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SI for Material & Methods Section
1 Vaporization in Batch Kinetic Vessels
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[bookmark: _Ref194067636]Figure S1: Vaporization in kinetic batch vessels including the zero-order fit to estimate vaporization rate γ [g h-1].
1. 2 Concomitant Parameters
pH and electrical conductivity (EC) were regularly measured in all kinetic batch samples and in isotherm experiments after 48 hours of equilibration using a hand-held meter (WTW pH 3310 and WTW Cond 3310 for pH and EC, respectively). In the kinetic batch experiments, 1.5 mL aliquots were taken at regular intervals (five times after the first spike and four times after the second spike), filtered through 0.45 µm syringe filters (regenerated cellulose, Macherey-Nagel GmbH), and analyzed for dissolved organic carbon (DOC) using a total organic carbon (TOC) analyzer (Vario TOC cube, Elementar Analysensysteme, Germany). Figure 1 presents the three concomitant parameters (pH, EC, and DOC) measured throughout the kinetic experiments (both spikes) as well as at the end of the isotherm experiment after 48 hours of equilibration (larger data points in Figure 1). 
In biotic vessels, pH showed a slight decrease, whereas in soil-containing samples (“Soil” and “Blanks”), it exhibited a slight increase. This contrast can be attributed to the addition of sodium azide (NaN₃), which is known to elevate soil solution pH (Lees et al., 2018; Süßmuth et al., 2024). Moreover, the pre-equilibrated soil samples initially had a pH around 7, approximately two pH units higher than the blanks. This difference reflects the pH-elevating effect of reclaimed water (RW) compared to CaCl₂. The RW used in the kinetic experiments had a pH of 7.1 after UV treatment “Kin” in Table 3), whereas in the control samples (RW with OMP spike), the pH ranged between 7.8 and 8.6. Notably, the pH in biotic blanks closely matched the values obtained during soil characterization (Table 1). The final pH measurements at the end of the isotherm experiment were largely consistent with those recorded in the kinetic vessels.
EC exhibited a gradual increase in all kinetic batch vessels, likely due to ion concentration effects caused by evaporation (Figure S1). 
In biotic samples, DOC remained relatively stable at its initial concentration throughout the experiment (Figure 1). In soil-containing samples, DOC concentrations remained around 20 mg L⁻¹, indicating that some additional DOC was released during the 17-hour pre-equilibration compared to the initial DOC concentration of 13.53 mg L⁻¹ found in the RW (“Kin” in Table 3). However, in abiotic soil samples, DOC concentrations increased substantially, rising from 20 mg L⁻¹ to approximately 40 mg L⁻¹ and 65 mg L⁻¹ in the “Soil” and “Blank” samples, respectively (Figure S1). This sharp increase is most likely associated with the adjustment to 0.2 g L⁻¹ NaN₃, suggesting that NaN₃ enhances the leaching of DOC from soil organic matter. Such an increase in DOC could reduce the sorption of organic micropollutants (OMP) to soil by competing for sorption sites on soil surface (Flores-Céspedes et al., 2006). However, the direct impact of NaN₃ on DOC leaching in soil batch experiments remains unclear as this was not examined in the current study. 
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[bookmark: _Ref194064431][bookmark: _Ref194064423]Figure S1.1: Concomitant parameters pH, electrical conductivity (EC) and dissolved organic carbon (DOC) in kinetic and isotherm experiments. Bigger points at 48 h relate to measurements at the end of the isotherm experiment (not measured for DOC). Round shaped points “Soil” are actual measurements of samples with soil and spiked RW.
SI for Field-scale Simulations using Hydrus-1D
1 Description of Hydrus-1D field-scale simulations
The field-scale solute transport simulations were conducted using the Hydrus-1D software package (version 4.17.0140; Šimůnek et al., 2013), which numerically solves the Richards equation for variably saturated water flow and the advection-dispersion equation for solute transport in one-dimensional porous media. The simulation setup adopted the modeling framework described by Thalmann et al. (under review).
The simulation spanned 51 years (2025–2075), including a one-year warm-up without solute input. OMP input was initiated with the start of RW irrigation in year the crop growth period of year two. For the current study, only the first three years after initiation of RW-irrigation were considered and evaluated to assess the specific impacts of sorption kinetics and microbial lag phases. The longitudinal dispersivity was set to 20 cm, which corresponds to one-tenth of the simulation domain length, following the commonly applied scaling relationship between dispersivity and travel distance (e.g. Vanderborght & Vereecken, 2007).
Soil Profile Discretization and Crop Rotation
A 200 cm deep soil profile was defined, divided into four layers (0–30, 30–60, 60–100, and 100–200 cm). The soil domain was divided into these four layers, to assign different biodegradation rates to different soil depths as described in the next section (S2.2). The profile was discretized using 301 nodes, with a spatial resolution of 0.5 cm in the upper half and 1.0 cm in the lower half of the soil domain. In the base configuration,  free drainage condition was assigned at the lower boundary to represent deep groundwater conditions. To further test the effect of a different groundwater setting, shallow groundwater conditions were assigned by setting the lower boundary condition to constant pressure head h = 0 cm. 
An annual crop rotation system of winter wheat (Triticum aestivum) and lacy phacelia (Phacelia tanacetifolia) as a catch crop was modeled. The characterization and parameterization of the plants was based on Feifel et al. (2024), and a detailed description can be found in that study. The response of both crops to soil water stress was modeled by the Feddes-Jarvis approach (Feddes et al., 1982; Jarvis, 1989). The Feddes parameters of winter wheat were adopted for both crops, which can be found in the appendix of Feifel et al. (2024).
Soil Hydraulic properties
The soil hydraulic properties used in the simulations were parameterized based on the Peters-Durner-Iden (PDI) model (Peters et al., 2024), which provides a physically robust description of soil water retention and conductivity. For the loamy sand representative for the field site, parameterization followed the hydraulic classification developed by Lange (2023), who clustered the simulation outputs (soil moisture and water flux) from 651 soil textures to define five functionally distinct soil classes across the texture triangle. These hydraulic scenarios were derived using a pedotransfer function (PTF) based on texture and bulk density data compiled by Hohenbrink et al. (2023), and the same PTF was used by Feifel et al. (2024). The resulting parameter set for the loamy sand cluster center was used to define a homogeneous 200 cm deep soil profile for the Hydrus-1D domain. 
The specifically water retention and hydraulic conductivity curve representing a sandy loam soil used in the H1D simulations for the entire 2-m soil domain of the investigated soil material is shown in Figure S2.1. According to Lange (2023), a bulk density of 1.482 g cm-3 for the sandy loam texture class was set.
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[bookmark: _Ref208496013]Figure S2.1: Water retention curve (left) and hydraulic conductivity curve (right) of a sandy loam as representative texture class according to Lange (2023). The grey shaded area marks the plant-available water content (between pF 1.8 and 4.2). 
Climatic Conditions and Irrigation Regime
Simulations adopted a humid and semi-arid climate scenario corresponding to the weather dataset of Hamburg (Germany) and Thiva (Greece) provided in the FOCUS groundwater scenarios (FOCUS, 2021). Demand-based irrigation with treated reclaimed water (RW) was simulated using a user-defined irrigation schedule that maintained soil moisture near field capacity. In more detail, irrigation was triggered dynamically whenever the plant root zone experienced water stress, defined as the soil water pressure falling below a threshold of –330 hPa which equals field capacity within the effective root depth. The effective rooting depth was dynamically adjusted during the simulation to reflect crop development stages, reaching a maximum of 60 cm for winter wheat and 30 cm for phacelia. 
This irrigation regime ensures a realistic temporal pattern of RW application while avoiding artifacts from fixed or excessive irrigation volumes. It also reflects hydrological conditions typical for RW reuse systems in under humid climate.
1. [bookmark: _Ref198987024]2 Correction of biodegradation rates and overview of reaction-parameters used in Hydrus-1D field-scale simulations
Biodegradation in soils is governed not only by the chemical characteristics of organic micropollutants (OMP), but also by environmental conditions such as temperature, moisture, and soil depth (e.g., FOCUS, 2021; Naylor et al., 2022; Rietra et al., 2024). To improve the transferability of lab-derived degradation parameters to field-scale transport modeling, a set of empirically based correction factors were applied. This approach follows recommendations by FOCUS (2021) and similar studies (e.g., Campan et al., 2023), and ensures that first-order rate constants used in the Hydrus-1D simulations better reflect realistic field conditions. In the following subsections the individual correction approaches are described in detail.
Soil Depth Correction
Microbial activity generally declines with increasing soil depth, driven by factors such as decreasing organic matter content, nutrient availability, and oxygen concentration (Veeh et al., 1996; Naylor et al., 2022; Rietra et al., 2024). Accordingly, degradation rates were scaled using depth-dependent correction factors adopted from the FOCUS groundwater scenarios (FOCUS, 2021), which are based on empirical observations. These factors allow extrapolation of topsoil degradation parameters to subsoil layers:
· 0 – 30 cm:  = 1.0
· 30 – 60 cm: = 0.5
· 60 – 100 cm: = 0.3
·  > 100 cm: = 0.0
Temperature Correction
Soil temperature strongly affects microbial degradation by altering enzyme activity and microbial metabolism. Following FOCUS (2021), temperature correction was applied using the Arrhenius-based Q₁₀ approach:
	
	(S1)


where,  is the temperature correction factor (-),  is the factor for rate increase given a temperature rise of 10 °C,  is the reference temperature of the experimental condition (°C), and  is the actual soil temperature (°C). The recommended default value for the  value of 2.58 (FOCUS, 2021) was adopted. The applied correction was than based on the deviation of the experimental temperature (25 °C) from the site-specific annual mean temperature of 12.7 °C derived from the german weather station located near Michendorf, south of Potsdam (station ID: 3987), which represents the closest station to the soil sampling site.
Soil Moisture Correction
Microbial degradation in soils is strongly controlled by water availability, which affects microbial metabolism, substrate diffusion, and enzyme activity. To account for these effects in Hydrus-1D simulations, a correction factor was applied based on the moisture-dependent model proposed by Walker (1978) and Walker & Barnes (1981), as recommended in the FOCUS groundwater scenarios (FOCUS, 2021):
	
	(S2)


where,  is the soil moisture correction factor for the biodegradation,  is the volumetric soil moisture at field (vol. %),  is the moisture during the degradation experiment (vol. %), and  is the empirical exponent describing the moisture dependency of microbial activity (-). In this study,  was set to 13.8 vol. %, corresponding to half of field capacity, to represent typical average moisture conditions for the field site. For the laboratory batch experiments,​ was approximated as the total porosity of the soil (40.2 vol. %), since the experiments were conducted under oversaturated conditions. The empirical exponent was set to 0.7, consistent with default values recommended by FOCUS (2021). 
Final correction of biodegradation and parameters used in Hydrus-1D simulations
These correction factors were combined multiplicatively to obtain field-adjusted degradation rates  for each soil layer in the model:
	
	(S3)


The resulting depth-specific rate constants were used in Hydrus-1D simulations to more realistically represent degradation potential throughout the soil profile under site-specific RW irrigation conditions. All final values for kinetic and sorption parameters used in the simulations are summarized in Table S1. 




Table S1: Reaction parameters used in Hydrus-1D simulation to assess relative importance of sorption kinetics and microbial adaption field-scale transport of investigated OMP. Sorption was restricted to occur in first soil horizon (0 – 30 cm depth). For assessment of sorption kinetics effect, results were compared against a simulation using equilibrium solute model, in which  = 1 and  = 0.
	
	OMP
	Material distribution depth
	Sorption Isotherm 
	Sorption kinetics
	Scaled microbial degrdation

	
	
	
	
	
	
	
	
	

	
	
	cm
	L kg-1
	µg1-n Ln kg-1
	-
	d-1
	-
	d-1

	Sorption kinetics
	ATA
	0 – 30
	-
	3.23
	0.926
	0.962
	0.659
	0.0180

	
	
	30 – 60
	-
	0
	1
	100*
	0.999*
	0.0090

	
	
	60 – 100 
	-
	0
	1
	100*
	0.999*
	0.0054

	
	
	100 – 200 
	-
	0
	1
	100*
	0.999*
	0

	
	CBZ
	0 – 30
	
	3.85
	0.942
	1.296
	0.627
	0.0238

	
	
	30 – 60
	-
	0
	1
	100*
	0.999*
	0.0119

	
	
	60 – 100 
	-
	0
	1
	100*
	0.999*
	0.0071

	
	
	100 – 200 
	-
	0
	1
	100*
	0.999*
	0

	
	DCF
	0 – 30
	2.266
	-
	-
	0.107
	0.292
	0.371

	
	
	30 – 60
	0
	-
	-
	100*
	0.999*
	0.186

	
	
	60 – 100 
	0
	-
	-
	100*
	0.999*
	0.112

	
	
	100 – 200 
	0
	-
	-
	100*
	0.999*
	0

	
	SMX
	0 – 30
	0.987
	-
	-
	1.602
	0.424
	0.102

	
	
	30 – 60
	0
	-
	-
	100*
	0.999*
	0.051

	
	
	60 – 100
	0
	-
	-
	100*
	0.999*
	0.030

	
	
	100 – 200 
	0
	-
	-
	100*
	0.999*
	0

	Microbial adaption
	ACE
	0 – 30
	0
	-
	-
	-
	1
	0.501

	
	
	30 – 60
	0
	-
	-
	-
	1
	0.251

	
	
	60 – 100 
	0
	-
	-
	-
	1
	0.150

	
	
	100 – 200 
	0
	-
	-
	-
	1
	0

	
	SAC
	0 – 30
	0
	-
	-
	-
	1
	0.261

	
	
	30 – 60
	0
	-
	-
	-
	1
	0.131

	
	
	60 – 100 
	0
	-
	-
	-
	1
	0.078

	
	
	100 – 200 
	0
	-
	-
	-
	1
	0

	
	VSA
	0 – 30
	0
	-
	-
	-
	1
	0.070

	
	
	30 – 60
	0
	-
	-
	-
	1
	0.035

	
	
	60 – 100
	0
	-
	-
	-
	1
	0.021

	
	
	100 – 200 
	0
	-
	-
	-
	1
	0

	*For two-site kinetic models, the parameter and  where set to 100 d-1 and 0.999, respectively for lower soil materials, however, since no sorption (Kd = 0 L kg-1) in considered in theses soil material, it has no effect anyways.


SI for Results & Discussion section
1. Discussion of DCF experimental uncertainties and comparison of sorption kinetics with literature
[bookmark: _Hlk198993862]For DCF, the modeling revealed considerable uncertainty in the estimated sorption kinetics, primarily due to inconsistencies between the isotherm and kinetic batch experiments. The linear sorption isotherm yielded a Kd of 2.27 L kg-1, suggesting moderate sorption strength. However, the concentration observed in the abiotic kinetic experiment after 48 hours was roughly 17 µg L-1, which is notably higher than the ~12 µg L-1 expected if equilibrium were achieved based on the isotherm-derived Kd (see “EQ Henry*” in Figure 2). Thus, the grey dashed-dotted line in sorption kinetics sub-plots of Figure 2 labeled “EQ Henry*” represents an apparent equilibrium model with only instantaneous sorption, calculated by the linear Kd obtained in isotherm experiment. This line indicates whether the sorption equilibrium between the isotherm and sorption kinetics experiment is coherent. This mismatch implies that either equilibrium was not reached within 48 hours in the kinetic setup or the sorption behavior differed between the experiments. Accordingly, the fitted flexible two-site kinetic model for DCF yielded a slow sorption rate constant for the kinetic limited S2-sites (α = 0.0045 hours⁻¹), which does probably not reflect the real sorption dynamics. 
Notably, the Kd value obtained in this study aligns well with previous isotherm experiments conducted on the same soil (Thalmann et al., 2025a), suggesting that the 48-hour equilibration time in the isotherm batch was likely sufficient. Thus, sorption appears unrealistic slow, as also indicated by other sorption studies of DCF in which equilibrium was reached within 24 hours (e.g., Prakathi et al. 2020; Revitt et al., 2015). Since pH and EC values were similar between both experiments at 48 hours (see Section S1.2), these cannot account for the observed discrepancy. A key source for this mismatch may be the initial concentration (Cini) used for the kinetic modeling. Due to analytical issues in the abiotic batch, this value was not directly measured and was instead inferred from control samples (indicated as “Cini of DCF*” in Figure 2), potentially introducing systematic error into the model fitting. Summarizing, it remains unclear whether the observed sorption discrepancy for DCF results from (i) incomplete equilibration in the kinetic batch, (ii) genuinely slow sorption to kinetic sites, or (iii) underestimation of Cini in the abiotic batch. Despite these uncertainties, the fitted slow kinetic sorption for DCF was retained and later used as an extreme-case scenario in subsequent field-scale simulations.
1. 2. Non-reactive OMP
DZA, TFMSA, and PRI exhibited no or not quantifiably low reaction behavior in all experiments. In the isotherm experiments, these OMP showed no measurable sorption to soil, with distribution coefficients (Kd) consistently below 0.2 L kg⁻¹. This threshold represents the minimum quantifiable sorption, considering a 10% relative analytical error and the applied soil-to-solution ratio of 1:2.
In the kinetic experiments, the mass recovery of DZA and TFMSA remained nearly identical to the initial mass (m₀) throughout the entire experimental duration (~27 days, including both OMP spikes) and aligned with control samples, as shown in Figure S1. These findings indicate that under the given conditions, DZA and TFMSA were essentially non-reactive in the tested soil. In isotherm experiments with the same topsoil, DZA showed neglectable sorption under various solution properties (Thalmann et al., 2025a). Moreover, DZA and TFMSA displayed conservative, tracer-like transport in a three-year lysimeter study from the same location and irrigated with RW from the same WWTP (Thalmann et al., 2025b). Furthermore, other lab-scale column experiments (Bertelkamp, 2014; Zeeshan et al., 2023) and field studies (Ternes et al., 2007) have reported high persistence and mobility of DZA in sediments. For TFMSA data on the environmental fate in soil is generally scares. 
For PRI, a slight concentration decrease was observed following the first spike event in the main samples but was absent in control samples, suggesting a minimal sorption affinity (Figure 1). This is consistent with its apparent Kd value (0.19 L kg-1), which falls just below the quantification threshold. Thus, a small fraction of PRI may have been sorbed to the soil, as similarly reported in the previously mentioned lysimeter studies in which PRI was retarded to some degree (Thalmann et al., 2025b). A negligible retardation of PRI was also observed in saturated column experiments conducted with river sediments (0.23 % Corg) across various pH conditions (Schaffer et al., 2012). Additionally, PRI biodegradation was found to be insignificant in sandy soils (Yu et al., 2009), further supporting its persistence in soil environments
[image: ]
Figure S3.1: Relative mass (m m0-1) of DZA, PRI, and TFMSA in kinetic experiments under both abiotic (0.2 g L-1 NaN3) and biotic conditions. For TFMSA, only results following the second spike were evaluated.
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