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Identification of dissipation pathways for
pharmaceuticals in soils — a modelling approach

Matthias Boeckmann, & *2 Jan Siemens,” Benjamin Justus Heyde@C
and Christiane Zarfl®

Concentrations of pollutants like pharmaceuticals in soils typically decrease over time, though it often
remains unclear whether this dissipation is caused by the transformation of the pollutant or a decreasing
extractability. We developed a mathematical model that (1) explores the plausibility of different
dissipation pathways, and (2) allows the quantification of concentration differences between aqueous
soil extracts and soil solution. The model considers soil particles as uniform spheres, kinetic sorption
towards an equilibrium (Freundlich model), and two dissipation pathways, i.e. irreversible transformation
and mineralization (following 1% order kinetics) as well as the formation of non-extractable residues via
intraparticle diffusion. Applying the model to 19 published datasets (eight pharmaceuticals, three soils)
showed that intraparticle diffusion accounts for approximately two thirds of all simulated mass fluxes.
Reversible formation of non-extractable residues could play a major role for dissipation, while irreversible
transformation and mineralization cannot be excluded either based on the available datasets. The
difference between concentrations in aqueous extracts and soil solution quantified by the model is
below typical model and measurement uncertainties for most of the investigated pharmaceuticals.
Larger differences might be linked to a positive ionic charge of the pollutant. The model helps in
disentangling different dissipation pathways in soils and optimizing experiments elucidating the long-
term fate of pollutants in soils.

Antimicrobial resistance (AMR) poses a severe threat to public health and spreads, among others, also in soils that are subjected to inputs of antibiotic agents
and other pharmaceuticals when fertilized with manure or irrigated with treated or untreated wastewater, which might (co-)select AMR. In order to assess the
risk of AMR selection and development, it is crucial to quantify the bioavailable and bioaccessible antibiotic concentration over time and space. However,
measuring this concentration in soils is challenging due to small pore water volumes and potential biases in soil extraction procedures. Using published data

from soil incubation and batch experiments with various antibiotics, this study develops and applies a process-based mathematical model to quantify the
extraction bias, evaluate the different dissipation pathways of antibiotics in soils and estimate the bioavailable antibiotic concentration. These results,

combined with knowledge on microbial dynamics and AMR formation, provide a comprehensive assessment of the actual environmental risk posed by anti-

biotics in soils.

Introduction

pollutants in soils typically decline over time following their
input, a phenomenon that is termed “dissipation”.** However,
the mere observation of decreasing concentrations does not

Most of the thousands of chemical compounds we produce and
use end up in soils or sediments, either through direct inputs,
atmospheric deposition, flooding, irrigation or application of
fertilizers or waste materials."”” Observed concentrations of
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allow to distinguish between different processes that lead to
a removal from the measurable fraction.>>® It thus often
remains unclear whether the compound's dissipation is due to
actual removal processes like degradation and mineralization,
or due to sorption and other sequestration processes that lead
to a decrease in the compound's accessibility. As a result,
pollutants may still persist in soil but, technically, cannot be
observed anymore with the currently available extraction
methods and instruments.

Common extraction methods to measure pollutant concen-
trations in soils in the laboratory distinguish between easily
extractable and residual fractions.”® Nevertheless, any extraction
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method necessarily interferes with the quantity it aims to
observe. Lesueur et al. 2008 showed that different extraction
methods lead to different results.” While the dilution effect of
changing the liquid-to-solid ratio in the soil during extraction can
principally be factored out, this correction is complicated by the
fact that a change in the liquid to solid ratio leads to a shift in the
equilibrium distribution of the pollutant in the soil in favour of
the aqueous phase. This potential shift in equilibrium and the
potentially resulting extraction bias have hardly been studied
systematically.’®** Since the fraction of pollutants dissolved in
the aqueous phase is commonly regarded as the most mobile and
biologically effective fraction, a bias in the estimates of aqueous
phase concentrations hampers the assessment of risks associ-
ated with the occurrence of pollutants in soils."® One example is
the comparison of concentrations of antibiotics in aqueous
extracts of soils with minimum inhibitory concentrations (MICs)
and minimum selective concentrations (MSCs) determined in
laboratory incubation experiments in which microorganisms are
exposed to antibiotics that are dissolved in an aqueous growth
medium at well-defined concentrations.'*"”

A process-based model could be able to simulate the
extraction process, explore the extraction bias and either allow
to correct for it or provide justification to neglect it. Some
existing modelling approaches link sorption directly to physical
processes under steady-state conditions, but are not designed to
simulate time series that reflect the kinetics.**'® Existing
dynamic models are able to simulate observed sorption time
series, but are either not able to consider multiple conceptual
substance fractions in agricultural soil differing in binding
strength and accessibility (easily extractable - EAS, residual -
RES, non-extractable - NER and the fraction resulting from
transformation and mineralization - TM)**** or are based on
simple first-order kinetics without considering physical
processes.'***>* However, intraparticle diffusion was previously
proposed as an important mechanism in sorption.”® Hence,
a model that can simulate multiple pollutant fractions differing
in binding strength extractability and accessibility over time
based on physical processes is still missing.

Therefore, the overarching objective of this study is to
develop a mathematical model based on published data for
antibiotics and other pharmaceuticals extracted from soils over
time that distinguishes different dissipation pathways of
pollutants in soils and quantifies their kinetics. The model
explores pollutant sorption via intraparticle diffusion as
a possible dissipation pathway in addition to transformation
and formation of non-extractable residues. Since the model
reflects conceptually the actual chemical fate processes and not,
technically, the extraction steps, it helps to simulate undis-
turbed processes in comparison to simulated extraction frac-
tions to quantify the discrepancy in the aqueous concentration
introduced by the extraction method (extraction bias). Hence,
by applying the model to measured extraction data on antibi-
otics in different soils this study aims to (1) identify and
quantify the processes that lead to antibiotic dissipation in soil,
and (2) quantify the extraction bias that occurs if the easily
extracted pollutant concentration is considered equal to the
actual dissolved concentration.
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Methods

General procedure

In this study, the conceptual understanding of sorption,
sequestration and transformation of pharmaceuticals in soils
has been translated into respective mathematical models that
are each based on a system of ordinary differential equations
representing the physico-chemical processes that drive the
substance fate in soils. Available data in the literature on
sequential soil extractions of pharmaceuticals were used to
identify relevant processes that allow a meaningful represen-
tation of the observations by comparing different model struc-
tures derived by including or excluding potential sorption and
dissipation pathways. Model parameter values, e.g. kinetic rate
constants, were deduced by fitting the model structures to the
extraction data during the calibration procedure. A local and
a global sensitivity analysis were run to quantify the impact of
changes in parameter values on the model outcome. Mass flux
rates were simulated to identify the main processes governing
the fate of the pharmaceuticals.

Based on the model development and quantification, simu-
lations were run to identify the extraction bias that might be
induced by shifts in the liquid-to-solid ratio during soil extrac-
tion in the laboratory.

Underlying data

In total, 19 datasets of time series of extractions of eight phar-
maceuticals from natural soils from Germany or Mexico from
Sittig et al. 2012, Dalkmann et al. 2014 and Forster et al. 2009
(ref. 12-14) (Table 1) were used for this study. Confidence
intervals of time series were not available for these datasets.
However, the average relative standard deviation of replicate
measurements was ~50% for Dalkmann et al. 2014 and ~20%
for Forster et al. 2009. No standard deviations were provided in
Sittig et al. 2012. For each of the datasets, natural soils (0-30 cm
depth) had been collected from the Mezquital Valley, north of
Mexico City (Dalkmann) or from Merzenhausen and Kalden-
kirchen in western Germany (Sittig and Forster). The investi-
gated soils cover a large range of soil properties like clay content
or organic matter content (Table 2), and developed under
humid temperate climate conditions'>'* or tropical steppe
climate.” Since all soils were used as cropland, the variation of
soil pH was only moderate ranging from slightly alkaline to
slightly acidic (Table 2). The general extraction procedure is
briefly outlined here, more details can be found in the refer-
ences of the datasets. While Forster et al. 2009 and Dalkmann
et al. 2014 extracted soils that were incubated in the dark with
water spiked with pollutants under constant temperature and
moisture in the laboratory over 150 days*® or 215 days," the
experiments by Sittig et al. 2012 were implemented in an end-
over-end-shaker with a soil suspension for 60 days. In all
experiments, at least an easily extractable fraction (EAS,
following a mild extraction procedure with 10 mM CacCl,) and
aresidual fraction (RES, from an extraction step with methanol,
acetonitrile and phosphoric acid, partly combined with high
temperature in a microwave oven) of the substances have been

This journal is © The Royal Society of Chemistry 2025
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Table 1 Chemical properties of substances for which time series datasets on soil extraction are available

Substance Molecular weight [g mol "] pKa Log Kow Investigated by

Bezafibrate 362 (ref. 26) 3.6 (ref. 27) 3.97 (ref. 27) Dalkmann et al.,"* 2014
Carbamazepine 236 (ref. 26) 13.9 (ref. 27) 2.77 (ref. 27) Dalkmann et al.,"* 2014

Ciprofloxacin 331 (ref. 26) 6.1, 8.6 (ref. 28) 0.28 (ref. 29) Dalkmann et al.,"* 2014

Diclofenac 296 (ref. 26) 4.2 (ref. 27) 4.06 (ref. 27) Dalkmann et al.,"* 2014

Naproxen 230 (ref. 26) 4.2 (ref. 30) 0.33 (ref. 31) Dalkmann et al.," 2014

Sulfadiazine 250 (ref. 26) 2.5, 6.5 (ref. 32) —0.07 (ref. 33) Sittig et al.,'* 2012, Forster et al.,** 2009
Sulfamethoxazole 253 (ref. 26) 1.7, 5.6 (ref. 34) 0.89 (ref. 33) Dalkmann et al.,"* 2014

Trimethoprim 290 (ref. 26) 7.2 (ref. 35) 0.91 (ref. 29) Dalkmann et al.,"* 2014

Table 2 Properties of the natural soils used in the extraction experiments

Soil pH OC[%] Sand[%] Silt[%] Clay[%] Duration of experiment [day] Reference

Leptosol, Vertisol, Phaeozem; 6.8-7.5 0.95-2.8 6.7-41 40-47  12-54 150 Dalkmann et al.® 2014
Mezquital Valley, Mexico

Silty loam; Merzenhausen, Germany 7.0 0.97 4.3 82.9 12.8 60 Sittig et al.'> 2012
Luvisol; Merzenhausen, Germany 6.3 1.2 6 78 16 215 Forster et al.** 2009
Cambisol; Kaldenkirchen, Germany 6.0 1 75 22 3 215 Forster et al.™* 2009

extracted and chemically analysed for a period of 60-215 days
for 6-10 time points.

For 6 out of the 19 datasets, also the non-extractable residues
could be quantified because the authors were able to work with
radioactively-labelled compounds,'** and for 3 datasets trans-
formation products of the pharmaceuticals were determined.
The dataset from Forster et al. 2009 (ref. 14) contains concen-
tration data on two transformation products, 4-hydrox-
ysulfadiazine (OH-SDZ) and N-acetylsulfadiazine (Ac-SDZ).

Conceptual model

In the conceptual model, the soil matrix is assumed to be
a homogeneously mixed compartment (in analogy to batch
conditions of the underlying lab experiments) that consists of
an aqueous and a solid phase. The solid phase is conceptualized
as spherical particles of homogenous size and material, covered
with at least a film of water. In order to account for the different
extraction fractions of the investigated pharmaceuticals, the
particles are conceptually discretized into different shells S;. In
general, the pharmaceuticals are assumed to distribute between
the different phases and particle shells by considering (equi-
librium) Freundlich sorption, intraparticle diffusion processes
as well as transformation and mineralization. More details on
the processes are given below. In relation to the data gained
from the available extraction experiments, the water phase and
the outermost shell S; are considered to correspond to the EAS
fraction while all inner shells correspond either to the RES
fraction or, towards the centre of the particle, the fraction of
non-extractable residues (NER).

The following processes that link the pharmaceutical fate in
and between the different fractions are considered in the
conceptual model (equations are given below): sorption equi-
librium between the compound concentration in the aqueous
phase and the outermost shell of the particles is assumed to
follow the Freundlich model. Transfer of the compound

This journal is © The Royal Society of Chemistry 2025

between these two phases is thus following the gradient towards
Freundlich sorption equilibrium. Intraparticle diffusion deter-
mines the exchange of the compound between all inner shells of
the particle, i.e. the EAS, the shells corresponding to the RES
and the inner-most NER fractions. Although the amount of NER
technically describes the amount of pollutant that cannot be
extracted by common extraction methods, the NER-formation is
assumed to be potentially fully reversible. An alternative model
structure with irreversible NER formation was tested to check
the plausibility of fully reversible NER formation. The trans-
formation and mineralization pool (TM) represents the
substance fraction resulting from biotic transformation from
the EAS fraction following first order kinetics. Sittig et al. 2012
(ref. 12) excluded other, i.e. abiotic, degradation pathways based
on the observation of radiolabelled sulfadiazine.

Model equations

Mass balances. The basic condition for all model simula-
tions here that represent conditions in a closed system is the
mass balance. Hence the total mass of the pharmaceutical is
given by:

Mot = (Ceas + Cres + Cner + Crm) X Mooy (1)
where m, [M] is the total mass of the compound, while Cgag [M
M), Cgres [M M), Cngr [M M "] and Cpy [M M '] are the
compound concentrations relative to the total soil mass M, in
the EAS, RES, NER and TM fraction, respectively. The total mass
of EAS comprises the compound fraction that is dissolved in the
aqueous phase and the compound fraction in the outermost
shell of the particles:

MEAS = CW,aq X Vaq + Sl X MS] (2)
where Cyw,q [ML ] is the concentration in the aqueous soil

phase (porewater) per volume of water, S; [M M~ '] is the content
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00777h

Open Access Article. Published on 16 January 2025. Downloaded on 7/23/2025 9:03:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Processes & Impacts

of the compound in the outermost shell S; per mass of sorbent,
Vaq [L?] is the porewater volume and M, [M] is the mass of shell
S1. The concentration in the EAS fraction (Cgas [M M~ ']) related
to the total soil bulk mass is given as:

[ S]XMS
Cpas = Cwag X —+———
FAS Waa p Mo

(3)
where 6 [L? L™?] is the volumetric water content and p [ML ] is
the dry soil bulk density. The volume and mass of all shells are
defined as equal based on the assumption that all particles are
homogeneous, i.e. have a constant density throughout the
particle. Hence, the mass of an individual shell is defined as:

= Mo @

M
" e

where Mg [M] is the mass of any shell and 74 [—] is the total
number of shells. Inserted in eqn (3), this leads to:
0 S

Ceas = Cwag X —+
P Hshell

(5)

since all concentration data from the literature are given in
mass of compound per mass dry bulk soil [M M™'], Cy in
[M M '] is defined, for consistency reasons, as:

0
Cy = CW,aq X ; (6)

and used in all equations following from here on.

The concentrations of the RES-fraction, Crgs [M M’l], and
the NER fraction, Cxgr [M M ], are defined as the average mass
of the compound that has been distributed into all shells
defined as RES or NER, respectively, in relation to the total dry
bulk soil mass:

nres+1
CRES = Si (7)
Nshells i—2
1 nres+14nNER
Cner = S; (8)
Nshells

i=nrgs+2

where nggs [—] and nygr [—] are the numbers of shells that are
assigned to RES and NER, respectively. The numbers of shells
that correspond to the RES and the NER fraction is not fixed in
the model structure but is derived from the fitting results,
conceptually, a characteristic of the soil, the extraction proce-
dure and the compound, in combination.

Differential equations. The compound dynamics in the soil
as reflected in the extraction data are described by the following
reference set of ordinary (because of assuming homogeneous
spatial conditions) differential equations. Equilibrium between
the compound concentration in the water phase and the outer
particle shell is described by the Freundlich model:

K; (CW g)m;‘*-sl (9)

where K¢ [Mpdfiutant Msoit Luater] is the Freundlich coefficient and
m [—] is the Freundlich exponent. The change of concentration
in the water phase Cy is driven by the equilibration towards the
Freundlich sorption equilibrium (based on Wehrhan et al. 2007
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(ref. 36)) and the dissipation into the TM fraction following first
order kinetics:
dCy

Cafi () - 5) -

j (10)

where « [T~'] is the kinetic Freundlich sorption rate constant
and kpy [T™'] is the rate constant for transformation and
mineralization. The change of concentration in the S;-shell is
controlled by the equilibration towards the Freundlich sorption
equilibrium with the aqueous phase and the exchange with the
inner spheres via intraparticle diffusion:

e CCORDRICE)

where d; [T~"] is the diffusion rate constant of shell 7 and 8 [—] is
a scaling factor for the transformation from EAS to RES. This
parameter serves as a proxy indicator for representing the
optimal number of shells and their distribution (shells assigned
to EAS, RES and NER) since direct calibration of the number of
shells is infeasible due to numerical constraints. d; is defined as:

D
d = A7 (12)

(11)

where D [L> T™"] is the apparent diffusivity of the material and
Ar; [L] is the respective distance between shells, calculated by:

it it T Tl
- 13
3 3 (13)

Ari:

where r; [L] is the outer radius of the respective shell i. Since all
shells are defined with the same volume, the outer radii of the
shells are defined as:

ry = rsphere (14)
3 /1
ri = E(ri—13+rf+13) (15)
Py L (16)
S 47tnshel]s

where rynere [L] is the radius of the whole sphere, V [L7] is its
volume and r, is the radius of the innermost shell. Eqn
(14)-(16) represent a nonlinear system of equations, which is
solved numerically.

The concentration change in all inner shells is driven by

intraparticle diffusion:
1 ds,

Ss
—=di(S1 = S)—d|—-5
Nshells dr 1( : 2) 2(6 3)

(17)

All other shells except the innermost shell are defined as:

1 ds;
=di 1 (Sio1 — Si) — di(Si — Siv1); 3 =i < (Mgpens — 1)
Nshells dl
(18)
whereas the innermost shell is defined as:
1 dSnle S
Hehall d—l‘]ll = CI”Shells*] (S’lshenrl - S"shel]s) (19)

This journal is © The Royal Society of Chemistry 2025
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The transformed and mineralized compound concentration
Crm expressed relative to the soil mass is defined analogously to
the TM-term in eqn (10) as formation out of the fraction in water
following first-order kinetics:

C
=M = kru Cw

o (20)

Initial conditions. For setting the initial conditions of the
differential equations, the total concentration of the pharma-
ceutical was calculated based on the first observations of EAS and
RES. These first observations were taken at ¢t = 0.24d. Hence the
respective masses at ¢t = 0d were extrapolated. The initial masses
of EAS and RES were then distributed among the different
phases/shells according to the following three assumptions:

(1) The initial distribution of mass between C,, and S; is
ambiguous, as both phases are represented by the EAS-fraction.
Hence, the mass distribution between these phases is assumed
to be approximately even. In the context of sorption, this leads
to the Freundlich sorption equilibrium according to eqn (9).

(2) The concentration of all inner shells that are assigned to
RES is assumed to be scaled by an empirical, dimensionless
gradient factor g, which is determined during calibration:

S,' X g = Si—l (21)

(3) NER and, if applicable, TM are assumed to be zero.

Initialization of parameter values

Each parameter was initially defined by a prior distribution
function based on all knowledge to start the calibration proce-
dure of fitting the model to the available data and deriving
optimal parameter values. By this, the empirical distribution of
the parameter values resembles the prior distribution of the
parameters (Table S1t). Hence, the parameter values are not
limited to an arbitrary range, as the continuous prior distribution
function can be chosen to cover all physically possible values.

To sample from these prior distributions, normalized
parameter values were drawn from a uniform distribution
between zero and one.

X~% ) (22)

where X is the normalized location vector in the parameter space

and %y, is the uniform distribution ranging from zero to one.

The absolute parameter value is defined as the inverse cumulative

probability density function of the respective parameter:
—1,—

x; = @; (%) (23)
where x; is the absolute value of the respective parameter that is
used for the model simulation, ®; ! is the inverse cumulative
probability density function of the respective parameter and i is
the parameter index.

Model calibration

Model equations were fitted to the 19 sets of extraction time
series to gain a set of optimum model parameter values for each

This journal is © The Royal Society of Chemistry 2025
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combination of pharmaceutical compound and soil. The datasets
from Dalkmann et al. 2014 contain information about sterile and
non-sterile conditions (except the ciprofloxacin dataset) under
otherwise identical conditions, and thus a calibration in two
steps was applied. The datasets under sterile conditions were
used for calibration of all parameters except the rate constant for
transformation and mineralization kr\; which is, conceptually,
set to zero. Based on these calibration results, the six corre-
sponding datasets under non-sterile conditions were evaluated
by fixing the derived parameter values from the datasets under
sterile conditions, and calibrating k. These six datasets were
excluded from the sensitivity analysis since all parameters except
krv are fixed. For all other datasets which have all been derived
from experiments under non-sterile conditions, all parameters
including kry were used for calibration simultaneously.

The root-mean-square error (RMSE) between the observed
and simulated values was defined as the objective function for
minimizing the deviation between data and model outcomes.

nyq 2
RMSE — ;:Zl (yi.sm yi,obs) (24)

nq

where nq is the number of data points, y;.bs is the respective
observed datapoint, y;qm is the simulated value and i is the data-
point index. Data points for different fractions (EAS, RES) were
considered as data points from the same data series. The simu-
lated values were created by solving the differential equations
numerically. The RMSE was minimized using the surrogateopt
algorithm in MATLAB. The algorithm relies on a surrogate model
based on a radial basis function to evaluate promising points in
the parameter space faster than the process-based model. For
model comparison and comparison between extraction experi-
ments, the normalized root mean square error (NRMSE) was used:

RMSE

NRMSE = -
max (yobs) - mln(yobs)

(25)

Alternative model structures

The reference model structure represents one possible explanation
for transfer pathways and sorption processes but needs to be
compared to potential alternative model structures that might
explain the underlying experimental data equally well or even
better. Thus, two alternative model structures were tested in the
frame of evaluating model uncertainty: (1) irreversible NER-
formation from RES and (2) reversible NER-formation from RES.
Details of these alternative models are described in the ESL{ In
addition, existing model approaches described in the literature
were also applied to the available extraction data, if suitable, and
respective results compared to the developed reference model.*>**¢

Sensitivity analysis

A model is considered sensitive to parameters that have the
strongest effect on the simulation results, in this case, the
RMSE between observed and simulated pollutant concen-
trations in the different soil phases. Sensitivity analyses,
which determine the sensitivity of the model to its

Environ. Sci.. Processes Impacts, 2025, 27, 649-660 | 653
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parameters, can be categorized as local and global. Local
sensitivity determines the sensitivity of a model only for
a specific location in the parameter space while the global
sensitivity analysis determines the mean sensitivity over the
whole parameter space.

In cases where models contain multiple parameters, the
sensitivity of the models towards individual parameters often
varies strongly. Parameters to which the model is sensitive are
considered active parameters.

To account for global sensitivity, Constantine et al. 2014 (ref.
37) proposed the active subspace method.*” Constantine et al.
2014 (ref. 37) defined an active subspace as the eigenvectors of
the matrix E:*’

E = [Vf(x) ® fiX) g(x)dx (26)

® is the matrix product, g is the probability density function of
the normalized parameters X, and f is the objective function.
The integration is performed by the Monte-Carlo-method:**
1 M
E= i ; Vf (%) ® Vf (¥i) (27)
M is the number of samples and is set to 10* and X, are inde-
pendently drawn normalized parameter vectors.

The global sensitivity was assessed by the metric of Con-
stantine and Diaz:*

Ai = len}ijz x 100

=i

(28)

where 4; is the activity score for parameter i, j is the eigenvector
index, n is the number of eigenvalues (equal to the number of
parameters), A; is the jth eigenvalue and w;; is the value for
parameter [ in the j-th eigenvector of the matrix E. The activity
score is the square of the unit of the observation. Therefore, in this
work, the square root of the activity score was used. To increase
readability, the activity score is scaled to a range of 0 to 100.

The most common challenge in this approach is to reliably
determine Vf(x). In this case, f{X) is not an observation, but
a simulation by the model. Hence, f(x) is noise-free. Therefore, the
finite-difference method poses a possibility to determine Vf{x):

S +Ax) —f(x)

N (29)

Vifx)=
In addition to the global sensitivity analysis a local sensitivity
analysis was added around the fitted parameters. All calcula-
tions were implemented in MATLAB.*

Uncertainty analysis

The bootstrapping algorithm was used to determine the uncer-
tainty of the calibration.” Efron and Tibshirani (1997) described
bootstrapping as a smoothed version of cross-variance.” It is
a method that involves multiple sub-datasets which are created by
slight perturbations of the original dataset by resampling with
replacement (bootstrap-samples). All resulting bootstrap-datasets
were used for fitting, leading to different parameter sets for each
bootstrap-sample. The resulting parameter sets formed a posterior
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distribution that were used as a measure of uncertainty for the
determined parameter values (e.g., 95% confidence interval).

Model application: estimation of the extraction bias

For the determination of the extraction bias, the pollutant
concentration in the aqueous phase (Cy) was simulated with
the parameters determined by the model calibration. All data-
sets describe extraction experiments for sorption to a clean soil
and dissipation. Therefore, after spiking the soil with the
respective pollutant, the pollutant mass in the soil water
decreases over time (Fig. 1). With the beginning of the extrac-
tion step, the ratio of water to soil mass in the soil sample is
increased. Cyw,aq (concentration per volume of water) is thus
decreased by the same factor due to dilution. The simulation
was then continued with the new soil to solution ratio for the
typical duration of the extraction time (24 h). During this time,
desorption takes place due to the deviation from the sorption
equilibrium after the addition of the mild aqueous extractant.
Hence, the simulation showed a sudden increase in pollutant
mass in the water phase to return to the equilibrium concen-
tration ratio between solids and liquid phase.

The extraction bias was calculated by simulating individual
extractions at all time points sampled. Due to the shift in
sorption equilibrium, the observed concentration values for the
EAS fraction overestimate the pollutant mass in the water
phase. This leads to an extraction bias, quantified as the NRMSE
between the simulated pollutant concentration in the water
phase and the simulated extracted concentration (Table S47).
Only observed time points were considered for the NRMSE. The
correlation between calibrated parameter values and the
extraction bias was tested using the two-sided Pearson and
Spearman correlation coefficients as well as Kendall's 1.

Results and discussion

After calibration of parameters, the reference model structure
describes the datasets reasonably well according to the indica-
tors for goodness of fit (NRMSE < 0.3) and the visual agreement
between model simulations and data (Fig. 1). Differences
between datasets under sterile conditions (Fig. 1A and C) and
non-sterile conditions (Fig. 1B and D) are small. The model
quality of this reference model is comparable to the reference
model by Zarfl et al. 2009 (ref. 23) (no significant difference
between the NRMSEs, t-test, p = 0.29). Other published dynamic
compartment models were not considered for comparison,
because they do not account for all pollutant fractions included
in the datasets used for our analysis (EAS, RES, NER and
TM).IZ’SG

Including the formation of TM under non-sterile conditions
in the model structure leads to a different projected dynamic
despite fixed parameter values for the formation of EAS, RES
and NER. Remobilization of NER might become relevant over
longer timescales in favour of the dissipation and actual
removal from the soil by the formation of TM as indicated by
a decrease of the simulated NER fraction (Fig. 1B and D).
Remobilization is not reflected in the data and simulations for

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Observed (markers) and simulated (lines) concentrations under sterile (A and C) and non-sterile conditions (B and D—F) for different
pollutants in the easily extractable fraction EAS (blue), the residual fraction RES (red), the non-extractable fraction NER (yellow) and the trans-
formed and mineralized fraction TM of the pollutant (purple). In sub-figure (E), the concentration of the transformation product of sulfadiazine,
Ac-SDZ, is indicated in green. Dashed lines indicate simulation results for the substance fractions for which no data were available (in general TM

and/or NER).

all compounds, e.g. sulfadiazine and ciprofloxacin, both under
non-sterile conditions, over the observed timescale for which
the simulated NER fraction reaches a plateau (Fig. 1E and F),
suggesting that the reversibility of NER formation is
a substance-specific behaviour if, in contrast to our assumption
that NER was fully reversible, substance sequestration in soils is
partially irreversible,'® simulations longer than considered here
might lead to an overestimation of long-term remobilization.

This journal is © The Royal Society of Chemistry 2025

In the case of bezafibrate, the parameters from the dataset
under sterile conditions lead to a slight overestimation of EAS and
RES for the non-sterile dataset that could not be compensated by
the formation of TM. This might be caused by an overestimation
of the initial conditions and hence of the total mass of pharma-
ceutical in this case. E.g. an overestimation of 10% (within the
experimental error) can cause a substantial overestimation of
total mass in the system. In cases where a tailing of the
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dissipation process is observed (due to a “balance” in long-term
sequestration and desorption), the model was able to simulate
this effect (Fig. 1A, C and D). Dissipation leads to a decrease in the
observed pollutant mass in the EAS and RES fraction of all
investigated compounds by an average of 60% by the end of the
experiment (60-220 days). The NER and TM fractions increase
analogously with the decrease in EAS and RES through dissipa-
tion. The relevance of the three main processes - Freundlich
sorption, transformation and mineralization as well as
intraparticle-diffusion - differs substantially between substances
and presence or absence of microbial activity (see Table 3). For the
first 40 days, Freundlich sorption and intraparticle diffusion
contribute almost equally to the total average mass flux, while
transformation and mineralization play only a minor role in the
non-sterile datasets (set to zero for the sterile datasets). The mass
fluxes of the respective processes were normalized to the number
of elements within a process (e.g. shells in the particle, soil water,
TM pool, etc.) to factor out an overestimation of the respective
mass flux by transitions within the same process (e.g. diffusion
between multiple shells). The relevance of Freundlich sorption
decreases over time in favour of diffusion. Intraparticle diffusion
is generally much slower to equilibrate due to the high number of
particle shells. Therefore, its relative relevance is higher in later
stages of the experiment, although total mass fluxes are orders of
magnitude lower in these later stages of the experiment. Unlike
sorption the formation of TM is irreversible. Hence, it only ceases
when all pollutant mass is transformed and/or mineralized. Due
to the low availability of pollutant mass in the water phase, this
process is very slow. This leads to higher relative mass fluxes of
TM in later stages of the experiment when sorption processes are
close to equilibrium. The relevance of transformation and
mineralization might be underestimated, since any amount of
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pollutant might be part of the Freundlich sorption and
intraparticle diffusion process multiple times but can only once
undergo the transition to the TM pool.

The role of the kinetic sorption processes in relation to their
equilibrium state changes during the course of the experiment.
Therefore, the simulated aqueous compound concentration (C,)
and the compound concentration averaged across all particle
shells are compared to their respective equilibrium (Fig. 2). Please
note that the sorption equilibrium (dashed lines in Fig. 2)
changes gradually due to the irreversible formation of TM, which
reduces the total available mass of pollutant over time and thus
the absolute equilibrium concentrations. In the beginning of the
experiment, concentrations differ substantially from the sorption
equilibrium.

In the example shown in Fig. 2, the concentrations approach
equilibrium of Freundlich sorption in the first half of the exper-
iment. After this, sorption processes between the outer shell and
the aqueous phase are almost in equilibrium and their sorption
kinetics play only a minor role. The time required to reach
Freundlich sorption equilibrium differs substantially between
pharmaceuticals. Fast sorbing pharmaceuticals equilibrate
almost instantly (e.g. trimethoprim, carbamazepine).

Estimation of the extraction bias

Based on the estimated extraction bias, the investigated pharma-
ceuticals can be divided into substances with high extraction bias
(NRMSEextrace = 0.47) and those with low extraction bias
(NRMSEexrace = 0.28) (see Fig. 3 for comparison). The categoriza-
tion of a substance as having a “high extraction bias” corresponds
to an overestimation of the soil water concentration of more than
40%. The substances with high extraction bias include cipro-
floxacin, trimethoprim and carbamazepine. Ciprofloxacin and

Table 3 Relative mass fluxes of the respective processes normalized to the number of elements within that process and normalized to the
reference soil mass of one kilogram (mean value, ranges in the line below). Only those pollutants are listed for which the average mass flux in the

first forty days exceeds one percent of the total mass in the soil

0-40 days 40-80 days

Sorption ™ Diffusion Mass flux Sorption ™ Diffusion Mass flux
Simulation time [%] [%] [%] [ug per day] [%] [%] [%] [ng per day]
Bezafibrate non-sterile 72 6 22 4.5 20 10 70 0.2

69-74 3-13 17-25 3.8-5.6 4-32 7-11 60-89 0.1-0.2
Bezafibrate sterile 66 0 34 6.1 33 0 67 0.7

50-75 25-50 4-8.4 23-57 43-77 0.6-1
Ciprofloxacin non-sterile 0.3 0 100 0.2 1 0 99 0.07

0-9 0-0.1 91-100 0.1-1.6 0-22 0-0.2 78-100 0.04-0.1
Diclofenac non-sterile 13 5 80 23.5 1 3 96 0.04

8-19 1-11 78-89 9.2-31.5 0-1 1-6 94-98 0.01-0.4
Diclofenac sterile 7 0 93 160 17 0 83 0

0-28 72-100 50-200 0-95 5-100 0-0.5
Naproxen non-sterile 78 10 12 86 67 17 16 30

77-78 10-11 12-13 82-94 67-67 17-18 16-16 30-33
Naproxen sterile 81 0 19 70 68 0 32 25

25-84 16-75 26-160 54-76 24-46 18-34
Sulfamethoxazole non-sterile 49 1 50 303 4 13 83 4

48-50 0-2 49-51 291-320 2-15 0-14 77-86 2-7
Sulfamethoxazole sterile 52 0 48 297 14 0 86 2

3-62 38-97 257-500 6-65 35-94 0-4
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Fig. 2 Simulation of bezafibrate concentrations in the aqueous phase
(Cw, blue) and averaged across all particle shells (red) in a non-sterile
soil. Dashed lines indicate the equilibrium concentrations, based on
the Freundlich-model, while solid lines indicate the simulation results
with the calibrated model.
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Fig.3 Exemplary visualization of the simulated sulfamethoxazole (left)
and trimethoprim (right) concentration under sterilized conditions in
soil water (C,,) without extraction (solid blue) and as it would be
observed in the extracted fraction (dashed blue).

trimethoprim are the only pharmaceuticals in the analysed dataset
which have a positive charge at soil pH (Table S3t), so that cation
exchange is a possible sorption process.**™*® Cation exchange with
Ca** added with the CaCl, extraction solution is a possible
explanation for fast desorption that causes a high extraction bias.
A previous study identified a correlation between sorption of
trimethoprim and ciprofloxacin and cation exchange capacity.**
Carbamazepine is the only substance with a neutral charge at soil
PH, which is a possible reason for fast desorption that has also
been described by other studies, especially from carbon rich
substrate.***

Most calibrated parameters show little to no correlation to the
extraction bias. Only the Freundlich exponent m shows a signifi-
cant correlation (Table S21). The correlation for the Freundlich
exponent m is highest for the Pearson coefficient and much lower
and not significant for Spearman and Kendall's 7. Kendall's 7 is
less susceptible to extreme values.* Hence, the correlation shown
by the Pearson coefficient might be mostly based on the more
extreme values for pharmaceuticals with high extraction bias.

This journal is © The Royal Society of Chemistry 2025
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Sensitivity and uncertainty analysis

Unlike a local sensitivity, the global sensitivity is a property of the
model. It depends on the chosen prior parameter distribution
but not on the calibrated parameter values. Since some param-
eter distributions are compound-specific, the sensitivity is not
necessarily equal for all compounds, but is averaged over
compounds that are simulated with the same combination of
model and data source (Tables S5-S77). For the model used for
the sterile datasets from Dalkmann et al. 2014," the RES and NER
fractions are most sensitive to the apparent diffusivity D, since
diffusion affects these fractions directly. EAS, which is only
directly affected by Freundlich sorption, is most sensitive towards
the Freundlich sorption rate parameter o and the Freundlich
parameters Ky and m. Overall, out of all sorption parameters, the
model is most sensitive to m, which can be explained by its
exponential effect. K; is the least sensitive sorption parameter,
which is most likely outperformed by m, since both parameters
describe the Freundlich equilibrium. EAS is, unlike all other
fractions, moderately sensitive to the scaling factor 8.

Unlike the sensitivity analysis for the model applied to the
data from Dalkmann et al. 2014, the sensitivity analysis for the
model applied to the data from Sittig et al. 2012 (ref. 12)
considers both dissipation pathways (TM and NER) (Table S67).
In this case, the mass fractions are most sensitive to the rate
constant for transformation and mineralization k. The
sensitivity is highest for C,, and TM that are directly affected by
the rate constant kry, and propagates to the other pollutant
fractions. EAS and RES are most sensitive to the Freundlich
sorption rate constant « and the Freundlich parameters Ky and
m, due to Freundlich sorption affecting these quantities
directly. NER is most sensitive to the apparent diffusivity D,
which is the only parameter that controls the formation of NER.
Unlike the rate constant kry, the sensitivity does not propagate
to the other pollutant fractions. Most likely, this is caused by the
availability of data about the NER fraction. This means that the
amount of NER is fixed, while the amount of TM can only be
estimated by the mass balance.

The sensitivity analysis for the model applied to the data of
Forster et al. 2009 (ref. 14) is, in general, similar to the sensitivity
results for the model related to the data from Sittig et al. 2012 (ref.
12) (Table S71). Nevertheless, unlike all other datasets, trans-
formation was observed in this dataset, so results regarding TM
might be more reliable. In contrast to the sensitivity for the data
from Sittig et al. 2012," NER and RES are less sensitive to kpy.
This might be caused by additional information in the data on
the transformation products, which is only the case in the data-
sets from Forster et al. 2009 (ref. 14) EAS is more sensitive
towards the parameters describing transformation between OH-
SDZ and Ac-SDZ than Freundlich sorption. Unlike for the other
datasets, no quantity was sensitive to the apparent diffusivity D.
Most likely, the kinetics of the formation of NER is more sensitive
to the number of shells assigned to NER (see eqn (7) and (8)) than
to the diffusive process described by D.

The confidence intervals of the determined parameters are
relatively small for established processes like Freundlich sorp-
tion kinetic and equilibrium, while the confidence interval of
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Fig. 4 Observed (markers) and simulated (lines) values of EAS (blue),
RES (red), NER (yellow, dashed) and TM (purple, dashed) of cipro-
floxacin. The left tile shows the NER-focused scenario. The right tile
shows the TM-focused scenario. Note that the right tile necessarily
indicates a better fit of the model to the data due to an additional
parameter (kty) in the model structure available for calibration.

the apparent diffusivity D is much larger, since the exact nature
of the diffusion process is less clear and might be more
simplified than the Freundlich sorption (Tables S8-S107).

Characterization of dissipation

Depending on the shell distribution, either the NER- or TM-
dissipation pathway is dominant when both pathways are
considered. The exact amount of NER and TM is known for the
data from Sittig et al. 2012 (ref. 12) and Forster et al. 2009, where
NER was quantified experimentally (see Fig. S2 and S37). However,
the dataset from Dalkmann et al. 2014 (ref. 13) does not contain
NER or TM data. Therefore, the shell distribution cannot be fitted
in the same way as for the other two datasets. In the case where
both, sterile and non-sterile, datasets were available, it was
possible to determine the parameter kry; for transformation and
mineralization from the comparison of these two cases, assuming
no transformation and mineralization under sterile conditions. In
the case of ciprofloxacin, only data taken under non-sterile
conditions was available. The model showed similarly good fits
when considering the NER-pathway or the TM-pathway (see Fig. 4).
This indicates that it is in general not possible to distinguish
between NER and TM solely by applying the different model
structures to extraction data without any knowledge about
potential degradation products or inclusion of a sterile treatment.

Conclusions

The assessment of environmental risks associated with pollut-
ants requires the estimation of “bioaccessible”, “bioavailable”
and mobile pollutants fractions in soils, which change over time,
based on sound conceptual models. In this study, the abstraction
of the soil as homogeneous spherical particles is one of several
options to conceptualize the soil's solid phase. Diffusion to the
centre of the particle as described in this model concept might, in
reality, be reflected in similar mechanisms that cause hysteresis.
E.g., if pollutant mass diffused into the outer half (radius-wise) of
the particle only and the apparent diffusivity was a quarter of the
fitted value (due to the quadratic nature of diffusion over
distance), the modelled observations would look similar,
assuming that the number of, now smaller shells, stays the same.
These mechanisms are indistinguishable from the chosen
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mechanisms from a modelling perspective. A differentiation
between transformation and mineralization on the one hand and
NER formation on the other hand requires either the complete
experimental quantification of transformation products or the
quantification of NER formation e.g. by means of isotope-labelled
compounds, experiments under sterile and non-sterile condi-
tions or longer observation times to observe possible desorption.
Otherwise, the model cannot differentiate between these
processes. Extended observation periods may also be considered
to test the reversibility of NER formation. If the isolated deter-
mination of the individual simulated processes in experiments
were possible, the uncertainties for the structure and parameters
of the model could be decreased.

The estimated extraction bias was negligibly small for most
of the pharmaceuticals that were investigated in the datasets we
used. Hence, simple extractions with aqueous solutions allow
a reasonable assessment of “bioaccessible”, “bioavailable” or
biologically effective concentrations of pharmaceuticals. The
cases for which the estimation of “bioaccessible”, “bioavailable”
or “bioeffective” concentrations based on “mild”, aqueous
extracts might be challenging can probably be identified in
advance based on the chemical properties of the observed
compounds (i.e. ionic charge).
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