter did not extend 

328 the presence of S-carvone as much as BC did. This finding could be related to the higher 

329 reversibility of carvone in OCl-amended soil compared to the resistance to desorption 

330 manifested by R- and S-carvone in BC-amended soil (Figure 1). In addition, Gámiz et al.14 

331 recently reported that organoclays can lose their sorption performance with incubation time in 

332 soils, whereas the opposite appears to happen with BC, which progressively increased its 

333 affinity for organic compounds.

334 It could be argued that the increase in persistence of carvone enantiomers in soil upon 

335 amendment with OCl and BC, could have been a consequence of some toxic effect of the 

336 amendments on the soil microbial activity.50 To address this possibility, soil respiration 

337 measurements were performed on non-autoclaved and autoclaved soil samples, and the result 

338 is shown in Figure 3. First, it was confirmed that sterilization, through three consecutive 

339 autoclaving steps, significantly reduced the soil respiration in all treatments (p < 0.05). This 

340 further supported biodegradation as the main degradation pathway of carvone enantiomers in 

341 the soil. Additionally, regarding a possible toxic effect of the amendments, data from the non-
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342 sterilized treatment indicated that the addition of BC increased the soil respiration (p< 0.05), 

343 whereas the addition of OCl did not have any significant effect (p > 0.05) (Figure 3). This 

344 supported that the greater t1/2 values and variations in EF values for carvone upon soil 

345 amendment, were most likely to be a consequence of the indirect effect of sorption rather than 

346 of a direct (negative) effect of the amendments on microbial degraders.

347 Leaching. Very low amounts of R- and S-carvone leached from the unamended soil 

348 columns. These amounts scarcely reached 5% and 1% for R- and S-carvone, respectively 

349 (Table 2). For OCl- and BC-amended soil, neither R-carvone nor S-carvone was detected in 

350 leachates (Table 2). This behavior can be attributed to: i) the rapid degradation of the 

351 enantiomers during leaching through the soil column and ii) the greater sorption registered 

352 after amending the soil with OCl or BC, which could have retained the enantiomers in the first 

353 0-5 cm of soil, the portion of the soil where the amendment was added. These two 

354 mechanisms were confirmed by the extraction of the soil columns at the end of the leaching 

355 experiment (Figure 4, Table 2). The presence of the amendments in the soil increased the 

356 amounts of R-carvone extracted (p < 0.05) in respect to unamended soil and followed the 

357 order: unamended (7%) < OCl-amended (22%) < BC-amended soil (39%) (Table 2). For S-

358 carvone, differences between the three treatments were also significant (p < 0.05) and the 

359 trend was identical: unamended (3%) < OCl-amended (12%) < BC-amended soil (39%) 

360 (Table 2). These results were in agreement with the tendency observed in the dissipation 

361 experiment where the amendments enhanced the persistence of the enantiomers in the soil 

362 (Figure 2), so that sorption delayed the dissipation and allowed the enantiomers to remain for 

363 longer in the soil. The effect of sorption was more noticeable for BC-amended soil, where the 

364 entire amount extracted corresponded to the upper 5 cm of soil (where BC was added) and 

365 carvone was not detected further down (Figure 4). Likewise, this probably reflected the 

366 difficulty that R- and S-carvone encountered to desorb from BC-amended soil compared to 
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367 unamended and OCl-amended soil (Figure 1). In the latter cases, both R- and S-carvone 

368 surpassed the 0-5 cm of soil and reached the next 15 cm of soil (Figure 4). This indicated 

369 weaker interaction and easier desorption of the enantiomers in unamended soil and OCl-

370 amended soil assisted by rapid degradation, bearing in mind that the non-sorbed fraction is 

371 expected to be more susceptible to microbial degradation than the sorbed fraction.14 As a 

372 result, the amount of carvone not recovered can reasonably be endorsed to the biotic 

373 transformation rather than to the formation of bound residues.

374 Differences in the enantioselectivity between treatments were evaluated according to the 

375 amounts extracted from the soil columns. The calculated EF values of extracted residues of 

376 carvone were similar for unamended soil (EF=0.32 ± 0.02) and for OCl-amended soil 

377 (EF=0.32 ± 0.03). In contrast, carvone residues in BC-amended soil remained completely 

378 racemic with EF= 0.5 ± 0.03, which suggested sorption, which normally does not modify the 

379 enantiomer distribution in soils, keeping carvone residues more racemic in soil.14 

380 In summary, OCl and BC were appropriate amendments in increasing the affinity of soil 

381 towards carvone enantiomers and modifying their dissipation and leaching patterns. Carvone 

382 was sorbed similarly on both OCl- and BC-amended soil, but divergences were found in the 

383 desorption process. BC-amended soil manifested hysteretic sorption, whereas a fully 

384 reversible process for OCl-amended soil was observed. There was no enantioselectivity in 

385 carvone sorption. Dissipation of carvone was microbially mediated and enantioselective, with 

386 preferential degradation of S-carvone over R-carvone in both unamended and amended soil. 

387 The degradation and leaching of carvone enantiomers was influenced by the addition of OCl 

388 and BC to soil; both amendments increased the persistence and reduced the leaching of the 

389 enantiomers in soil, but the effect was more pronounced and resulted in more racemic 

390 residues for BC-amended soil. Results from this study suggest that the addition of 

391 organoclays and biochars to soil could be a good strategy to prolong the presence of carvone 
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392 enantiomers in the topsoil by reducing their biodegradation and transport losses. In this way, 

393 their bioactivity in the rhizosphere could be enhanced, which may be useful in taking 

394 advantage of their allelopathic activity. 

395
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397 BC, biochar; EF, enantiomer fraction; ES, enantioselectivity factor; HPLC, high performance 
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572 FIGURE CAPTIONS

573

574 Figure 1. Sorption−desorption isotherms of R-carvone and S-carvone on unamended soil and 

575 soil amended with OCl or BC. 

576

577 Figure 2. Dissipation curves for R- and S-carvone during the incubation experiment with 

578 non-autoclaved (circles) and autoclaved (squares) soils. In the dissipation curves, symbols 

579 indicate experimental data points obtained from the mean of two independent replicates and 

580 four observations per treatment. Lines correspond to the fits to first-order dissipation kinetics 

581 for non-autoclaved samples. Error bars denote standard errors of independent duplicates.

582

583 Figure 3. Soil respiration values of unamended soil (Soil) and soil treated with organoclay 

584 (Soil + OCl) or biochar (Soil + BC). Error bars indicate ± standard errors of independent 

585 duplicate measurements.

586

587 Figure 4. Percentage of carvone extracted from different depths of soil columns at the end of 

588 the leaching experiment. Error bars indicate + standard errors of triplicate columns.

589
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590 Table 1. Single First-Order Dissipation Rate Constants and Half-Lives for R- and S-Carvone and the Enantioselectivity Factor (ES) in 
591 Unamended or Amended Soils 

                      R-carvone S-carvone

treatment k

(d-1)

t1/2

(d)

R2 k

(d-1)

t1/2

(d)

R2 ESa

non-autoclaved 0.598 ± 0.074b 1.2 0.969 0.989 ± 0.043 0.7 0.984 0.24unamended 

soil autoclaved n.f. c n.f.

non-autoclaved 0.267 ± 0.025 2.6 0.975 0.435 ± 0.018 1.6 0.996 0.24OCl-amended 

soil autoclaved n.f. n.f.

non-autoclaved 0.125 ± 0.008 5.6 0.984 0.181 ± 0.006 3.4 0.996 0.18BC-amended 

soil autoclaved n.f. n.f.

592 a Enantioselectivity factor: ES=(kS-kR)/(kS+kR)
593 b Value ± standard error.
594 c Not fitted due to very low dissipation
595
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597

598 Table 2. R- and S-carvone Leached, Extracted from Soil Columns, and not Recovered after the Leaching Experiment with Unamended 
599 and OCl- and BC-amended Soil
600
601

Fraction unamended soil OCl-amended soil BC-amended soil

leached (%) R-carvone 5 ± 0a < 1 < 1

S-carvone 1 ± 1 < 1 < 1

extracted (%) R-carvone 7 ± 3 22 ± 7 39 ± 1

S-carvone 3 ± 1 12 ± 3 39 ± 1

not recovered (%) R-carvone 88 ± 3 78 ± 7 61 ± 1

S-carvone 96 ± 2 88 ± 3 61 ± 1
602
603 a Mean ± standard error of triplicate columns.
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Figure 1. Sorption−desorption isotherms of R-carvone and S-carvone on unamended soil 
and soil amended with OCl or BC.
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Figure 2. Dissipation curves for R- and S-carvone during the incubation experiment with 
non-autoclaved (circles) and autoclaved (squares) soils. In the dissipation curves, symbols 
indicate experimental data points obtained from the mean of two independent replicates 
and four observations per treatment. Lines correspond to the fits to first-order dissipation 
kinetics for non-autoclaved samples. Error bars denote standard errors of independent 
duplicates.
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(Soil + OCl) or biochar (Soil + BC). Error bars indicate ± standard errors of independent 
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Figure 4. Percentage of carvone extracted from different depths of soil columns at the end of the leaching experiment. Error bars indicate + standard 
errors of triplicate columns.
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