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Abstract 

Background Pelargonic acid is a non-selective herbicide derived from natural sources with a range of potential 
applications in areas where synthetic herbicides may be less acceptable. One such use area is weed control on railway 
tracks. To assess the potential leaching of pelargonic acid to groundwater for this specific use, we conducted degrada-
tion and sorption studies with soils from railway tracks and, for comparison, with a range of topsoils.

Results Degradation of pelargonic acid was very rapid in subsoils from railway tracks with half-lives  (DT50) of < 1 day 
(geom. mean  DT50, 5.8 h), and even faster in the selected agricultural topsoils (1.5 h). The starting concentration had 
a strong influence with much slower degradation at higher spike levels. Adsorption to the railway soils (alkaline soils 
with low organic matter content) was expectedly weak (Freundlich adsorption coefficients  KF of 0.06–0.31 mL/g) 
and clearly stronger in the topsoils (0.2–40 mL/g). Organic carbon normalized adsorption coefficients  (KFoc) ranged 
from 11 to 371 mL/g (all soils) and were pH dependent, consistent with the behaviour of weak acids. Computer mod-
elling using the software PELMO and a set of scenarios for herbicide use on railway tracks developed for the authori-
sation in Germany yielded predicted environmental concentrations in groundwater of < 0.001 µg/L when parameter-
ised with the adsorption and degradation endpoints from subsoils.

Conclusions The leaching potential of pelargonic acid may be considered low even in application scenarios 
with sandy soils with low organic matter content such as those found below railway tracks.

Keywords Pelargonic acid, Soil degradation, pH-dependent adsorption, Subsoil, Groundwater exposure

Background
Herbicides based on pelargonic acid are becoming 
increasingly important in organic farming but also for 
weed control in areas where the use of synthetic organic 
chemicals may be less acceptable (i.e., parks, schools, gar-
dens and indoor sites) [1]. In recent years, pelargonic acid 
also gained interest for weed control on railway tracks, 
preferably in combination with the herbicidally active 

substance flazasulfuron [2, 3]. Currently, herbicides used 
for weed control on railway tracks are mainly based on 
glyphosate [4–7] because of its good activity against most 
weeds that are commonly present on railway tracks and 
its low groundwater contamination potential [8–10]. 
However, alternative substances and substances comple-
menting the activity spectrum of glyphosate are strongly 
desired.

Pelargonic acid (nonanoic acid) is a naturally occur-
ring, linear, saturated fatty acid which is commercially 
produced from rapeseed oil by ester cleavage and ozo-
nation [1, 11]. The compound is used as a non-selective 
herbicide to control annual broadleaf and grass weeds 
as well as mosses, with application rates of typically 
10–30  kg/ha. The compound solely acts by contact 
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(insignificant translocation in the plant and no root 
uptake). Its herbicidal activity is due to damage to plant 
cell membranes, leading to desiccation and bleaching of 
the treated plants [12, 13].

Pelargonic acid, like other fatty acids, is expected 
to be rapidly degraded in biologically active soils via 
β-oxidation [14, 15]. In laboratory degradation stud-
ies required in the context of the authorization, the 
compound was degraded with half-lives  (DT50, time 
required for dissipation to 50%) of 0.7 to 1.6 days [14, 
16]. Sorption of pelargonic acid to soils was found to be 
pH-dependent, as expected for weak acids  (pKa, 4.94–
5.0), with stronger sorption at low soil pHs (range of 
 KFoc values, organic carbon normalized sorption coef-
ficients, of 8.1–570 mL/g) [14, 16].

Based on these data, the leaching potential of pelar-
gonic acid was assessed for a number of agricultural 
and non-agricultural uses. While the majority of agri-
cultural uses with application rates up to 60  kg active 
substance/ha (for example, 3 × 20  kg/ha in vines) were 
found to pose no risk of groundwater contamination, a 
number of uses with higher application rates and, par-
ticularly, non-agricultural uses on paths lead to soil lea-
chate concentrations above the legal parametric limit of 
0.1 µg/L [16].

Soils below the railway ballast usually have low organic 
carbon contents, which results in weak sorption of most 
organic compounds. Further, subsoils may also exhibit 
lower biological activity and, consequently, degradation 
of substances may be slower. Herbicides applied on rail-
way tracks thus are more likely to leach to groundwater 
than in typical agricultural application scenarios [17]. 
The aim of the present study was, therefore, to assess 
the leaching potential of pelargonic acid when applied to 
railway tracks at typical application rates used for weed 
control in this area. We determined adsorption and deg-
radation rate coefficients in a number of railway subsoils, 
selected to represent a realistic worst-case regarding both 
properties. For comparison, we also determined degrada-
tion rate coefficients in 4 and sorption coefficients in 12 
topsoils. Based on these data, the leaching of pelargonic 
acid was modelled in a number of railway scenarios.

Materials and methods
Chemicals
Fully deuterated pelargonic acid (nonanoic acid-D17, 
purity, 98%) was used as test substance while partially 
deuterated pelargonic acid (nonanoic acid-9,9,9-D3, 98%) 
was used as internal standard. Both compounds were 
obtained from Cambridge Isotope Laboratories (Tewks-
bury, MA). Stock solutions were prepared in methanol or 
acetonitrile.

Soils
For degradation and adsorption experiments, we used 
subsoil samples collected at 3 locations with 25–33-year-
old railway tracks in Switzerland. The railway sites were 
selected to cover situations with high pH and low organic 
carbon contents (and thus comparatively low adsorption 
of organic acids). Subsoil samples were collected in July 
and August, 2019. At location Lanzenhäusern and Not-
twil, material was taken from the layer below the ballast 
at 30–60  cm depth. At location Wabern (W), subgrade 
material was taken at the lateral cess from the layer just 
below the gravel at a depth of 8–30 cm.

For comparison, we selected topsoils with a wide range 
of soil properties (pH 3.9–7.3, organic carbon content 
1.2–10.7%). Samples of topsoil were collected at various 
locations in Switzerland in April 2013, October 2016, 
February 2017, and July, August and December 2019 
from eighteen locations in Switzerland (soils collected 
before 2019 were only used for adsorption experiments). 
Standard equipment was used to sample soil from the top 
10 cm layer. The field-moist soils were sieved (2 mm) and 
stored in plastic bags at 4  °C. Data on the characteriza-
tion of the soils are provided in Table 1.

The soils were stored longer than recommended in the 
OECD 307 guideline (max. 3  months, as storage may 
adversely affect microbial activity [18]), prior to using 
them for soil degradation experiments. In the case of 
the topsoils used for degradation experiments, storage 
ranged from 10–12  months while subsoils were stored 
longer, up to 18  months. From the very rapid degrada-
tion of pelargonic acid in the experiments and the mini-
mal difference in degradation rates between replicate 
incubations in soils Möhlin and Brislach, which were up 
to 6  weeks apart (Additional file  1: Table  S1), it seems 
that soil storage did not adversely affect pelargonic acid 
degrading microorganisms.

Soil incubation
Incubation experiments were conducted at spike levels 
of 5 and 15  mg/kg, corresponding to application rates 
of 3.75 and 11.25 kg/ha, respectively, assuming a mixing 
depth of 5  cm and a soil bulk density of 1.5  g/cm3 and 
thus at the lower end of typical application rates in agri-
culture (10–40  kg/ha, ref. [14]). Experiments were set 
up 10–12 (5 mg/kg) and 12–17 months (15 mg/kg) after 
collection of the soils. Portions of 100  g field-moist soil 
were spread in a crystallizing dish (width, 23 cm) and the 
test substance was applied evenly to the soil surface with 
a polyethylene spray bottle. For experiments at 5  mg/
kg, 50 µL of a solution of the test substance (10 mg/mL 
nonanoic acid-D17 in acetonitrile) were diluted into 5 mL 
water. For experiments at 15 mg/kg, 9 mg test substance 
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and 120 µL 0.5  M NaOH (to increase water solubil-
ity) were dissolved in 30 mL water (of which 5 mL were 
applied to each 100  g batch of soil). The addition of a 
small excess of NaOH (1.5 µmol per batch of soil) was not 
expected to significantly change the soil pH. After spik-
ing, the soils were thoroughly mixed and filled into 0.5-L 
Erlenmeyer flasks that were closed with air-permeable 
cellulose plugs. The soils were then incubated at 20 °C in 
the dark under aerobic conditions for 3–5  h. At appro-
priate time intervals, aliquots of 10 g soil were removed, 
filled into 20-mL glass vials, topped with 10 mL acetoni-
trile, vigorously shaken and immediately put in a freezer 
at − 45 °C until extraction.

Soil extraction
The acetonitrile soil suspensions were removed from the 
freezer, fortified with internal standard (100 µg nonanoic 
acid-9,9,9-D3 in 100 µL methanol) and allowed to come 
to room temperature. After vigorous shaking (≈1  min), 
the suspensions were centrifuged (RCF≈1500 g for 3 min; 
Eppendorf 5804 with rotor A-4–44, Hamburg, Germany) 
and the supernatants were transferred to 40-mL glass 
vials. A second extraction was performed with 10  mL 
acetonitrile, and a third extraction with 10  mL 0.01  M 
aqueous  CaCl2. The combined extracts were brought 
to roughly equal volume (30  mL) with 0.01  M aqueous 
 CaCl2 and an aliquot was diluted 1:10 with methanol for 
analysis by LC–MS/MS.

LC–MS/MS analysis
Pelargonic acid is a natural compound that occurs ubiq-
uitously in the environment. During initial method 
development, substantial signals for pelargonic acid 
were obtained when analyzing blank samples. These sig-
nals were high enough to interfere with analyses of trace 
amounts of pelargonic acid, for example, the lowest con-
centrations of the adsorption isotherm measurements. It 
was not possible to eliminate the blank signals by switch-
ing to different batches of organic solvents (acetonitrile 
and methanol) or water (used as eluent). Therefore, we 
decided to instead use fully deuterated pelargonic acid-
D17 as test substance, and pelargonic acid-9,9,9-D3 as 
internal standard. Both compounds were not affected by 
significant interferences even though the lack of any use-
able fragmentation prevented a selectivity gain as usually 
observed in LC tandem mass spectrometry (Fig. 1). The 
chromatograms also show that pelargonic acid  D3 did not 
cause any interferences in the mass trace of  D17 and vice 
versa.

Pelargonic acid-D17 and the corresponding internal 
standard pelargonic acid-9,9,9-D3 were analyzed with 
liquid chromatography-tandem mass spectrometry. The 
instrument was configured with an autosampler (PAL 

RSI, CTC Analytics, Zwingen, Switzerland), a binary 
HPLC pump for gradient elution, an additional HPLC 
pump used for sample transfer, a column oven (set to 
25  °C), a 6-port valve used for column switching, a sol-
vent degasser (Exion LC, Sciex, Framingham, MA), and 
a triple quadrupole mass spectrometer (API 6500 + , with 
turbo ion spray source, Sciex). LC conditions were as fol-
lows: The sample was injected into a 3 µL PEEK loop and 
then transferred from the injection loop to a cartridge 
precolumn used for sample cleanup (Gemini NX C18, 
two stacked 4 × 3  mm pre-columns, 5  µm particle size, 
Phenomenex, Torrance, CA) with 1 mM ammonium ace-
tate at a flow rate of 1  mL/min (for 1.5  min). Then, the 
enriched analytes were eluted backwards directly on to 
a Gemini NX C18 column (150 × 2.0 mm i.d, 5 μm) pro-
tected by a 4 × 2 mm pre-column with the same station-
ary phase. Gradient elution with the solvents ammonium 
acetate (1  mM in water) and acetonitrile (initial condi-
tions, 0% acetonitrile for the first 1.5 min, linear increase 
to 50% during 1  min, linear increase to 100% during 
4 min, 3.5 min isocratic hold, initial conditions re-estab-
lished within 0.1 min, followed by an equilibration time 
of 1.9 min) was done at a flow of 0.2 mL/min.

The MS was operated in negative mode (ion spray volt-
age, − 3.8 kV, 400  °C). Since nonanoic acid did not pro-
duce any fragment ions (> m/z 50) at significant yield, the 
test substance and internal standard were analyzed using 

Fig. 1 LC–MS/MS mass traces of pelargonic acid-D17 (test substance, 
orange trace, m/z 174 → 174) and pelargonic acid-9,9,9-D3 (internal 
standard, blue trace, m/z 160 → 160) of blank soil extract (a) 
and extract spiked with the equivalent of 0.3 µg/g  D17 (b), 6 µg/g 
 D3 (c) or both substances (d). Note that the signal for  D3 was scaled 
down by a factor of 10 for better comparability
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pseudo single ion monitoring of the respective molecu-
lar ions using ion transitions of m/z 174 → 174 (M-H of 
nonanoic acid-D17) and m/z 160 → 160 (nonanoic acid-
D3) with a collision energy of 90 eV. Quantification was 
based on peak area ratios relative to the internal standard 
and in reference to matrix-matched standard solutions. 
For that, untreated soil was extracted as described above 
and test substance and internal standard were added to 
the extracts directly before transfer to the autosampler 
vial and dilution with water.

Recoveries, precision, and limits of quantification
Recovery experiments were performed with one agricul-
tural soil (Brislach) and one railway soil (Lanzenhäusern), 
respectively, at fortification levels of 1 and 10  mg/kg. 
Recoveries were in the range of 85–91%. The precision 
was expressed as relative standard deviation (RSD) of 4 
replicate extractions of soil samples fortified with 1 and 
10 mg/kg. The analytical procedure was well reproducible 
with RSD values of 1.5–2.6%. The limit of quantification 
(LOQ) in the diluted soil extracts was determined at a 
signal-to-noise ratio of ≈10 and corresponded to concen-
trations of ≤ 0.03 µg/g moist soil. The analytical method 
was thus sensitive enough to quantify ≤ 0.6% of the initial 
concentration in the incubation experiments. The LOQ 
in diluted aqueous 0.01  M  CaCl2 solution (adsorption 
experiments, see below) was ≤ 0.002  µg/mL and thus at 
least 5 × below the lowest concentrations measured in the 
aqueous phase of the soil suspensions after equilibration.

Kinetic analysis
Kinetic parameters for the degradation of pelargonic acid 
were determined using the software CAKE (version 3, 
available at https:// cake- kinet ics. org/). We applied the 
single first-order (SFO) and the hockey-stick model (HS, 
this bi-phasic model assumes two sequential first-order 
curves with a breakpoint at a certain time) [19]. Initial 
concentrations were adjustable. For fitting, the itera-
tively reweighted least squares optimizer was selected. 
Fits were only accepted when statistically significant 
parameters (based on the 95% confidence interval) could 
be determined, with a χ2 error < 15% [19]. Visual assess-
ment and residuals were further acceptance criteria. 
The two other kinetic models usually tested in the con-
text of pesticide authorization, the double first-order in 
parallel model (DFOP, [19] this bi-phasic model assumes 
two compartments in which the compound is degraded 
according to first-order kinetics, but with different rate 
constants), and the first-order multi-compartment model 
(FOMC, [20] this bi-phasic model assumes a contin-
uum of micro-compartments in which the compound is 
degraded according to first-order kinetics) initially were 
considered, but quickly dropped as both these models 

are suited for situations where degradation slows down 
over time while, in our experiments, we observed the 
opposite.

Soil adsorption experiments
Batch adsorption experiments were performed in accord-
ance with OECD guidance 106 at 20 °C in the dark [21]. 
In all tests, the indirect method was used, where only the 
remaining concentration in the aqueous phase was meas-
ured after achievement of adsorption equilibrium.

The sieved, field-moist soils were dried at 105  °C 
prior to use. Typically, 10  g dry soil was weighed into 
40  mL clear glass vials with Teflon-lined screw caps. 
To these soils, 10  mL of a 0.01  M  CaCl2 solution was 
added (resulting soil:solution ratio, 1:1). Suspensions for 
soil:solution ratios of 1:5 and 1:10 were prepared using 
25  mL  CaCl2 solution, and 5 and 2.5  g dry soil, respec-
tively. Due to the rapid degradation of the test substance, 
the microbial activity in soils had to be suppressed for the 
duration of the experiment. Therefore, vials were capped, 
autoclaved (121 °C, 20 min), and allowed to cool to room 
temperature. Then, each vial was weighed and any losses 
that occasionally occurred during autoclaving were cor-
rected by addition of autoclaved 0.01 M  CaCl2 solution. 
The suspensions were then spiked with test substance 
dissolved in 10 µL methanol. The vials were mounted on 
a reciprocal shaker (90 oscillations  min−1) and agitated 
for several hours. The soil slurries were then centrifuged 
at ≈1500g for 10 min and an aliquot of the supernatant 
(100 µL) was transferred to an autosampler vial where 
internal standard (100 µL of nonanoic acid-D3 in meth-
anol, 2  ng/µL) and 800 µL methanol were added. These 
solutions were analysed by LC–MS/MS in reference to 
standards prepared in 0.01 M  CaCl2 solution diluted with 
methanol in the same way. The centrifugation conditions 
led to clear supernatants with no visible suspended par-
ticles. However, conditions may not have been sufficient 
to sediment all particles > 0.2 µm as recommended in the 
OECD guideline. Any particles potentially still present in 
the supernatant would have led to an overestimation of 
the test substance in solution and thus to an underesti-
mation of the calculated  KF values. However, in the case 
of weakly adsorbing compounds, this effect is expected to 
be very small.

Preliminary tests were performed with topsoils to 
determine adequate soil:solution ratios. These tests 
were performed at a single concentration level (0.5  µg/
mL). Based on these tests, soil:solution ratios of 1:1, 
1:5, and 1:10 were used for isotherm measurements 
(Table 3). Adsorption in the railway soils was expected to 
be weak due to the low organic carbon content in these 
soils. Therefore, a soil:solution ratio of 1:1 was used for 

https://cake-kinetics.org/
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isotherm measurements in these soils without prelimi-
nary testing.

The time required to reach the adsorption equilibrium 
was tested by agitation of soil suspensions for various 
time periods up to 24  h. From the declining concentra-
tion in the aqueous phase, the necessary equilibration 
time was determined by visual assessment. The equili-
bration was rapid in all soils with minimal changes in the 
aqueous phase concentrations after 4  h. Based on these 
results, an equilibration time of 12–16  h (shaking over-
night) was considered appropriate.

To account for possible degradation, concentrations 
in the total system (soil and water) were determined 
over varying time periods. For analysis in the total sys-
tem, the aqueous phase was decanted and the residual 
soil was extracted twice with 10 mL acetonitrile. Extracts 
and aqueous phase were combined and then analysed in 
the same way as soil extracts. Only minimal decline was 
observed (≤ 7% after 24  h), indicating that pelargonic 
acid was stable in the autoclaved soil suspensions (a mass 
balance ≥ 90% is required in the OECD guideline [21]). 
Isotherms were not corrected for possible degradation.

For adsorption isotherms, to achieve measurements 
at 5 concentration levels, spanning two orders of mag-
nitude, dilution series were prepared from a stock solu-
tion in methanol (concentration 10  mg/mL). A total of 
10 concentration levels were prepared by sequentially 
diluting 1.5 g of the next higher concentration level with 
1.2  g of methanol. These methanolic solutions were 

then diluted 1:1000 in 0.01  M  CaCl2. All 10 concentra-
tion levels (10, 5.56, 3.09, 1.72, 0.953, 0.529, 0.294, 0.163, 
0.091, and 0.050 µg/mL) were used for the preparation of 
calibration standards and every other level was used for 
adsorption measurements.

The parameters of the Freundlich equation were deter-
mined from linear regressions of  log10  cw vs  log10  cs., with 
 log10(KF) as the intercept and 1/n as the slope, using the 
lm function of the stats package in R [22].

Results and discussion
Degradation of pelargonic acid
Initially, degradation of pelargonic acid was investigated 
at a fairly low starting concentration of 5  mg/kg. The 
rationale behind the low spike levels was that on rail-
way tracks the herbicides would be used for spot treat-
ment, with substantial interception by weeds, rather than 
broadcast application. At this low starting concentration, 
degradation in the four topsoils was very rapid with  DT50 
values of << 1 h (9–12 min, Table 2). In the railway sub-
soils, degradation was considerably slower, but still very 
rapid with  DT50 values of 1.0–2.3  h. The degradation 
could be fitted reasonably well assuming SFO decline 
in all 7 soils (blue lines, Fig.  2). In two subsoils, a pro-
nounced lag phase was observed with slower decline in 
the initial 1–2  h and more rapid decline thereafter. The 
hockey stick model fitted the data clearly better than SFO 
(dashed lines, Fig. 2).

Table 2 Half-livesa  (DT50) of pelargonic acid in subsoils from railway tracks and agricultural topsoils

a All determined assuming exponential decline (SFO fit); additional data, also for “hockey-stick” fits, see additional file (chapter 1)
b 95% confidence interval
c Ref. [14]

Starting concentration 5 mg/kg 15 mg/kg

water content
[% WHC]

DT50
[h]

95%  CIb water content
[% WHC]

DT50
[h]

95%  CIb

Subsoils from railway tracks

Lanzenhäusern 62 2.3 (2.0–2.8) 54 10.5 (8.7–13.2)

Nottwil 48 0.99 (0.76–1.41) 44 3.7 (2.7–5.7)

Wabern 67 2.0 (1.4–3.4) 51 4.9 (4.1–6.2)

Geom. mean for railway soils 1.7 5.8
(0.24 d)

Agricultural topsoils

Brislach 60 0.15 (0.11–0.24) 38 1.2 (1.1–1.4)

Möhlin 72 0.16 (0.15–0.17) 49 1.8 (1.4–2.7)

Sargans 58 0.20 (0.18–0.23) 49 1.3 (1.0–1.6)

Zuzwil 58 0.17 (0.15–0.20) 37 1.5 (1.2–1.9)

Geom. mean for agricultural soils 0.17 1.4

DT50 value used for exposure modelling in the EU: range 0.70–1.58 days (n = 4) c 29.3
(1.22 d)
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Data on the degradation of pelargonic acid in soils from 
studies submitted for renewal of the authorization of the 
substance in Europe [16] became available shortly after 
we had conducted our experiments. Dissipation of pelar-
gonic acid in those soils was also rapid, with  DT50 values 
in the range of 17–38 h (0.7–1.6 d values normalized to 
reference conditions) but considerably slower than in our 
soils.

In view of the significant differences between our 
results and those in the registration dossier, we con-
ducted various additional experiments with two of the 
soils (Brislach and Möhlin) in which the potential influ-
ence of soil handling (pre-incubation of the soils at room 
temperature before spiking), different spiking proce-
dures, and different extraction methods were investi-
gated. While none of the aforementioned factors had any 
significant influence on the dissipation rate of the test 
substance, we found a quite remarkable impact of the 
starting concentration with substantially slower degrada-
tion at higher concentrations. In soil Brislach,  DT50 val-
ues increased from 0.15 h at a spike level of 5 mg/kg to 
7.9 h at 125 mg/kg (Fig. 3, Table 2, and Additional file 1: 
Table S2). Even at the highest dose level, degradation in 
this soil was thus faster than in the studies in the EU reg-
istration dossier  (DT50, 17–38 h) which were conducted 
at dose levels of 20 mg/kg [16].

To describe the degradation of pelargonic acid over a 
range of dose levels, we applied two kinetic models which 
are based on different mechanistic considerations. The 

first was a logistic degradation model which was sug-
gested by the FOCUS kinetics working group [23] to 
be applied to data showing pronounced lag phases and 
is based on the assumption that the substance initially 
inhibits the microorganisms. The second assumes con-
ventional Michaelis–Menten (enzyme) kinetics which 
can describe the transition of reaction kinetics from 

Fig. 2 Degradation of pelargonic acid-D17 in 4 agricultural topsoils (top row) and 3 soils from railway tracks (bottom row). Fitted single first order 
(SFO) decline curves are plotted as solid lines, bi-phasic decline (hockey stick) as dashed lines. Data from experiments with starting concentration 
15 mg/kg are shown in black, those with 5 mg/kg in blue

Fig. 3 Degradation of pelargonic acid-D17 in soil Brislach at 4 
different starting concentrations. Dashed lines (SFO) shown 
for illustration purposes only
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zero order (reaction independent of substrate concentra-
tion but limited by the concentration and turnover rate 
of the enzyme present) to first order [24]. Both of these 
models are able to describe the observed behaviour. 
However, without further information on, for example, 
microbial biomass, both model approaches do not pro-
vide the definitive explanation for the observed concen-
tration-dependent decline, except that they both hint at 
inhibition of decline at higher dose levels. More details 
on the fitting procedure and results can be found in the 
additional file (chapter 2, Additional file 1: Tables S2, S3, 
Figures S1–S4).

To obtain  DT50 values representative of application 
rates potentially used on railway tracks, we conducted 
an additional round of experiments with the same set 
of soils, but at a threefold higher starting concentra-
tion of 15 mg/kg. These experiments expectedly yielded 
higher  DT50 values for all soils than the respective experi-
ments at 5 mg/kg (black lines, Fig. 2; Table 2). To some 
extent, this slower degradation may be due to the fact 
that the soil moisture was lower than in the experiments 
at the starting concentration of 5 mg/kg. However, only 
2 experiments were slightly below the recommended 
range of 40–60% of the maximum water holding capac-
ity (soils Brislach and Zuzwil, with 38 and 37%, respec-
tively). A pronounced bi-phasic behaviour was observed 
in all 3 railway soils and the corresponding HS kinetic 
model fitted the data clearly better than the SFO model 
(Fig.  2). However, models used for groundwater expo-
sure assessment in the context of pesticide authorisa-
tion require SFO-DT50 values which ranged from 3.8 to 
10.5  h in railway soils. These  DT50-values overestimate 
the degradation directly after application, but underesti-
mate the degradation on the long term. For groundwater 
exposure calculation these values would thus represent a 
worst-case.

Adsorption to soils
Since pelargonic acid clearly was not stable in soils, 
adsorption experiments were carried out in autoclaved 
soil. Initial experiments confirmed that pelargonic acid 
was stable in soil suspensions after a single autoclaving 
cycle, at least for the duration of the equilibration (12–
16  h). This pretreatment of the soils was chosen based 
on availability at our laboratory. This and other pretreat-
ments, such as addition of chemical disinfectants  (HgCl2, 
 NaN3) and gamma-irradiation were all found to alter 
the properties of the soils and the aqueous medium and 
thus potentially affect adsorption of chemicals [25–29]. 
Some of these changes may increase (e.g., increased sur-
face area), some decrease adsorption (e.g., change in pH, 
or quantity and quality of organic matter), depending on 
substance properties. This should be considered when 

interpreting the determined adsorption endpoints. As 
soil pH is an important factor for adsorption of pelar-
gonic acid (see below), actual pH of the soil suspensions 
was measured at the end of the equilibration phase.

Adsorption experiments were analyzed with the Freun-
dlich model [30],

where  cw is the concentration in the aqueous phase (in 
µg/mL) and  cs is the concentration in soil (µg/g). The 
Freundlich adsorption coefficient  (KF; unit, μg1–1/n  mL1/n 
 g−1) and the Freundlich exponent (1/n) were determined 
from linear regressions of log  cw vs log  cs at a reference 
concentration  cref = 1  μg   mL−1. Freundlich isotherms in 
the 12 topsoils and 3 railway soils are shown in Fig. 4. The 
corresponding  KF values (Table  3) varied considerably 
between soils, indicating very weak adsorption in the 
subsoils  (KF 0.060–0.31 mL/g) and stronger adsorption in 
most topsoils  (KF up to 39.7 mL/g).

Adsorption appears to correlate to some extent with 
the organic carbon content of the soils  (R2 = 0.63). The 
 KFoc (organic carbon normalized adsorption coefficients) 
values thus lie within a narrower range (11–371  mL/g; 
coefficient of variation, CV, 110%) than the correspond-
ing  KF values (0.06–39  mL/g; CV, 210%). When these 
 KFoc values are plotted against the pH of the soil suspen-
sions, it is evident that adsorption of pelargonic acid is 
pH dependent with stronger adsorption at low soil pHs, 
as expected for weak acids (Fig. 5).

The  KFoc values observed in the different soils were fit-
ted assuming a pH dependent equilibrium between the 
neutral (protonated) form of pelargonic acid and the 
anionic (deprotonated) form which is determined by 
the dissociation constant, using the following equations 
(adapted from [31]):

where the fit parameters KHA
Foc  and KA

Foc are the KFoc val-
ues of the neutral and anionic form, respectively, and the 
 pKa is the negative logarithm of the apparent dissociation 
constant in the soil–water suspension. To account for the 
fact that pH at the adsorption complex might differ from 
pH in bulk solution,  pKa was included as a fit parameter. 
This is equivalent to an approach proposed by van der 
Linden et al., where the term  (pKa + ΔpH) was optimized, 
with  pKa being the literature value and ΔpH (correction 
accounting for possible surface acidity effects) the fitting 
parameter [32]. Fitting this equation to all 15 data points 

(1)cs = KFcw
1
n

(2)K
obs
Foc = α

HA
· K

HA
Foc +

(

1− α
HA

)

· K
A

Foc

(3)α
HA

=
1

1+ 10(pH−pKa)
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yielded the curve shown in Fig.  5 and corresponding 
KHA
Foc  and KA

Foc values of 338 and 20.0 mL/g, respectively. 
The fitted  pKa value of 4.86 is very close to  pKa values 
reported in the literature (4.94–5.0) [14]. Details of the 
fitting procedure and confidence intervals for the fitted 
parameters are provided in the additional file (chapter 3). 

Consistent with our results, pH-dependent adsorption 
with KFoc values of 8.1 to 570  mL/g was observed in a 
study submitted with the EU registration dossier [16].

Freundlich exponents in batch adsorption studies usu-
ally are < 1, indicating that adsorption gets weaker at 
higher concentrations as higher affinity sorption sites 

Fig. 4 Adsorption isotherms of pelargonic acid-D17 in 3 soils from railway tracks (top left panel) and 12 topsoils (all others).  cs: amount adsorbed 
to soil,  cw: concentration in solution. Note the different scales. The shaded areas are the 95% confidence intervals for the fitted curves. The open 
symbol (soil Sargans) is considered an outlier
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are gradually depleted. This was also the case for pelar-
gonic acid in most soils studied with the exception of 2 
soils for which Freundlich exponents > 1 were observed 
(soils Burgdorf and Zuzwil, Table  3), whereby only for 
soil Zuzwil the 95% confidence interval does not include 
1 (linear sorption). From the soil properties listed in 
Table  1, these two soils cannot be set apart from the 
other soils studied. It is thus unclear what caused this 
rather unusual behaviour which was also observed in 2 
out of 5 soils used for batch adsorption experiments in 
the EU registration dossier [16]. The lowest 1/n value of 
0.82 was observed in soil Wabern which has the lowest 
organic carbon content. This is consistent with data for 
the herbicides 2,4-D and quizalofop and their metabo-
lites for which low 1/n values were observed in a range of 
subsoils with low organic carbon content [17].

Assessment of the leaching behaviour of pelargonic acid 
when applied to railway tracks
Leaching of herbicides applied to railway tracks is expected 
to be more likely than from application in agricultural 
fields. Various factors contribute to that, particularly the 

coarse texture and low content of organic matter in the soil 
below railway tracks leading to efficient drainage and min-
imal retention of organic substances in the soil column. 
In addition, subsoils often show lower biological activity 
and thus slower degradation of organic substances applied 
[17, 33, 34]. For the assessment of the leaching behaviour 
in this situation, the tools otherwise used in the context of 
pesticide authorization are thus of limited use. However, 
for German national authorization of herbicides intended 
for use on railway tracks, a set of 3 scenarios was devel-
oped [35]. The scenarios provide “crop”, soil, and climate 
data for the software PELMO [36].

The aforementioned railway scenarios were used to 
assess the potential leaching of pelargonic acid after 
application to railway tracks (for details, see additional 
file, chapter  4). Two sets of substance parameters were 
used, the EU-wide harmonised endpoints for  DT50,  KFoc 
and 1/n for use in exposure modelling published by the 
European Food Safety Authority (EFSA [14]; KFoc and 
1/n values for alkaline soils, Table 3) as well as the values 
obtained in the present study (geom. mean  DT50-value 
for railway soils at 15  mg/kg, Table  2, as well as the 

Table 3 Freundlich adsorption coefficients (KF) and exponents (1/n) in soils from railway tracks and various topsoils

a Measured in soil suspensions after sampling for isotherm measurements (i.e. after autotclaving and agitation for 16 h)
b The unit of the distribution coefficient  KF (μg1–1/n  mL1/n  g−1) was evaluated at a reference concentration  cref = 1 μg  mL−1

c 95% confidence interval dgeom. mean  KFoc and arithm. mean 1/n e ref [14]

pH in 
 experimenta

Corg [%] Soil:solution 
ratio

Fraction 
adsorbed
[%]

KF b
[mL/g]

95% CI c KFoc
[mL/g]

95% CI c 1/n R2

Subsoils from railway tracks

Wabern 6.85 0.21 1: 1 2–13 0.060 (0.052–0.068) 28.4 (0.74–0.90) 0.82 0.986

Lanzenhäusern 7.32 0.54 1: 1 10–24 0.160 (0.144–0.178) 29.6 (0.88–0.99) 0.95 0.993

Nottwil 7.44 0.78 1: 1 18–33 0.313 (0.293–0.334) 40.1 (0.93–1.01) 0.97 0.998

Mean values d 32.3 0.91

topsoils (sorted by pH)

Etziken 3.73 2.3 1: 5 55–61 6.84 (6.46–7.24) 297 (0.95–1.01) 0.98 0.999

Dulliken 3.83 2.1 1: 5 49–59 5.95 (5.48–6.47) 284 (0.91–1.00) 0.95 0.997

Steig 3.98 10.7 1: 5 88–90 39.7 (37.4–42.2) 371 (0.97–1.01) 0.99 0.999

Schafisheim 4.38 1.6 1: 5 36–45 3.53 (3.32–3.76) 221 (0.94–1.00) 0.97 0.998

Entlebuch 4.87 3.7 1: 5 59–65 7.67 (7.13–8.24) 207 (0.95–1.02) 0.98 0.998

Möhlin 5.22 1.2 1: 1 49–57 1.17 (1.09–1.25) 97.5 (0.95–1.02) 0.98 0.998

Brislach 6.29 1.56 1: 1 31–41 0.532 (0.488–0.580) 34.1 (0.93–1.03) 0.98 0.996

Zuzwil 6.60 1.49 1: 1 12–26 0.224 (0.201–0.251) 15.1 (1.07–1.20) 1.14 0.995

Ins 7.02 7.5 1: 10 11–21 2.02 (1.80–2.26) 26.9 (0.93–1.07) 1.00 0.993

Burgdorf 7.06 2.4 1: 1 18–39 0.378 (0.281–0.505) 15.7 (0.88–1.27) 1.07 0.961

Sargans 7.21 3.18 1: 1 24–48 0.364 (0.351–0.377) 11.4 (0.97–1.01) 0.99 0.999

Kestenholz 7.24 2.8 1: 1 24–34 0.414 (0.376–0.456) 14.8 (0.96–1.07) 1.01 0.995

Mean values (our data, topsoils) d acidic soils (pH ≤ 6.2, n = 6) 228 0.976

alkaline soils (pH > 6.2, n = 6) 18.2 1.03

Values used for exposure modelling in the EU e acidic soils (pH ≤ 6.2, n = 2) 95 1

alkaline soils (pH > 6.2, n = 2) 8.4 0.987
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corresponding geom. mean KFoc and arithm. mean 1/n 
values, Table 3).

Calculations with the EU endpoints yielded annual 
mean concentrations in soil leachate at 1 m depth (“pre-
dicted environmental concentrations in groundwater”, 
 PECGW, which is the regulatory value against which the 
parametric drinking water limit for pesticides 0.1 µg/L is 
evaluated) in the range of < 0.001–1.2 µg/L (depending on 
the date of application for a single application between 1 
May and 30 September, see Additional file 1: Figure S5) in 
one of the scenarios (Lindau) whereas  PECGW in the other 
two scenarios were always < 0.001 µg/L. In contrast to the 
calculations with the EU endpoints, none of the scenarios 
indicated any leaching potential  (PECGW < 0.001  µg/L) 
when parameterised with our data for railway subsoils. 
This is likely due to both faster degradation and some-
what stronger adsorption. In any event, given the rapid 
degradation in soil, leaching to some depth below railway 
tracks might occur under extreme circumstances [37], 
but it seems highly unlikely that the compound would 
lead to groundwater contamination as further degrada-
tion between the lower boundary of the model at 1  m 
below the railway track and actual groundwater would be 
expected.

Conclusions
Our results from laboratory incubation experiments 
demonstrate that pelargonic acid is rapidly degraded 
not only in agricultural topsoils but also in subsoils 

from railway tracks at concentrations in soil resulting 
from typical applications in the field, with  DT50 values 
well below 1  day. The observed, pronounced concen-
tration dependence with slower degradation at higher 
concentrations could not be fully explained without 
further experimental work. However, more elaborate 
kinetic fitting than is typically applied to soil degrada-
tion experiments points to the capacity of the microbial 
population in the soil for degradation of the substance 
as the limiting factor, probably in combination with an 
inhibitory effect at higher dose levels.

Adsorption of pelargonic acid was found to be pH 
dependent, with stronger adsorption at lower pH. 
With KFoc values of 20–40  mL/g in the alkaline sub-
soils, pelargonic acid can be considered a very mobile 
substance. However, model calculations with scenarios 
specifically developed for application on railway tracks 
yielded  PECGW < 0.001  µg/L when parametrised with 
the endpoints obtained in this study. From the point of 
view of groundwater protection, pelargonic acid thus 
appears to be suitable for application as a herbicide on 
railway tracks, even in situations that are vulnerable to 
leaching.
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track as a function of application date.

Acknowledgements
We thank Julian Angst for his contribution to the adsorption and degrada-
tion experiments. We further thank S. Bellotto (FOT), G. Adolph (Swiss Federal 
Railways, SBB), P. Sydler (BLS railways), and I. Zimmermann (SOB railways) for 
their support of the project.

Author contributions
TP, IB, and RK were involved in the study design, data analysis, and drafting of 
the manuscript. JM was mainly concerned with the experimental work.

Funding
This project was funded by the Swiss Federal Office of Transport (FOT) and the 
Swiss Union of Public Transport, and their support is kindly acknowledged.

Availability of data and materials
The datasets used and analyzed during the current study are mostly available 
in the supporting information and otherwise from the corresponding author 
on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 16 October 2023   Accepted: 10 December 2023

References
 1. Ciriminna R, Fidalgo A, Ilharco LM, Pagliaro M (2019) Herbicides based on 

pelargonic acid: herbicides of the bioeconomy. Biofuels, Bioprod Biorefin 
13(6):1476–1482. https:// doi. org/ 10. 1002/ bbb. 2046

 2. Kilian M, Marienhagen C (2015) Herbicide combination containing 
pelargonic acid and defined ALS inhibitors. Intl. patent WO2015/004086, 
15 Jan 2015.

 3. Pietras-Couffignal K, Below M, Yilmazer P, Nolte R, Schuh T (2021) Future 
vegetation control of European Railways State-of-the-art report (TRIS-
TRAM Final Report). International Union of Railways (UIC), Paris, April 
2021.

 4. Amaro-Blanco I, Osuna MD, Romano Y, Roldán-Gómez R, Palma-Bautista 
C, Portugal J et al (2019) Selection for glyphosate resistance in Conyza 
spp. occurring in the railway network of southern Spain. Canadian J Plant 
Sci. 99(4):413–419. https:// doi. org/ 10. 1139/ cjps- 2018- 0254

 5. Ramwell CT, Heather AI, Shepherd AJ (2004) Herbicide loss following 
application to a railway. Pest Manag Sci 60(6):556–564. https:// doi. org/ 10. 
1002/ ps. 850

 6. Schweinsberg F, Abke W, Rieth K, Rohmann U, Zullei-Seibert N (1999) 
Herbicide use on railway tracks for safety reasons in Germany? Toxicol 
Lett 107(1–3):201–205. https:// doi. org/ 10. 1016/ s0378- 4274(99) 00048-x

 7. Torstensson L (2001) Use of herbicides on railway tracks in Sweden. Pestic 
Outlook 12(1):16–21. https:// doi. org/ 10. 1039/ b1008 02l

 8. Albers CN, Jacobsen OS, Bester K, Jacobsen CS, Carvalho PN (2020) 
Leaching of herbicidal residues from gravel surfaces - A lysimeter-based 
study comparing gravels with agricultural topsoil. Environ Pollut 266(Pt 
3):115225. https:// doi. org/ 10. 1016/j. envpol. 2020. 115225

 9. Borggaard OK, Gimsing AL (2008) Fate of glyphosate in soil and the pos-
sibility of leaching to ground and surface waters: a review. Pest Manag Sci 
64(4):441–456. https:// doi. org/ 10. 1002/ ps. 1512

 10. Vereecken H (2005) Mobility and leaching of glyphosate: a review. Pest 
Manag Sci 61(12):1139–1151. https:// doi. org/ 10. 1002/ ps. 1122

 11. Metzger JO, Bornscheuer U (2006) Lipids as renewable resources: current 
state of chemical and biotechnological conversion and diversifica-
tion. Appl Microbiol Biotechnol 71(1):13–22. https:// doi. org/ 10. 1007/ 
s00253- 006- 0335-4

 12. Fukuda M, Tsujino Y, Fujimori T, Wakabayashi K, Böger P (2004) Phytotoxic 
activity of middle-chain fatty acids I: effects on cell constituents. Pestic 
Biochem Physiol 80(3):143–150. https:// doi. org/ 10. 1016/j. pestbp. 2004. 06. 
011

 13. Lederer B, Fujimori T, Tsujino Y, Wakabayashi K, Böger P (2004) Phytotoxic 
activity of middle-chain fatty acids II: peroxidation and membrane effects. 
Pestic Biochem Physiol 80(3):151–156. https:// doi. org/ 10. 1016/j. pestbp. 
2004. 06. 010

 14. European Food Safety Authority EFSA (2021) Peer review of the pesticide 
risk assessment of the active substance pelargonic acid (nonanoic acid). 
EFSA J 19(8):e06813. https:// doi. org/ 10. 2903/j. efsa. 2021. 6813

 15. Jimenez-Diaz L, Caballero A, Segura A. Pathways for the Degradation of 
Fatty Acids in Bacteria. In: Rojo F, editor. Aerobic Utilization of Hydrocar-
bons, Oils and Lipids Handbook of Hydrocarbon and Lipid Microbiology. 
Cham: Springer; 2017.

 16. Rapporteur Member State Greece (2020) Pelargonic Acid: Renewal 
Assessment Report prepared according to Regulation (EC) N° 1107/2009 
Vol. 3 B.8. European Commission, May 2020.

 17. Buerge IJ, Pavlova P, Hanke I, Bächli A, Poiger T (2020) Degradation 
and sorption of the herbicides 2,4-D and quizalofop-P-ethyl and their 
metabolites in soils from railway tracks. Environ Sci Europe 32:1. https:// 
doi. org/ 10. 1186/ s12302- 020- 00422-6

 18. OECD (2002) Test No. 307: Aerobic and Anaerobic Transformation in Soil, 
OECD Guidelines for the Testing of Chemicals, Section 3. Paris, 24 April 
2002.

 19. FOCUS (FOrum for the Co-ordination of pesticide fate models and their 
USe) (2014) Generic guidance for Estimating Persistence and Degra-
dation Kinetics from Environmental Fate Studies on Pesticides in EU 
Registration. 18 Dec 2014.

 20. Gustafson DI, Holden LR (2002) Nonlinear pesticide dissipation in soil: a 
new model based on spatial variability. Environ Sci Technol 24(7):1032–
1038. https:// doi. org/ 10. 1021/ es000 77a013

 21. OECD (2000) Test No. 106: Adsorption -- Desorption Using a Batch Equi-
librium Method. OECD Publishing, Paris, 21 Jan 2000.

 22. R Core Team (2023) R: A Language and Environment for Statistical Com-
puting. https:// www.R- proje ct. org/. Accessed Oct 2023.

 23. FOCUS (FOrum for the Co-ordination of pesticide fate models and 
their USe) (2006) Guidance Document on Estimating Persistence and 
Degradation Kinetics from Environmental Fate Studies on Pesticides in EU 

https://doi.org/10.1002/bbb.2046
https://doi.org/10.1139/cjps-2018-0254
https://doi.org/10.1002/ps.850
https://doi.org/10.1002/ps.850
https://doi.org/10.1016/s0378-4274(99)00048-x
https://doi.org/10.1039/b100802l
https://doi.org/10.1016/j.envpol.2020.115225
https://doi.org/10.1002/ps.1512
https://doi.org/10.1002/ps.1122
https://doi.org/10.1007/s00253-006-0335-4
https://doi.org/10.1007/s00253-006-0335-4
https://doi.org/10.1016/j.pestbp.2004.06.011
https://doi.org/10.1016/j.pestbp.2004.06.011
https://doi.org/10.1016/j.pestbp.2004.06.010
https://doi.org/10.1016/j.pestbp.2004.06.010
https://doi.org/10.2903/j.efsa.2021.6813
https://doi.org/10.1186/s12302-020-00422-6
https://doi.org/10.1186/s12302-020-00422-6
https://doi.org/10.1021/es00077a013
https://www.R-project.org/


Page 13 of 13Poiger et al. Environmental Sciences Europe            (2024) 36:4  

Registration, Report of the FOCUS Work Group on Degradation Kinetics. 
EC Document Reference Sanco/10058/2005 version 2.0. Jun 2006.

 24. Richter O, Nörtersheuser P, Pestemer W (1992) Non-linear parameter 
estimation in pesticide degradation. Sci Total Environ 123–124:435–450. 
https:// doi. org/ 10. 1016/ 0048- 9697(92) 90166-p

 25. Berns AE, Philipp H, Narres HD, Burauel P, Vereecken H, Tappe W (2008) 
Effect of gamma-sterilization and autoclaving on soil organic matter 
structure as studied by solid state NMR, UV and fluorescence spectros-
copy. Eur J Soil Sci 59(3):540–550. https:// doi. org/ 10. 1111/j. 1365- 2389. 
2008. 01016.x

 26. Lees K, Fitzsimons M, Snape J, Tappin A, Comber S (2018) Soil sterilisation 
methods for use in OECD 106: How effective are they? Chemosphere 
209:61–67. https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 06. 073

 27. Lotrario JB, Stuart BJ, Lam T, Arands RR, O’Connor OA, Kosson DS (1995) 
Effects of sterilization methods on the physical characteristics of soil: 
implications for sorption isotherm analyses. Bull Environ Contam Toxicol 
54(5):668–675. https:// doi. org/ 10. 1007/ BF002 06097

 28. McNamara NP, Black HIJ, Beresford NA, Parekh NR (2003) Effects of acute 
gamma irradiation on chemical, physical and biological properties 
of soils. Appl Soil Ecol 24(2):117–132. https:// doi. org/ 10. 1016/ s0929- 
1393(03) 00073-8

 29. Wolf DC, Dao TH, Scott HD, Lavy TL (1989) Influence of sterilization meth-
ods on selected soil microbiological, physical, and chemical properties. J 
Environ Qual 18(1):39–44. https:// doi. org/ 10. 2134/ jeq19 89. 00472 42500 
18000 10007x

 30. Freundlich H (1907) Über die Adsorption in Lösungen. Z Phys Chem 
57U(1):385–470. https:// doi. org/ 10. 1515/ zpch- 1907- 5723

 31. Tulp HC, Fenner K, Schwarzenbach RP, Goss KU (2009) pH-Dependent 
sorption of acidic organic chemicals to soil organic matter. Environ Sci 
Technol 43(24):9189–9195. https:// doi. org/ 10. 1021/ es902 272j

 32. van der Linden AM, Tiktak A, Boesten JJ, Leijnse A (2009) Influence of pH-
dependent sorption and transformation on simulated pesticide leaching. 
Sci Total Environ 407(10):3415–3420. https:// doi. org/ 10. 1016/j. scito tenv. 
2009. 01. 059

 33. Cederlund H, Börjesson E, Önneby K, Stenström J (2007) Metabolic and 
cometabolic degradation of herbicides in the fine material of railway 
ballast. Soil Biol Biochem 39(2):473–484. https:// doi. org/ 10. 1016/j. soilb io. 
2006. 08. 018

 34. Cederlund H, Stenstrom J (2004) Microbial biomass and activity on 
railway track and embankments. Pest Manag Sci 60(6):550–555. https:// 
doi. org/ 10. 1002/ ps. 884

 35. Klein M. Die Berechnung der Versickerungsneigung von Pflanzenschutz-
mitteln in der Gleiskörperumgebung mit PELMO. Zeitschrift für Pflanzen-
krankheiten und Pflanzenschutz. 2002;Sonderheft, XVIII:405–12.

 36. Klein M (1994) Evaluation and comparison of pesticide leaching models 
for registration purposes results of simulations performed with the 
pesticide leaching model. J Environ Sci Health 29(6):1197–1209. https:// 
doi. org/ 10. 1080/ 10934 52940 93761 03

 37. Buerge IJ, Kasteel R, Poiger T (2024) Leaching of herbicides and their 
metabolites in lysimeters filled with soils from railway tracks. Sci Total 
Environ 909:168396. https:// doi. org/ 10. 1016/j. scito tenv. 2023. 168396

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/0048-9697(92)90166-p
https://doi.org/10.1111/j.1365-2389.2008.01016.x
https://doi.org/10.1111/j.1365-2389.2008.01016.x
https://doi.org/10.1016/j.chemosphere.2018.06.073
https://doi.org/10.1007/BF00206097
https://doi.org/10.1016/s0929-1393(03)00073-8
https://doi.org/10.1016/s0929-1393(03)00073-8
https://doi.org/10.2134/jeq1989.00472425001800010007x
https://doi.org/10.2134/jeq1989.00472425001800010007x
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1021/es902272j
https://doi.org/10.1016/j.scitotenv.2009.01.059
https://doi.org/10.1016/j.scitotenv.2009.01.059
https://doi.org/10.1016/j.soilbio.2006.08.018
https://doi.org/10.1016/j.soilbio.2006.08.018
https://doi.org/10.1002/ps.884
https://doi.org/10.1002/ps.884
https://doi.org/10.1080/10934529409376103
https://doi.org/10.1080/10934529409376103
https://doi.org/10.1016/j.scitotenv.2023.168396

	Degradation and sorption of the herbicide pelargonic acid in subsoils below railway tracks compared to a range of topsoils
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Chemicals
	Soils
	Soil incubation
	Soil extraction
	LC–MSMS analysis
	Recoveries, precision, and limits of quantification
	Kinetic analysis
	Soil adsorption experiments

	Results and discussion
	Degradation of pelargonic acid
	Adsorption to soils
	Assessment of the leaching behaviour of pelargonic acid when applied to railway tracks

	Conclusions
	Anchor 21
	Acknowledgements
	References


