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We analyzed the factors in,uencing pesticide sorption to soils by testing 17 pesticides with di-erent polarity and chemical 
structures in 8 soils, including major types in Japan. .e soil–water distribution coe/cients (Kd) were signi0cantly positively 
correlated with organic carbon (OC) content. However, the OC-normalized sorption coe/cients (Koc) of many pesticides ex-
hibited high variability among soils. Solid-state 13C nuclear magnetic resonance (NMR) was performed to elucidate the e-ect of 
OC quality on Koc variability. .e NMR results indicated that the aromatic carbon content in soil was positively correlated with 
the Koc values of pesticides. .e sorption pattern of pesticides to soils containing abundant aromatic carbon was in,uenced by 
the di-erences in the molecular structures of pesticides, similar to that to activated carbon and graphite. .e results indicate the 
aromatic carbon in soils, particularly black carbon, is an important factor in,uencing the sorption of pesticides to soils.  © Pes-
ticide Science Society of Japan
Keywords: pesticides, soil sorption, soil properties, organic carbon quality.
Electronic supplementary materials: .e online version of this article contains supplementary materials (Supplemental Figures 
S1–S3 and Supplemental Tables S1–S8), which are available at http://www.jstage.jst.go.jp/browse/jpestics/.

Introduction
Soil sorption is one of the important processes in the fate and 
behavior of pesticides in the environment. .e soil–water distri-
bution coe/cient, Kd, and the organic carbon (OC)-normalized 
sorption coe/cient, Koc, are widely used to predict pesticide 
contamination of groundwater1,2) and run-o- properties from 
paddy 0elds into rivers.3,4) Furthermore, sorption behavior af-
fects the phyto- and bio-availability of pesticides in soils.5–7) .e 
pesticide regulatory system in Japan requires sorption studies 
prior to the registration of newly developed pesticides. However, 
most data in registration dossiers are not disclosed in detail.

Japan is a typical volcanic country. Although volcanic ash 
soils are widely distributed throughout Japan and cover approxi-
mately half of all upland 0elds,8) there is little available informa-
tion on the sorption behavior of pesticides in Japanese volcanic 
ash soils.

Nonionic pesticides generally sorb to soil particles via hydro-

phobic interactions. Hence, soil sorption is strongly in,uenced 
by OC content in soil. However, the Koc values of a pesticide 
are highly variable, depending on the soil type.9–13) Soil OC is 
considered to comprise polysaccharides, lignin, tannins, amino 
acids, and lipids as well as modi0ed substances arising from the 
abiotic and biotic degradation of plant, microbial, and animal 
remains in soils.14–16) Recent studies11–13) suggest that the vari-
able physicochemical nature of soil OC is one reason for the 
variability of Koc values. .ese studies investigated the relation-
ship between Koc values and the chemical composition of OC by 
solid-state 13C cross-polarization magic angle spinning nuclear 
magnetic resonance (CPMAS NMR) spectroscopy, which pro-
vides the basic structural information of OC.17) .e results of 
these studies demonstrate that Koc variability can be explained 
by the di-erence in the OC quality of soils, i.e., the proportions 
of aryl carbon, alkyl carbon, O-alkyl carbon, and carboxyl car-
bon in soil OC. Japanese arable land has a wide range of organic 
carbon (up to 15%) because volcanic ash soil (i.e., Andosol) con-
tains a large amount of organic carbon.18) .erefore, the vari-
ety of OC quality and variability of Koc values may be higher in 
Japanese soils than in non-Japanese soils.

In addition, recent studies report OC in soils includes black 
carbon (BC) such as char and soot, which are products of the 
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incomplete combustion of vegetation by wild0res or human 
activity.19–22) BC strongly sorbs organic chemicals, including 
pesticides. Yang et al.23) investigated the sorption of diuron on 
soils amended with ash from the burning of crop residues; they 
found that diuron sorption increases with increasing soil wheat 
ash content and is dominated by ash in soil with at least 0.05% 
ash content. Likewise, Loganathan et al.24) show that the pres-
ence of 1% wheat char applied to soils controls the overall sorp-
tion of atrazine on soils. Although no quanti0cation methods 
for BC in soils have been established,25) Shindo et al.21) isolated 
the charred plant fragments from Japanese Andosols by a spe-
ci0c gravity method and reported the percentage of OC content 
of charred plant fragments in whole soil ranges from 3.4–33%. 
However, there are no reports about the e-ect of BC-like materi-
als present in Japanese Andosol on the sorption properties of 
pesticides.

.e objectives of this study are as follows: (i) to measure the 
Kd values of 17 pesticides in 8 typical Japanese soils; (ii) to as-
sess the relationships between Kd values and soil properties, par-
ticularly the contribution of OC to sorption properties and the 
extent of Koc variability in Japanese soils; and (iii) to investigate 
the e-ects of the molecular nature of OC on Koc variability.

Materials and Methods
1. Pesticides
Seventeen pesticides with varying hydrophobicity were used in 
sorption tests (Table 1). .e chemical structures and dissocia-
tion constants (pKa) of the test pesticides are shown in Supple-
mental Table S1. .e predicted octanol–water partition coe/-

cients (log Kow), pKa, and octanol–water distribution coe/cients 
(log D) between pH 4.5 and 7.5 were calculated using ACD/
ChemSketch 10.0 (ACD/Labs, Toronto, Canada) with ACD/logP 
DB 10.0, ACD/pKa 10.0, and ACD/logD 10.0, respectively. .e 
log D values of all pesticides except imidacloprid and clothiani-
din calculated within the pH range showed the same predicted 
log Kow value. .us, it appears that almost all pesticides exist in 
a neutral form within the above-mentioned pH range. All ana-
lytical standards (purity >97%) were purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan), Kanto Chemicals 
(Tokyo, Japan), and Dr. Ehrenstorfer GmbH (Augsburg, Ger-
many). .e pesticides were divided into 3 analytical groups on 
the basis of the analytical methods described in section 4 below. 
Stock solutions (100 µg/mL) of the pesticides were prepared in 
acetone for each group.

2. Soils
Eight Japanese soils with various physicochemical properties 
were used (Table 2). Soil samples were air-dried and passed 
through a 2.0-mm sieve. .e pH and electrical conductivity 
(EC) of soils were measured in a soil/water (1 : 5 w/v) mixture 
by a multifunction water quality meter (MM-60R; DKK-TOA, 
Tokyo, Japan). The OC content was determined by the dry 
combustion method with a CN coder (MT-700; Yanaco, Kyoto, 
Japan). .e cation exchange capacity (CEC) was determined by 
a shaking extraction method.29) .e particle size distribution 
was analyzed by the pipette method with a pipette apparatus 
(DIK-2020; Daiki Rika, Saitama, Japan).30) Meanwhile, soil tex-
ture was determined according to the standards developed by 

Table 1. Octanol–water partition coe/cient (log Kow) and analytical groups of test compounds

Compound log Kow
a) log Kow

b) log Kow
c) log Kow

d) Analytical group

Imidacloprid 0.57 0.57 0.57 −0.43, 0.20 A
Dimethoate 0.70 0.70 0.98 0.48 A
Clothianidin 0.91 0.70 0.70 −0.15, 0.40, 0.40 A
.iacloprid 1.26 0.74 1.26 0.55 A
Metalaxyl 1.65 1.75 1.75 2.15 A
Fosthiazate 1.68 1.68 1.68 0.94 A
Methidathion 2.57 2.20 2.20 2.03 A
Fenobucarb 2.78 2.67 2.67 3.04 B
Flutolanil 3.17 3.17 3.77 3.70 B
Procymidone 3.30 3.14 3.30 2.67 B
Fenitrothion 3.32 3.43 3.43 3.24 C
Tetraconazole 3.56 3.56 3.53 3.19 C
Chloroneb 3.58 —e) 1.90 3.58 B
Diazinon 3.69 3.30 3.42 3.81 C
Cadusafos 3.85 3.90 4.08 4.28 B
Tolclofos-methyl 4.56 4.56 4.56 4.03 C
Tetradifon 4.61 4.61 3.95 5.52 C

a) log Kow values were obtained from the Footprint Pesticide Properties Database of IUPAC.26) b) log Kow values were obtained from 
.e Pesticide Manual (16th ed.).27) c) log Kow values were obtained from .e 2011 Pesticide Handbook.28) d) Predicted log Kow values 
using ACD/ChemSketch 10.0 with ACD/logP DB 10.0. .e chemical structures of imidacloprid and clothianidin have 2 and 3 pos-
sible tautomeric forms, respectively. e) No data.
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the International Society of Soil Science31); soils were classi0ed 
according to the criteria adopted by the Cultivated Soil Classi0-
cation Committee.32)

3. Sorption experiment for soils
Sorption experiments were carried out using a batch equilibra-
tion technique.33) CaCl2 (25 mL, 0.01 M) in distilled water was 
added to 5 g of soil in a 50-mL glass centrifuge tube. .e open-
ings of the tubes were covered with Te,on sheets and closed 
with screw-caps. .e tubes were agitated on a thermostat shaker 
(Taitec, Saitama, Japan) in the dark for 24 hr at 25± 2°C. A1er 
shaking, 25 µL of acetone stock solution was added to the tubes. 
.e 0nal concentration of each pesticide in the aqueous phase 
was 0.1 µg/mL. .e soil–solution mixtures were shaken again for 
24 hr under the same conditions. A1er equilibration, the mix-
tures were centrifuged at 1,200×g for 30 min. A 15-mL aliquot 
of the supernatant was taken and used to analyze the concentra-
tions of pesticides to determine Kd values. In addition, the mass-
es of pesticides in the remaining samples were analyzed to calcu-
late mass balance. All sorption experiments were performed in 
duplicate except for experiments involving group B pesticides on 
soil S7, which were performed in triplicate.

.e mass fraction of pesticides sorbed on the soil phase at 
equilibrium, x/m (µg/g), was calculated by subtracting the mass 
concentration of pesticides in the aqueous phase at equilibrium, 
Ce (µg/mL), from the initial mass concentration of pesticides in 
aqueous phase, Ci (µg/mL), as follows:

 i e/ ( ) /x m C C V M! "= � (1)

where V is the solution volume (mL) and M is the soil mass (g). 
.e soil–water distribution coe/cient, Kd (mL/g), was calculat-
ed using the following equation:

 d e( / ) /K x m C= � (2)

.e OC-normalized sorption coe/cient, Koc (mL/g), was de-
termined by dividing the Kd values by OC content in soil as fol-
lows:

 oc d (100 /%OC)K K != � (3)

where %OC is the percentage of OC in the soil sample (g/g).

.e mass balance (MB, %) was calculated as follows:

 e aliq E iMB 100 ( ) /C V m C V! ! != + � (4)

where Valiq is the volume of the aliquot taken from the superna-
tant (mL) and mE is the mass of pesticides extracted from the re-
maining sample a1er removal of the aliquot of supernatant (µg).

4. Pesticide analysis
An aliquot of approximately 15 mL taken from the supernatant 
was analyzed to quantify pesticides using 3 di-erent methods 
for each analytical group (Supplemental Figures S1–S3). .e 
aliquots were cleaned with a diatomite column (Inertsep K-
solute 20 mL; GL Sciences, Tokyo, Japan) followed by the follow-
ing mini-columns: a PSA column (500 mg; Supelco, Bellefonte, 
USA), an Accell CM column (500 mg; Waters, Milford, USA), 
and an ENVI-Carb II/PSA column (500 mg/500 mg; Supelco) 
for groups A, B, and C, respectively. .e cleaned samples were 
analyzed by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) for group A (Supplemental Tables S2 and S3) and 
gas chromatography-mass spectrometry (GC-MS) for groups B 
and C (Supplemental Tables S4 and S5).

.e pesticides in the remaining sample were extracted by ac-
etone a1er the supernatant was removed, and acetone (30 mL) 
was added to the remaining sample. .e tubes were shaken in a 
thermostat shaker for 20 min at 25± 2°C and subsequently cen-
trifuged at 1,200×g for 10 min. .e supernatant was carefully 
removed. .is extraction procedure was repeated twice. .e col-
lected supernatant was evaporated to approximately 10 mL with 
a rotary evaporator and analyzed using the same corresponding 
method as mentioned in the above methods for each analytical 
group.

A recovery test of the pesticides was performed with deion-
ized water and test soils. Deionized water (15 mL) spiked at 
1 ng/mL for all group pesticides and each soil (5 g) spiked at 5 
and 3 ng/g for group A and groups B and C, respectively, were 
analyzed using the above-mentioned methods; however, 10 mL 
of deionized water was added to soil samples prior to acetone 
extraction. .e mean recovery from the 4 replicates for group 
A and 5 replicates for groups B and C ranged from 71.1 to 
117.0% for all compounds; the coe/cients of variation (CVs) 

Table 2. Properties of test soils

Soil Classi0cation Texture OCa) (%) CECb)  
(cmol(+)/kg) Clay (%) pH (H2O) ECc) (mS/cm)

S1 Sand-dune Regosol sand 0.06 3.4 2.4 7.5 0.04
S2 Gray lowland soil sandy loam 0.85 12.2 14.6 4.8 0.26
S3 Yellow soil light clay 1.02 11.4 39.0 5.3 0.09
S4 Brown forest soil light clay 1.15 17.2 35.5 4.7 0.09
S5 Gray lowland soil silty clay 1.46 18.2 25.3 5.8 0.17
S6 Andosol loam 4.32 26.3 11.3 6.4 0.28
S7 Andosol loam 5.21 33.8 10.8 5.5 0.15
S8 Andosol silty loam 8.65 35.4 1.8 5.8 0.05

a) Organic carbon content. b) Cation exchange capacity. c) Electrical conductivity.
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were below 16.7% for all compounds (Supplemental Tables S6 
and S7). .e limits of quanti0cation (LOQs) for pesticide anal-
ysis were calculated according to Japanese Industrial Standard 
(JIS) K 0312.34) .e LOQs for all compounds in deionized water 
and all soil samples ranged from 0.27 to 0.87 ng/mL and 0.19 to 
5.48 ng/g, respectively (Supplemental Tables S6 and S7).

5. Sorption experiment for carbonaceous materials
In order to investigate the e-ect of the chemical structure of pes-
ticides on activated carbon (AC) and graphite (GP) sorption, 
which was employed as a model substance for BC,35,36) the AC-
acetone and GP-acetone distribution coe/cients (KAC and KGP, 
respectively) of cadusafos, chloroneb, and procymidone, which 
have di-erent chemical structures, were measured by a batch 
equilibration technique. Acetone solutions (5 mL, 1 µg/mL) of 
each pesticide were added to 50 mg of AC (SS1; Ajinomoto Fine-
Techno Company, Kanagawa, Japan) and 0.5 g of GP (ENVI-
Carb; Supelco) in a 10-mL glass centrifuge tube. .e tubes were 
agitated on a thermostat shaker in the dark for 24 hr at 25± 2°C. 
A1er shaking, the mixtures were centrifuged at 1,200×g for 
30 min. Aliquots of the supernatant (500 µL) were spiked with 
200 µL of acetone solution (2.5 µg/mL) of the internal standard 
(13C6-labeled fenthion), 0ltered through a 0.45-µm PTFE 0lter, 
and analyzed by GC-MS (Supplemental Tables S4 and S5). KAC 
and KGP were calculated from formulas (1) and (2) in the same 
way as Kd. All sorption experiments were performed in tripli-
cate.

6. Solid-state 13C NMR analysis
In order to perform solid-state 13C NMR analysis, 7 test soils 
(except soil S1, for which it seemed di/cult to characterize OC 
because of low OC content) were passed through a 0.2-mm sieve 
and treated with hydro,uoric acid (HF) to concentrate the OC 
and remove paramagnetic minerals. Although HF is a strong 
agent, Rumbel et al.37) report that the chemical composition of 
soil organic matter does not change a1er 10% HF treatment. 
.irty milliliters of 8% (w/w) aqueous HF solution was added to 
10 g of soil in a polyethylene tube. .e tubes were shaken for 2 hr 
at room temperature and centrifuged at 3,800×g for 15 min, and 
the supernatant was discarded. .e treatment was repeated 7 
times using di-erent shaking times (5×2 hr and 2×16 hr). A1er 
the 0nal treatment, 30 mL of deionized water was added to the 
residues. .e tubes were shaken for 30 min at room temperature 
and centrifuged at 3,800×g for 15 min, and the supernatant was 
discarded. .e residues were washed an additional 7 times and 
dried at 50°C for 2 days. .e dried samples were subsequently 
powdered using a mortar and pestle.

.e solid-state 13C NMR spectra of the powdered samples 
were collected using the CPMAS technique by an FT NMR 
system (Alpha 300; JEOL, Tokyo, Japan); the analytical condi-
tions of NMR have been described previously.38) .e powdered 
samples were transferred into a zirconia rotor (6 mm i.d.) with a 
KEL-F cap (JEOL, Tokyo, Japan), and the 13C NMR signals were 
measured at 75.45 MHz with magic angle spinning of 6 kHz, a 

contact time of 1 msec, and a 3-sec pulse interval. Fourier trans-
formation was conducted using a broadening factor of 100 Hz. 
.e 13C chemical shi1 scale was referenced to that of tetra-
methylsilane (0 ppm) calibrated using adamantane (29.5 ppm). 
.e 13C NMR spectra were integrated into 4 chemical shi1 re-
gions: 0–45 ppm, alkyl carbon; 45–110 ppm, O-alkyl carbon; 
110–160 ppm, aromatic carbon; and 160–190 ppm, carboxyl car-
bon.39) .e relative proportions of each carbon type were cal-
culated on the basis of the total carbon signal between 0 and 
190 ppm.

7. Molecular modeling
.e molecular structures of pesticides were geometrically op-
timized using the PM7 semi-empirical Hamiltonian function 
(keywords: EF, PRECISE, GNORM= 0.05, GRAPHF, MMOK) 
in the MOPAC 2012 package40) using the Winmostar program 
(X-Ability, Tokyo, Japan).

Results and Discussion
1. Relationships between soil–water distribution coe!cients (Kd) 

and soil properties
 .e Kd and MB values of the 17 pesticides with 8 soils are 
shown in Supplemental Table S8. .e MB of the sorption test 
ranged from 70.0 to 114.6% for all experiments. .e MB of some 
sorption tests, particularly methidathion, was less than 80%. 
Similarly, the mean recovery of methidathion on 4 soil samples 
was less than 80%. .erefore, it is possible that the extraction of 
methidathion from the soil samples was insu/cient. However, 
Kd values were calculated using quantitative values in the aque-
ous phase, and the mean recovery of methidathion from deion-
ized water was 88.8%; therefore, there is no e-ect of extraction 
e/cacy from soil samples on the variability of Kd values. .e 
Kd values varied considerably with respect to the soil type for 
a given pesticide, ranging from 1.41 to 582 mL/g for tolclofos-
methyl, which had the highest ratio between minimum and 
maximum values.

In order to determine which soil properties in,uence the vari-
ability of Kd values, linear regression analysis between Kd val-
ues and soil properties was performed (Table 3). .e Kd values 
of almost all pesticides were more strongly correlated with OC 
content or CEC than other soil properties such as pH, clay con-
tent, and EC. Hydrophobic interactions are generally known to 
play an important role in the sorption of nonionic pesticides in 
soils; furthermore, OC content is positively correlated with the 
Kd values of nonionic pesticides.10) On the other hand, little is 
known about the relationship between CEC and the Kd values 
of nonionic pesticides. Although the strength of CEC in soils is 
closely associated with negatively charged sites of OC and clay 
minerals, several studies show that the contribution of OC to 
CEC in soils is greater than that in clay minerals.41,42) Indeed, the 
OC content of test soils in the present study was positively cor-
related with CEC (r=0.93, p<0.001); therefore, Kd values appear 
to be positively correlated with CEC.
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2. Variability of OC-normalized sorption coe!cient (Koc)
Figure 1 shows the variability of the log Koc values of all experi-
ments; numerical values of Koc are shown in Supplemental Table 
S8. As mentioned above, the sorption process of test pesticides 
in soils was clearly dominated by OC. However, the Koc values of 
a given pesticide exhibited high variability among soils. .e CVs 
of Koc values of a pesticide ranged from 36.6% for tetradifon to 
173% for metalaxyl. Gerstl et al.9,43) show that the Koc values of 
pesticides on soils with low organic matter content (<0.5%) are 
appreciably high because of the contribution of the mineral frac-
tion to the sorption process. In particular, the Koc value of soil 
S1 (OC content= 0.06%) for metalaxyl tended to be higher than 
those of other soils. Nevertheless, the reason for the variability 
in Koc values remains unknown even though the Koc value of soil 
S1 was excluded; this is because the CVs of the Koc values of a 
pesticide ranged from 29.5% for tetradifon to 125% for imida-
cloprid. Wauchope et al.10) reviewed the variability of Koc values 
in the literature and report the typical CV of the Koc values of 
a given pesticide ranges from 40 to 60%. In the present study, 
even though the Koc value of soil S1 was excluded, the CVs of the 
Koc values for 11 pesticides exceeded 60%. .e Koc values of soil 
S7 for almost all pesticides were higher than those of other test 
soils. Hence, it is clear that the contribution of soil S7 to Koc vari-
ability is high.

On the other hand, when Koc properties were analyzed with 
respect to the type of pesticide, the Koc values of tolclofos-methyl 
and tetradifon, which are highly lipophilic (log Kow=4.03–4.56 
and 3.95–5.52, respectively), were higher than those of other 
pesticides. .ese results suggest that log Koc values increase with 
the increasing log Kow of pesticides.43–45) However, cadusafos 

(log Kow=3.83–4.28) had low Koc values for lipophilicity. Cadu-
safos is aliphatic, i.e., it has non-aromatic rings. Similarly, the Koc 
values of dimethoate and fosthiazate, which have non-aromatic 
rings, were relatively low. .ese results imply that the interac-
tions involving aromatic rings are important in the soil sorption 
of pesticides.

3.  Molecular nature of soil OC
.e 13C NMR spectra and relative proportions of each carbon 
type for 7 test soils are shown Figure 2 and Table 4, respective-
ly. O-Alkyl carbons (45–110 ppm), which include various polar 
components (e.g., polysaccharides, amino acids, lipids, etc.), 
were the most prevalent carbon type in all soil samples except 
soils S7 and S8, which is concordant with previous studies.12,13,46) 

Table 3. Correlation coe/cients (r) between the Kd values of pesticides and soil properties

Compound No. soils
r

OC CEC Clay pH EC

Imidacloprid 8 0.69 0.77* −0.39 −0.06 −0.10
Dimethoate 4 0.39 0.70 −0.46 0.11 −0.05
Clothianidin 7 0.77* 0.87* −0.63 0.27 −0.29
.iacloprid 7 0.73 0.85* −0.61 0.26 −0.26
Metalaxyl 7 0.53 0.68 −0.20 −0.08 −0.08
Fosthiazate 6 0.59 0.80 −0.46 0.26 −0.26
Methidathion 8 0.92** 0.87** −0.52 −0.02 −0.24
Fenobucarb 5 0.52 0.75 −0.57 −0.14 −0.05
Flutolanil 7 0.56 0.74 −0.52 0.27 −0.04
Procymidone 7 0.52 0.72 −0.47 0.25 −0.05
Fenitrothion 8 0.73* 0.82* −0.41 −0.06 −0.01
Tetraconazole 8 0.69 0.83* −0.32 −0.05 0.07
Chloroneb 7 0.60 0.77* −0.52 0.21 −0.17
Diazinon 7 0.72 0.88* −0.70 0.38 0.02
Cadusafos 7 0.57 0.76* −0.52 0.31 −0.03
Tolclofos-methyl 8 0.68 0.81* −0.35 −0.07 0.11
Tetradifon 8 0.81* 0.91** −0.36 −0.06 0.23

* Signi0cant at p<0.05; ** signi0cant at p<0.01.

Fig. 1. Variability of the log Koc values of test soils.
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On the other hand, aromatic carbons (110–160 ppm), which 
correspond to lignin, tannin, and aromatic amino acids, were 
the carbon type exhibiting the greatest variability among test 
soils, ranging from 12.6 to 41.3%. Two test Andosols (soils S7 
and S8) particularly exhibited greater proportions of aromatic 
carbon than other soils. Mahieu et al.46) collected 13C CPMAS 
NMR data on 311 soils from the literature and reported that the 
mean, maximum, and minimum proportions of aromatic car-
bon were 20.0± 6.0%, 44.5%, and 6.8%, respectively. .erefore, 
the proportions of aromatic carbon in soils S7 and S8 (41.3% 
and 33.9%, respectively) are considerably higher than those of 
soils in the literature.

Aromatic carbon content is generally considered to increase 
as a result of the decomposition of OC. Inber et al.47) investi-
gated changes in the OC structure of cattle manure during the 
composting process and found that the proportions of aro-
matic, alkyl, and carboxyl carbon increase, whereas that of O-
alkyl carbon decreases. Similarly, the proportions of carboxyl 
carbon in soils S7 and S8, which contained abundant aromatic 
carbon, were higher than those in other soils, whereas the pro-
portion of O-alkyl carbon was lower. However, the proportions 
of alkyl carbon in soils S7 and S8 were lower than those in other 
soils. .ese results imply that the degree of decomposition of 
OC alone is insu/cient to explain the di-erence in OC quality 
among test soils.

Golchin et al.19) investigated the e-ects of arti0cial burning 
on the chemical nature of OC in soils; they found that a grass-
land site with a long history of annual burning had lower alkyl 
and O-alkyl carbon contents but higher aromatic and carboxyl 
carbon contents than forest sites that had no burning for many 
decades. In addition, Sultana et al.48) report that the 13C NMR 
spectra of charred plant materials isolated from Japanese An-
dosols using a speci0c gravity method exhibited a dominant 
peak of aromatic carbon with the proportion of aromatic car-
bon ranging from 61 to 74%. .ere is no record that the present 
test soils have been burned in the last several decades. However, 
grasslands containing Japanese Andosol, in which the dominant 
vegetation is Japanese pampas grass, which was necessary for 
traditional daily life, are thought to have been maintained by 
burning activity.19,21,49,50) .ese studies suggest that BC arising 
from the burning of vegetation may be partly responsible for 
the high proportion of aromatic carbon in soils S7 and S8 in the 
present study.

4. E"ect of organic carbon quality on Koc variability of pesticides
.e correlation coe/cients between the log Koc values of pes-
ticides and the proportions of each carbon type are shown in 
Table 5. .e log Koc values for almost all pesticides were positive-
ly correlated with aromatic and carboxyl carbon contents and 
negatively correlated with O-alkyl and alkyl carbon contents. 
.e absolute values of r increased with increasing CVs (%) of 
Koc values for a given pesticide. .e correlation coe/cients be-
tween the r values and CVs (%) for alkyl, O-alkyl, aromatic, and 
carboxyl carbon were −0.88 (p<0.001), −0.90 (p<0.001), 0.89 

Fig. 2. Solid-state 13C NMR spectra of the soils.

Table 4. Proportions of each carbon region in NMR spectra (%)

Soil Alkyl 
(0–45 ppm)

O-Alkyl 
(45–110 ppm)

Aromatic 
(110–160 ppm)

Carboxyl 
(160–190 ppm)

S2 28.7 46.0 15.2 10.1
S3 26.0 48.0 17.3 8.7
S4 27.4 49.8 12.6 10.2
S5 24.8 44.7 18.6 11.8
S6 23.8 47.4 18.2 10.5
S7 16.9 27.3 41.3 14.5
S8 19.7 33.7 33.9 12.7
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(p<0.001), and 0.90 (p<0.001), respectively.
Similar to the present results, several reports demonstrate 

negative correlations between O-alkyl carbon content, which 
includes many polar components, and the Koc values of some 
pesticides such as atrazine,11) carbaryl,12) diuron,11,13) and pho-
salone.12) In addition, Mitchell et al.11) show that the Koc values 
of atrazine and diuron in soils from which the O-alkyl carbon 
components were removed by acid-hydrolysis are higher than 
those in untreated soils. .ey suggest that the hydrolyzable O-
alkyl carbon component in soil might block a/nity sorption 
sites such as aromatic and/or alkyl domains.

In contrast to O-alkyl carbon, these previous studies also 
show that aromatic carbon content is positively correlated with 
the Koc values of these pesticides, which is concordant with the 
present results. As discussed above, the aromatic carbon con-
tents of test soils exhibited the greatest variability among carbon 
types, and the high aromatic carbon contents in soils S7 and S8 
were involved in the presence of BC. Because the Koc values of 
almost all pesticides on soil S7, which had the greatest aromatic 
carbon content, were substantially higher than those on other 
soils, it is possible the BC contained in soil S7 greatly a-ects the 
sorption behavior of pesticides. .e sorption of organic chemi-
cals on BC is in,uenced by hydrophobicity, the presence of aro-
matic rings, and the planarity of the molecular structure.51–53) In 
other words, given the same log Kow value, the sorption of planar 
aromatics on BC is higher than that of aliphatics.52) In addition, 
even if a compound has aromatic rings, non-planar aromatics 
such as ortho-substituted polychlorinated biphenyls (PCBs) with 

a torsional structure between the 2 ring planes exhibit lower 
sorption than planar aromatics such as non-ortho PCBs.51,52) 
.is is because planar aromatics can strongly adsorb to planar 
graphene surfaces of BC via #–# interactions. Focusing on the 
molecular structures of the test compounds (Fig. 3), the Kd val-
ues of chloroneb (a planar aromatic) on soil S7 were higher than 
those of cadusafos (aliphatic) and procymidone (non-planar ar-
omatic with a torsional structure); this is in spite of the fact that 
the Kow value of chloroneb (log Kow=1.90–3.58) is of the same 
order of magnitude as that of procymidone (log Kow=2.67–3.30) 
and lower than that of cadusafos (log Kow=3.83–4.28) (Fig. 4). 
Figure 4 also shows the KAC and the KGP of chloroneb, cadu-
safos, and procymidone, verifying the e-ects of the chemical 
structures of the pesticides on BC sorption. Similar to the re-
sults for soil S7, the sorption of chloroneb to AC and GP was 
signi0cantly greater than that of the other 2 compounds. Al-
though AC and GP di-er with respect to surface area, porosity, 
and the presence of an acid functional group, they have com-
mon structure—a graphene layer—from a molecular perspec-
tive.36) Sultana et al.48) also report that charred plant materials 
isolated from Japanese Andosols by a speci0c gravity method 
have 14- to 52-ring condensed aromatic structures. .is implies 
that the graphene layer of carbonaceous materials is involved in 
the di-erent sorption properties of the 3 compounds. Although 
the KAC and KGP values were measured using acetone as a liquid 
phase, the results of the sorption test of PCBs using activated 
carbon and acetone52) exhibited a similar trend to those using 
soot and water.51) In other words, the sorption strength of pla-

Table 5. Coe/cients of variation (CV) of Koc values and correlation coe/cients (r) between the log Koc values of pesticides and 
proportions of each carbon type

Compound No. soils CV (%) of  
Koc values

r

Alkyl O-Alkyl Aromatic Carboxyl

Imidacloprid 7 124.9 −0.91** −0.95** 0.93** 0.97**
Dimethoate 4 82.4 −0.57 −0.63 0.60 0.73
Clothianidin 7 113.8 −0.99** −0.94** 0.97** 0.91**
.iacloprid 7 115.4 −0.92** −0.95** 0.94** 0.97**
Metalaxyl 6 70.2 −0.28 −0.32 0.28 0.54
Fosthiazate 6 46.9 −0.05 −0.12 0.07 0.27
Methidathion 7 93.8 −0.97** −0.97** 0.98** 0.91**
Fenobucarb 5 92.2 −0.80 −0.73 0.76 0.67
Flutolanil 7 65.9 −0.30 −0.41 0.39 0.29
Procymidone 7 84.9 −0.58 −0.55 0.57 0.52
Fenitrothion 7 76.3 −0.66 −0.80* 0.75 0.78*
Tetraconazole 7 50.2 −0.42 −0.25 0.30 0.30
Chloroneb 7 117.0 −0.86* −0.91** 0.89** 0.92**
Diazinon 7 48.7 0.51 0.31 −0.40 −0.23
Cadusafos 7 59.9 −0.38 −0.41 0.40 0.40
Tolclofos-methyl 7 45.8 −0.19 −0.30 0.26 0.28
Tetradifon 7 29.5 0.40 0.34 −0.36 −0.37

* Signi0cant at p<0.05; ** signi0cant at p<0.01.
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nar PCBs is higher than that of non-planar PCBs. On the other 
hand, although the overall structures of some pesticides such 
as imidacloprid and thiacloprid are non-planar, these pesticides 
exhibited relatively high Koc values (Fig. 1). .is is probably be-
cause these pesticides can take on a planar conformation on the 
surface of one part of their molecular structures (as shown in 
Fig. 3) that can sorb to the planar graphene layer of BC via #–# 
interaction with parallel-displaced orientation.54–56) .ese results 
support the hypothesis that BC in soil strongly contributes to 
the Koc variability of pesticides on soil S7 if the conformation of 
the pesticide can be planar.

5. Conclusion
.e present study suggests that the Koc values of Japanese soils 
are highly variable, because aromatic carbon content di-ered 
greatly among soils, especially Andosols. .e log Koc values of 

some pesticides were positively correlated with aromatic carbon 
content measured by solid-state 13C NMR. However, because 13C 
NMR is a qualitative technique, the prediction of log Koc on the 
basis of aromatic carbon contents is inadequate. On the other 

Fig. 3. Molecular structures of pesticides optimized according to the 
PM7 semi-empirical Hamiltonian method. ○: hydrogen atom, ●: oxygen 
atom, ●: carbon atom, Ⓟ: phosphorus atom, ○Cl : chlorine atom, Ⓝ: nitro-
gen atom, Ⓢ: sulfur atom.

Fig. 4. (A) Soil–water distribution coe/cients (Kd) for soil S7, (B) ac-
tivated carbon (AC)-acetone distribution coe/cients (KAC), (C) graphite 
(GP)-acetone distribution coe/cients (KGP). Columns with the same letter 
are not signi0cantly di-erent at p<0.05 by ANOVA with Tukey’s multiple 
range test for (A) and (B) and unpaired 2-sided t-tests for (C). Error bars 
indicate standard deviations (n=3). ND: not detectable.
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hand, because the sorption properties of pesticides in Andosols 
with the greatest aromatic carbon contents exhibited trends sim-
ilar to those in AC and GP, it is possible that BC in soil a-ects 
the sorption properties of pesticides. Several studies report that 
quantifying soot content in sediments and determining soot–
water distribution coe/cients accurately predicts the sorption of 
polycyclic aromatic hydrocarbons (PAHs) on sediments.35,57–59) 
.ese results imply that the sorption of pesticides on soils can 
also be predicted if it is possible to quantify BC in soils and as-
sess the sorption of isolated BC. Unfortunately, no methods for 
quantifying BC in soils have been established.25) .erefore, fur-
ther studies are required to isolate and precisely quantify BC in 
soil contributing to the sorption behavior of pesticides.

Acknowledgements
.e authors thank Dr. S. Hiradate of the National Institute 

for Agro-Environmental Sciences for technical support in NMR 
analysis. .e test soils were kindly supplied by Aichi Agricultur-
al Research Center, Fukushima Agricultural Technology Centre, 
Tochigi Prefectural Agricultural Experiment Station, and NARO 
Agricultural Research Center. .is study was 0nancially sup-
ported by a Grant-in-Aid from the Ministry of the Environment 
(MOE), Japan. .e opinions expressed in this paper are solely 
those of the authors and do not necessarily re,ect the views of 
MOE.

References
 1) J. J. Boesten: Pest Manag. Sci. 60, 971–980 (2004).
 2) R. P. Scorza Júnior and J. J. Boesten: Pest Manag. Sci. 61, 432–448 

(2005).
 3) K. Inao and Y. Kitamura: Pestic. Sci. 55, 38–46 (1999).
 4) H. Watanabe and K. Takagi: Environ. Technol. 21, 1379–1391 (2000).
 5) J. W. Kelsey, B. D. Kottler and M. Alexander: Environ. Sci. Technol. 

31, 214–217 (1997).
 6) H. J. Pedersen, P. Kudsk and A. Helweg: Pestic. Sci. 44, 131–136 

(1995).
 7) C. T. Chiou, G. Sheng and M. Manes: Environ. Sci. Technol. 35, 1437–

1444 (2001).
 8) Ministry of Agriculture: Fishery and Forestry and Japanese Society 

of Soil Science and Plant Nutrient: “Current Status and Countermea-
sures of Arable Soils,” Hakuyuusha, Tokyo, 1991 (in Japanese).

 9) Z. Gerstl: J. Contam. Hydrol. 6, 357–375 (1990).
10) R. D. Wauchope, S. Yeh, J. B. Linders, R. Kloskowski, K. Tanaka, B. 

Rubin, A. Katayama, W. Kördel, Z. Gerstl, M. Lane and J. B. Un-
sworth: Pest Manag. Sci. 58, 419–445 (2002).

11) P. J. Mitchell and M. J. Simpson: Environ. Sci. Technol. 47, 412–419 
(2013).

12) R. Ahmad, R. S. Kookana, A. M. Alston and J. O. Skjemstad: Environ. 
Sci. Technol. 35, 878–884 (2001).

13) A. G. Ahangara, R. J. Smernika, R. S. Kookanaa and D. J. Chittlebor-
ougha: Chemosphere 70, 1153–1160 (2008).

14) I. Kögel-Knabner: Soil Biol. Biochem. 34, 139–162 (2002).
15) P. N. Nelson and J. A. Baldock: Biochemistry 72, 1–34 (2005).
16) M. J. Simpson and A. J. Simpson: J. Chem. Ecol. 38, 768–784 (2012).
17) C. M. Preston: Soil Sci. 161, 144–166 (1996).
18) H. Obara: Pedologist 44, 134–142 (2000) (in Japanese).

19) A. Golchin, P. Clarke, J. A. Baldock, T. Higashi, J. O. Skjemstad and 
J. M. Oades: Geoderma 76, 155–174 (1997).

20) J. A. González-Pérez, F. J. González-Vila, G. Almendros and H. 
Knicker: Environ. Int. 30, 855–870 (2004).

21) H. Shindo, T. Honna, S. Yamamoto and H. Honma: Org. Geochem. 
35, 235–241 (2004).

22) M. J. Simpson and P. G. Hatcher: Org. Geochem. 35, 923–935 (2004).
23) Y. Yang and G. Sheng: Environ. Sci. Technol. 37, 3635–3639 (2003).
24) V. A. Loganathan, Y. Feng, G. D. Sheng and T. P. Clement: Soil Sci. 

Soc. Am. J. 73, 967–974 (2008).
25) K. Hammes, M. W. I. Schmidt, R. J. Smernik, L. A. Currie, W. P. Ball, 

T. H. Nguyen, P. Louchouarn, S. Houel, Ö. Gustafsson, M. Elmquist, 
et al.: Global Biogeochem. Cycles 21(GB3016), 1–18 (2007).

26) http://sitem.herts.ac.uk/aeru/iupac/ (Accessed 6 Aug., 2013)
27) C. MacBean: “.e Pesticide Manual,” 16th Ed., British Crop Protec-

tion Council, Surrey, 2012.
28) .e 2011 Pesticide Handbook Editorial Committee: “.e 2011 Pesti-

cide Handbook,” Japan Plant Protection Association, Tokyo, 2011 (in 
Japanese).

29) J. Muramoto, I. Goto and M. Ninaki: Jpn. J. Soil Sci. Plant Nutr. 63, 
210–215 (1992) (in Japanese with English summary).

30) Methods of Soil Analysis (Dojou Kankyou Bunsekihou) Editorial 
Committee: “Methods of Soil Analysis (Dojou Kankyou Bunseki-
hou),” Hakuyuusha, Tokyo, pp. 24–29, 1997 (in Japanese).

31) A Glossary of Pesticide Editorial Committee: “A Glossary of Pesti-
cide,” Japan Plant Protection Association, Tokyo, pp. 128–129, 2009 
(in Japanese).

32) Cultivated Soil Classification Committee: Misc. Publ. Natl. Inst. 
Agro-Environ. Sci. 17, 31–55 (1995) (in Japanese).

33) OECD: “Guidelines for Testing of Chemicals,” Section 1 (106), 
OECD, Paris, 2000.

34) Japanese Standards Association: JIS K 0312, Tokyo, Japan (2005) (in 
Japanese).

35) Ö. Gustafsson, F. Haghseta, C. Chan, J. MacFarlane and P. M. 
Gschwend: Environ. Sci. Technol. 31, 203–209 (1997).

36) Y. Sanada, M. Suzuki and K. Fujimoto: “Activated Carbon. New Edi-
tion,” Kodansha Scienti0c, Tokyo, 1992 (in Japanese).

37) C. Rumpel, N. Rabia, S. Derenne, K. Quenea, K. Eusterhues, I. Kögel-
Knabner and A. Mariotti: Org. Geochem. 37, 1437–1451 (2006).

38) S. Hiradate, T. Yonezawa and H. Takesako: Geoderma 132, 196–205 
(2006).

39) K. Ono, K. Hirai, S. Morita, K. Ohse and S. Hiradate: Geoderma 151, 
351–356 (2009).

40) http://openmopac.net/ (Accessed 6 Aug., 2013)
41) J. K. Syers, A. S. Campbell and T. W. Walker: Plant Soil 33, 104–112 

(1970).
42) R. L. Par0tt, D. J. Giltrap and J. S. Whitton: Commun. Soil Sci. Plant 

Anal. 26, 1343–1355 (1995).
43) Z. Gerstl and U. Mingelgrin: J. Environ. Sci. Health B 19, 297–312 

(1984).
44) A. Sablji2, H. Güsten, H. Verhaar and J. Hermens: Chemosphere 31, 

4489–4514 (1995).
45) L. Nemeth-Konda, G. Füleky, G. Morovjan and P. Csokan: Chemo-

sphere 48, 545–552 (2002).
46) N. Mahieu, E. W. Randall and D. S. Powlson: Soil Sci. Soc. Am. J. 63, 

307–319 (1999).
47) Y. Inbar, Y. Chen and Y. Hadar: Soil Sci. Soc. Am. J. 53, 1695–1701 

(1989).
48) N. Sultana, K. Ikeya, H. Shindo, S. Nishimura and A. Watanabe: Soil 

Sci. Plant Nutr. 56, 793–799 (2010).

115

http://dx.doi.org/10.1002/ps.899
http://dx.doi.org/10.1002/ps.1004
http://dx.doi.org/10.1002/ps.1004
http://dx.doi.org/10.1002/(SICI)1096-9063(199901)55:1%3C38::AID-PS851%3E3.0.CO;2-P
http://dx.doi.org/10.1080/09593332208618167
http://dx.doi.org/10.1021/es960354j
http://dx.doi.org/10.1021/es960354j
http://dx.doi.org/10.1002/ps.2780440205
http://dx.doi.org/10.1002/ps.2780440205
http://dx.doi.org/10.1021/es0017561
http://dx.doi.org/10.1021/es0017561
http://dx.doi.org/10.1016/0169-7722(90)90034-E
http://dx.doi.org/10.1002/ps.489
http://dx.doi.org/10.1002/ps.489
http://dx.doi.org/10.1002/ps.489
http://dx.doi.org/10.1021/es303853x
http://dx.doi.org/10.1021/es303853x
http://dx.doi.org/10.1021/es001446i
http://dx.doi.org/10.1021/es001446i
http://dx.doi.org/10.1016/j.chemosphere.2007.08.054
http://dx.doi.org/10.1016/j.chemosphere.2007.08.054
http://dx.doi.org/10.1016/S0038-0717(01)00158-4
http://dx.doi.org/10.1007/s10886-012-0122-x
http://dx.doi.org/10.1097/00010694-199603000-00002
http://dx.doi.org/10.1016/S0016-7061(96)00104-8
http://dx.doi.org/10.1016/S0016-7061(96)00104-8
http://dx.doi.org/10.1016/j.envint.2004.02.003
http://dx.doi.org/10.1016/j.envint.2004.02.003
http://dx.doi.org/10.1016/j.orggeochem.2003.11.001
http://dx.doi.org/10.1016/j.orggeochem.2003.11.001
http://dx.doi.org/10.1016/j.orggeochem.2004.04.004
http://dx.doi.org/10.1021/es034006a
http://dx.doi.org/10.2136/sssaj2008.0208
http://dx.doi.org/10.2136/sssaj2008.0208
http://dx.doi.org/10.1021/es960317s
http://dx.doi.org/10.1021/es960317s
http://dx.doi.org/10.1016/j.orggeochem.2006.07.001
http://dx.doi.org/10.1016/j.orggeochem.2006.07.001
http://dx.doi.org/10.1016/j.geoderma.2005.05.007
http://dx.doi.org/10.1016/j.geoderma.2005.05.007
http://dx.doi.org/10.1016/j.geoderma.2009.05.001
http://dx.doi.org/10.1016/j.geoderma.2009.05.001
http://dx.doi.org/10.1007/BF01378202
http://dx.doi.org/10.1007/BF01378202
http://dx.doi.org/10.1080/00103629509369376
http://dx.doi.org/10.1080/00103629509369376
http://dx.doi.org/10.1080/03601238409372432
http://dx.doi.org/10.1080/03601238409372432
http://dx.doi.org/10.1016/0045-6535(95)00327-5
http://dx.doi.org/10.1016/0045-6535(95)00327-5
http://dx.doi.org/10.1016/S0045-6535(02)00106-6
http://dx.doi.org/10.1016/S0045-6535(02)00106-6
http://dx.doi.org/10.2136/sssaj1999.03615995006300020008x
http://dx.doi.org/10.2136/sssaj1999.03615995006300020008x
http://dx.doi.org/10.2136/sssaj1989.03615995005300060014x
http://dx.doi.org/10.2136/sssaj1989.03615995005300060014x
http://dx.doi.org/10.1111/j.1747-0765.2010.00520.x
http://dx.doi.org/10.1111/j.1747-0765.2010.00520.x


 114 Y. Motoki et al. Journal of Pesticide Science

49) S. Hiradate, T. Nakadai, H. Shindo and T. Yoneyama: Geoderma 119, 
133–141 (2004).

50) I. Yamane: Pedologist 17, 84–94 (1973) (in Japanese with English 
summary).

51) T. D. Bucheli and O. V. Gustafsson: Chemosphere 53, 515–522 (2003).
52) A. Kawashima, M. Katayama and K. Honda: J. Environ. Chem. 19, 

519–525 (2009) (in Japanese with English summary).
53) A. Sobek, N. Stamm and T. D. Bucheli: Environ. Sci. Technol. 43, 

8147–8152 (2009).
54) G. B. McGaughey, M. Gagné and A. K. Rappé: J. Biol. Chem. 273, 

15458–15463 (1998).
55) F. Ortmann, W. G. Schmidt and F. Bechstedt: Phys. Rev. Lett. 95, 

186101-1–186101 (2005).
56) S. Grimme: Angew. Chem. Int. Ed. 47, 3430–3434 (2008).
57) T. D. Bucheli and Ö. Gustafsson: Environ. Sci. Technol. 34, 5144–5151 

(2000).
58) A. Accardi-Dey and P. M. Gschwend: Environ. Sci. Technol. 37, 99–

106 (2003).
59) R. Lohmann, J. K. MacFarlane and P. M. Gschwend: Environ. Sci. 

Technol. 39, 141–148 (2005). 

116

http://dx.doi.org/10.1016/S0016-7061(03)00257-X
http://dx.doi.org/10.1016/S0016-7061(03)00257-X
http://dx.doi.org/10.1016/S0045-6535(03)00508-3
http://dx.doi.org/10.5985/jec.19.519
http://dx.doi.org/10.5985/jec.19.519
http://dx.doi.org/10.1021/es901737f
http://dx.doi.org/10.1021/es901737f
http://dx.doi.org/10.1074/jbc.273.25.15458
http://dx.doi.org/10.1074/jbc.273.25.15458
http://dx.doi.org/10.1103/PhysRevLett.95.186101
http://dx.doi.org/10.1103/PhysRevLett.95.186101
http://dx.doi.org/10.1002/anie.200705157
http://dx.doi.org/10.1021/es000092s
http://dx.doi.org/10.1021/es000092s
http://dx.doi.org/10.1021/es020569v
http://dx.doi.org/10.1021/es020569v
http://dx.doi.org/10.1021/es049424+
http://dx.doi.org/10.1021/es049424+



