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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Waste derived biochars reduced long- 
chain PFAS leachate by > 99 %, short- 
chain by 83–96 %.

• Sludge biochars reduced long-chain 
PFAS leaching as much as commercial 
sorbents.

• PFAS sorption to sorbents depended on 
pore-size distribution and surface 
charge.

• Variable saturated conditions impacted 
PFAS retention after amendment less.

• A simplified 1D-box model predicted 
long-term stabilization for biochar 
amendment.
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A B S T R A C T

This study investigated the effectiveness of waste-derived biochar amendments and commercial sorbents in 
stabilizing PFAS-spiked soils in field-scale in situ lysimeters over nearly one year under seasonal changes in 
Sweden. All tested sorbent amendments reduced average PFAS leachate concentrations by over 99 % for long- 
chain and 83–96 % for short-chain PFCAs and PFSAs, even under fluctuating water levels. Sewage sludge- 
derived biochar performed comparably to tested commercial sorbents. Long-chain PFAS remained evenly 
distributed in the soil, while short-chain PFAS accumulated in lower sections due to higher mobility. Higher 
PFAS leaching occurred in the spring due to snowmelt events and during summer months due to heavy rainfall. A 
1D-transport model was developed to derive retardation factors and identify the fraction sorbed at the air-water 
interface before and after treatment, as well as PFAS leaching over 100 years. In no-sorbent lysimeters, 30–65 % 
of perfluorooctane sulfonate (PFOS) was retained at the air-water interface, with seasonal variations of up to 
20 %. Inclusion of the sorbent reduced air-water interface effects, as solid-phase sorption became dominant. Over 
100 years, nearly all PFOS are predicted to leach from no-sorbent lysimeters, while less than 1 % will leach from 
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soil treated with sewage sludge- derived biochar. Such sorbent amendments can be integrated into ongoing 
remediation projects.

1. Introduction

Due to their widespread use and persistence, per- and poly-
fluoroalkyl substances (PFAS) are detected in many regions at concen-
trations exceeding local risk threshold limit values for diverse 
environmental media, including soil and groundwater [8,12]. In the last 
two decades significant efforts have been made, especially in the United 
States, China, Europe, South Korea, Japan, and in parts of South-East 
Asia, to map existing PFAS contamination in diverse media, particu-
larly for groundwater and soil [1]. For example, the “forever remedia-
tion” project identified that there are more than 2000 hot spots 
contaminated PFAS sites (>100 ng/L) in Europe, including fire-fighting 
training facilities at airports, military bases and industrial facilities [12]. 
These sites often have soil concentrations that are orders of magnitude 
higher than soils that are considered to represent background concen-
tration levels [8]. Soils contaminated with PFAS can leach to ground-
water, where they can impact drinking water resources [5].

Traditional methods of groundwater remediation (e.g. pump and 
treat, in-situ bioremediation) are often ineffective for PFAS removal due 
to their high persistence, low volatility, their amphiphilic molecule 
structure and their relatively high mobility [70]. Immobilization tech-
nologies, aiming to stabilize PFAS within the soil and thereby prevent 
PFAS leaching, are a promising in-situ soil remediation strategies to 
protect groundwater [15,56]. Soil stabilization offers several advantages 
relative to other remediation methods, particularly its applicability to 
various soil types, including cohesive soils, for which other field-tested 
remediation techniques, such as soil washing, have shown reduced ef-
ficiency [69]. Stabilization can be used for both low and high levels of 
PFAS contamination [36], including a way for hotspot areas that may 
not be prioritized. The use of sorbents not only reduces leaching from 
soil but can also be applied for example to biosolids [67]. Additionally, 
sorbents can be combined with cement for use in stabilization and so-
lidification projects, enhancing the geotechnical stability of the soil 
when needed [81]. Soil stabilization can also provide immediate pro-
tection for critical infrastructure, such as drinking water wells, when 
deployed in situ within a permeable reactive barrier [65]. Globally, the 
application of soil stabilization to reduce leaching is increasing, as it is 
considered a straightforward, sustainable, and cost-effective approach. 
Hurst et al. [36] argued that soil stabilization using commercial sorbents 
can be as cost-effective as soil washing, while the use of biochar can 
further reduce costs [95], making this method a cheaper alternative to 
landfilling and thermal destruction [36].

Stabilization methods, especially with carbon-based materials, have 
been successfully applied at the laboratory scale using batch tests [3,39, 
81] or saturated soil columns [63,84] and more recently have been 
demonstrated in the field [58]. A concern with conventional 
carbon-based sorbents, such as activated carbon from anthracite, is their 
high carbon footprints [86]. This has led to an increasing interest in 
carbon-based sorbents from more sustainable sources, such as 
biochar-based sorbents derived from organic waste [85]. Such biochar 
can be produced and used in the soil with net negative greenhouse gas 
emissions, as biochars do not decompose and release carbon to the at-
mosphere like the organic waste feedstock but are rather sequestered for 
long time scales in the soil providing a carbon sink [59]. For 
PFAS-contaminated organic wastes, such as sewage sludge from waste-
water treatment plants receiving PFAS contaminated water, pyrolysis 
and subsequent use of the sewage-sludge biochar as sorbents can be a 
viable and safe waste management strategy [82]. The addition of bio-
char to soil can also improve the soil’s properties, increasing the avail-
ability of nutrients and the soil water holding capacity among other 
parameters [68,78]. So far there is only a limited number of laboratory 

scale studies that investigate the efficacy of organic waste derived bio-
char for PFAS stabilization in soil [43,84,85]. A detailed, field scale 
analysis of the transport behaviour of PFAS in the unsaturated zone after 
sorbent amendment with carbon-based sorbents is currently lacking.

The mechanistic processes of PFAS immobilization in soils after the 
application of biochar are complex and can be influenced by different 
factors such as climate, soil properties, and biochar characteristics [80]. 
PFAS sorption is dependent on chemical properties like the per-
fluorinated chain-length or functional group [84]. Due to their chemical 
structure, many long-chain PFAS [66] exhibit surfactant behaviour, 
lowering the interfacial tension and leading to an accumulation at the 
air-water interface [42]. Previous studies have shown that sorption to 
the air-water interface can account for > 50 % of the total retardation 
observed for perfluorooctane sulfonate (PFOS) and perfluorooctanoic 
acid (PFOA) in unsaturated soil [6,54]. Hence, seasonal changes in soil 
water content in the unsaturated zone, driven by varying atmospheric 
conditions, will affect the leaching behaviour of PFAS [2,30] and it is 
crucial to include these sorption processes to correctly model the 
transport of PFAS in the unsaturated zone [24,51]. However, there is 
currently a knowledge gap related to how sorbent amendments alter the 
soil hydrology and associated PFAS retardation mechanisms.

Therefore, this study evaluated the stabilization efficacy for 18 PFAS, 
with a variety of chain lengths and head groups, in aqueous film forming 
foam (AFFF) spiked, unsaturated soil using different sorbent amend-
ments in large-scale lysimeters for one year. The specific research ob-
jectives were to, a) compare the efficacy of waste-derived biochars and 
commercial fossil-based sorbents in reducing PFAS leaching from AFFF- 
contaminated, unsaturated soil, b) test if a 1D-Box model approach, 
incorporating sorption processes at the air-water interface, can accu-
rately simulate PFAS retention and can be used to predict long-term 
PFAS leaching and mass retention, and c) evaluate the impact of the 
air-water interface and PFAS chain length on retention after sorbent 
amendment. This is the first long-term field lysimeter study using bio-
char sorbents to stabilize PFAS in soil and to model the long-term effi-
cacy of sorbent amendments in the unsaturated zone.

2. Materials and methods

2.1. Soil

The soil used in this lysimeter study was a loamy sand with a low 
SOM content (1.0 ± 0.1 %) and a soil pH of 4.36 ± 0.02 (0.01 M CaCl2) 
taken from the B horizon (40 − 160 cm depth) of a remote agricultural 
field, 17 km south of Uppsala, Sweden (59.733 N, 17.667 E) (Figure S1). 
The soil showed an average water content of 13.6 % before packing. 
Before using the soil in the lysimeter, it was stored outdoors covered 
with a tarp for less than one week.

2.2. Sorbents

In this study four different sorbents were used including two 
commercially available activated carbon products and two waste- 
derived biochars as summarized in Table 1. The two commercially 
available products were a pulverized version of Filtrasorb® 400 (Calgon 
Carbon, USA) (hereafter referred to as PAC) and RemBind® 100 
(Rembind, Australia) (hereafter referred to as RemBind® (RB)). The two 
biochars used differ in their production feedstock, with one produced 
from waste timber (hereafter referred to as BC-WT), and another one 
from digested sewage sludge (hereafter referred to as BC-SL).

Information about the pyrolysis process can be found in the SI
(S1.1.2). All selected sorbents have previously demonstrated PFAS 
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stabilization capability in soil at bench scale [25,43,81,84].

2.3. PFAS analysis

2.3.1. Target PFAS and chain length classification
The non-contaminated soil was spiked with 18 target PFAS (PFAS18) 

and an additional 4.5 g of an AFFF (ANSULITE Low Viscosity 3 ×3), to 
simulate more realistic real world AFFF contamination [29]. All target 
PFAS were purchased from Sigma Aldrich (Germany) and Apollo Sci-
entific (United Kingdom). The following PFAS were spiked: per-
fluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), 
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), 
perfluorooctanoic (PFOA), perfluorononanoic (PFNA) and per-
fluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), per-
fluorododecanoic acid (PFDoDA), pentacosafluorotridecanoic acid 
(PFTriDA), perfluorotetradecanoic acid (PFTeDA), per-
fluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic (PFHxS), 
perfluorooctanesulfonic (PFOS), 4:2, 6:2 and 8:2 fluorotelomer sulfonic 
acid (X:2 FTS) and perfluorooctanesulfonamide (FOSA). Water and soil 
samples were analysed for 18 target PFAS. Information about all PFAS 
and the isotopically labelled internal standard used can be found in the 
SI (S1.2, Table S1). Furthermore, a detailed description of sample 
preparation for water and soil samples and target PFAS analysis can be 
found in the SI (S1.3).

2.3.2. Quality assurance and quality control (QA/QC)
QA/QC protocols including blanks, limits of detection (LOD) and 

limits of quantification (LOQ) (Table S3) and recoveries (Table S4 and 
Table S5) were implemented during all experimental and analytical 
steps. A detailed discussion is provided in the SI (S1.4).

2.4. PFAS soil spiking method

Due to the large amounts of spiked soil required for this experiment 
(>1000 kg), a low-volume method similar to the one used by Felizeter 
et al. [19] was used in this study. In short, for each lysimeter 2 kg of wet 
soil was spiked with the stated 18 target PFAS (salts and liquid standards 
dissolved in methanol) and the AFFF (Figure S2). A detailed description 
of the soil spiking protocol, the used AFFF and the calculated spiking 
concentrations can be found in the SI (S1.5).

The measured initial PFAS concentration in the two no-sorbent 
lysimeter after mixing and packing was 2792 ± 133.1 µg/kg dry 
weight (dw) for PFOS (n = 6), 214 ± 65.2 µg/kg dw for the other 16 
target PFAS (n = 96) and 108 ± 11.0 µg/kg for FOSA (n = 6). These 
concentrations are similar to historical AFFF contaminated field soil 
[25]. Compared to the calculated target spiking concentrations, the 
measured PFAS concentrations were 14 % higher for PFOS, 8 % higher 

for FOSA, and 14 % lower for the other 16 target spiked PFAS. Although 
the spiking protocol was identical for all lysimeters, and thus the initial 
PFAS concentrations in the soil should have been the same as the soils 
treated with biochars, particularly L-BC-WT 1 % and L-BC-WT 4 %, 
exhibited PFAS concentrations in the starting soil that were on average 
50 % lower than expected. This may have been due to errors with the 
PFAS mass in the standards, the spiking procedure and/or matrix effects 
(for details, see S1.3.3 in SI). The amount quantified in the soil at the 
start of the experiment was considered the starting concentration. In-
dividual target PFAS concentrations (Table S6) and mass (Table S7) at 
the start at the end (Table S8) of the experiment for each lysimeter are 
summarized in the SI.

2.5. Lysimeter experiments

For this study, 9 lysimeters were set up at the lysimeter station at the 
Swedish University of Agricultural Sciences (SLU) in Uppsala, Sweden. 
The lysimeter columns, made from polyvinyl chloride (PVC), were 
120 cm long and 30 cm wide. The collected soil was first mixed with the 
2 kg PFAS spiked wet soil. After homogenization, the sorbent amend-
ments were added. Each lysimeter was packed with a soil mass of 
approximately 120 kg (for details see S1.6.1). The different lysimeter 
including acronyms, the used sorbent including applied concentrations 
and the PFAS spike used are summarized in Table 2.

To prevent any loss of fine material, a gravel filter (height 10 cm) 
with two distinct grain sizes (1–3 mm and 0.5–2 mm) followed by a fine 

Table 1 
Sorbent characteristics of the four different sorbents.

Sorbent Filtrasorb® 400 (pulverized)1) RemBind® 1003) BC-WT2) BC-SL*2)

Ash content [%]  6.10 ± 0.11 - 15.5 73.4
CO2 Sorption (0.3–1.5 nm) DFT-SA [m2/g] - - 588 202

DFT-PV [cm³ /g] - - 0.16 0.062
N2 Sorption (>1.5 nm) BET-SA [m2/g] 850–1063 464 131 219

BJH-PV [cm³ /g] 0.1355) 0.288 0.025 0.133
Average pore size (d) [nm]   1.24 1.4 2.9
Elemental Content C 89.6 ± 0.22 - 85.1 27.7

O 5.77 ± 0 - 6.52 34.9
H 0.21 ± 0.02 - 1.51 1.32
N 0.25 ± 0.04 - 1.41 0.89

Other Elements Fe [g/kg]  - 5.0 ± 0.2 81.3 ± 0.6
 Al [g/kg] 1.5 ± 0.5 - 4.1 ± 0.3 150 ± 15.0
ConAC/OC4) % - - 79 ± 10 85 ± 2
Point of zero charge  6.15) 9.16) < 3 < 3

1 Gensterblum et al. [20], 2Sørmo et al. [83], 3 Juhasz et al. [39], 4 as determined by benzopolycarboxylic acid (BPCA) [80], Siriwardena et al. 5[79],Stewart 6[87]
* BC-SL is named BC-DSS-2 in the cited references.

Table 2 
Clarification of experimental design.

Acronym Sorbent/description Sorbent 
concentration

PFAS Spike

Blank No-sorbent added, not 
spiked

none Not spiked

L-S1 No sorbent added, spiked 
with AFFF and 18 target 
PFAS, set up un 
duplicates.

none Spiked with AFFF and 
18 target PFAS using 
the same MeOH PFAS 
spike and AFFF

L-S2

L-BC-WT 
1 %

Biochar produced from 
waste timber (800◦C)

1 %

L-BC-WT 
4 %

4 %

L-BC-SL 
1 %

Biochar produced from 
anaerobic digested 
sewage sludge (800◦C)

1 %

L-BC-SL 
4 %

4 %

L-PAC 
1 %

Filtrasorb 400® 
(pulverized)

1 %

L-RB 1 % RemBind® 100 1 %
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metal mesh (0.5 mm) was positioned at the base of each lysimeter col-
umn. The lysimeter experiment was conducted from November 13th 
2021 to October 30th 2022. Leachate was collected in 5 L polypropylene 
(PP) bottles equipped with funnels and metal mesh filters (1 mm) to 
prevent larger particles or debris from entering the samples. The 
collection bottles were checked each week and when leaching occurred, 
leachate samples were collected, and excess water was stored for later 
disposal. After ending the experiment, composite section-wise (20 cm) 
soil samples (5 samples for each lysimeter) were taken. Soil samples and 
selected water samples were extracted and analysed for target PFAS. For 
each lysimeter, the first leachate sample was analysed, followed by 
samples approximately every three weeks, targeting high and low 
infiltration periods.

2.6. Additional leachate and soil analysis

In addition to PFAS analyses, leachate samples were analysed for 
dissolved organic carbon (DOC) (SS-EN ISO 20236:2021), dissolved 
anions (SS-EN ISO 10304–1:2009, mod.), and cations (SS-EN ISO 
17294–2:2016). A representative soil sample from each lysimeter and 
horizon was taken in triplicate and freeze-dried to validate the final 
water content and the soil organic matter content (SOM) (S1.6.2). 
Additionally, composite samples were collected from each lysimeter for 
soil size distribution analysis using laser diffraction method (LDM) ISO 
11277) and for the mineral composition (EN ISO 17923–2:2016). Soil 
water retention curves for the soils with no sorbents and sorbents added 
were conducted (duplicates) using pressure plate extractor tests based 
on ASTM C1699–09 (2015) (S1.6.2).

2.7. Meteorological data

Meteorological data was taken from the climate station Ultuna 
(Lantmet Nr. 20000, 59.8179◦N, 17.6541◦E), which is located approx-
imately 100 m from the lysimeter station. For each lysimeter, the water 
balance was calculated using the infiltration rate derived from measured 
precipitation, evaporation estimated with the Penman-Monteith com-
bination equation [37], and the collected leaching volumes (S1.7). 
While the lysimeters were left bare during the experiment, limited weed 
growth was observed towards the end.

2.8. 1D-Box model

In this study, a first-order geochemical box model, representing the 
unsaturated soil along the vertical profile of the lysimeter, was used to 
simulate the long-term effectiveness of sorbent amendments in reducing 
the PFAS mass leached from the soil. Although previous studies have 
shown that PFAS transport can be accurately modelled using, for 
example, finite-element models that solve Richard’s equation for un-
saturated flow conditions [24,51,77], these models often need a large 
number of input parameters which necessitate extensive site-specific 
characterization, making them impractical for many applications or 
users. The advantage of the simplified 1D-Box model used in this study is 
that its input parameters, such as effective porosity and bulk density, can 
be easily derived from ex-situ soil tests or literature values based on soil 
texture [32]. This makes the model more accessible and practical for 
problem owners and stakeholders assessing the effectiveness of soil 
stabilization as a remediation approach. In a recent study Stults et al. 
[88] showed that a 1D mass model effectively described PFAS leaching 
from lab-scale unsaturated soil columns with artificial rain, matching 
the results of a more complex numerical code. Hale et al. [25] and Sørmo 
et al. [83] applied a 1D model to predict scenarios for a saturated soil 
system; the model approach was further developed in this study to better 
represent conditions in the unsaturated zone, including sorption pro-
cesses at the air water-interface.

The residual PFAS mass (MPFAS, µg) in the soil column for each 
timestep can generally be described by the following first order decay 

function: 

MPFAS

dt
= ksorb,unsat × MPFAS (1) 

Where ksorb,unsat is described as the advective-transport rate of water 
through the vadose zone (kunsat [1/T]) divided by the retention factor 
(RPFAS [-]): 

ksorb,unsat(t) =
kunsat(t)
RPFAS(t)

(2) 

The advective-transport rate is hereby a function of the flux of water 
which infiltrates [L/T] the soil column and the effective porosity (neff), 
which was derived from tracer experiments (S1.8). Snow accumulation 
and melting circles in winter times were accounted for following the 
approach described by Larsbo & Jarvis [46], which is further described 
in the SI (S1.9).

For each PFAS the retardation factor (RPFAS [-]) can be defined as 
following: 

RPFAS(t) = 1+
Kd,PFAS × ρbulk

θ(t)
+

Kai,PFAS × AAWI(t)
θ(t)

(3) 

where Kd [L/kg)] is the partitioning coefficient between porewater 
and soil/biochar surface multiplied by the soil bulk density (ρbulk [kg/ 
m3]). Kai [cm] is the air-water interface partitioning coefficient multi-
plied by the air-water interfacial area (AAWI [cm− 1]). Both terms are 
normalized by the water content of the soil (ϴ(t)), to link the retardation 
through sorption at the soil and the air-water interface to the fraction of 
the pore volume that contains water.

The fraction of PFAS retention associated to the air-water interface 
(FAWI(t)) is described by the following equation [55]: 

FAWI(t) =
RPFAS(t) − 1 −

Kd,PFAS×ρbulk
θ(t)

RPFAS(t) − 1
(4) 

The air water interfacial area is hereby calculated using a correlated 
AQITT (aqueous interfacial tracer tests) based linear approach (Eq. S15) 
building on the work of [7].

The modelled data was fitted to the calculated mass of PFAS based on 
the linear interpolated leachate amounts, by adjusting the Kd.PFAS and 
Kai,PFAS by minimising the cumulative squared error using a generalized 
reduced gradient non-linear solver [47]. For the no-sorbent spiked ly-
simeters (L-S1 and L-S2), the solver was constrained by a predefined 
range for Kai,PFAS (Table S9). The apparent log distribution coefficient 
Kd,PFAS was determined using batch test data (Table S10) and additional 
literature data (Table S11). This approach accounts for potential dis-
crepancies between Kd,PFAS values derived from batch tests, where 
spiked soil material was used immediately after mixing, and apparent 
Kd,PFAS observed under more representative unsaturated field-scale 
conditions in the lysimeter experiment. The latter may be influenced 
by soil aging effects on sorption and precursor transformation over time.

For the sorbent lysimeters, the range of Kai,PFAS values derived from 
the no-sorbent lysimeters was used to estimate apparent Kd,PFAS by 
fitting the model to the measured data. Model validation was performed 
by calculating the sqaured Pearson correlation coefficients (R²) and the 
average relative error between the modelled and measured mass (Mas-
serror,PFAS) (S1.9.2). A detailed description of the developed model and 
the parameter fitting process can be found in the SI (S1.9).

2.9. Normalized accumulated PFAS mass leached over the experimental 
time

For each lysimeter the normalized accumulated PFAS mass leached 
(PFASMass) in % was calculated based on the following equation: 
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PFASMass =

∑0

t
MPFAS leached

MPFAS,init
∗ 100% (5) 

where 
∑0

t MPFAS leached is the accumulated mass of grouped PFAS in the 
leachate over time (t), and MPFAS,init is the initial measured soil PFAS 
mass in each lysimeter.

2.10. Statistical Analysis

To evaluate whether the normalized accumulated PFAS mass leached 
significantly varied across different lysimeter treatments, the accumu-
lated mass corresponding to an effective pore volume (EPV) between 0.2 
(the point of the latest breakthrough) and 0.725 (the maximum EPV 
reached by all lysimeters) was selected. The data from lysimeters L-S1 
and L-S2 were pooled into a single reference group (no sorbent). Prior to 
statistical testing, the distribution of leaching data within each group 
was assessed using the Kolmogorov–Smirnov test, which indicated sig-
nificant deviations from normality (p < 0.05). Consequently, pairwise 
Wilcoxon rank-sum tests (Mann–Whitney U tests) was used to evaluate 
differences among the six treatment groups. To account for multiple 
comparisons, Bonferroni–Holm correction was applied to the resulting 
p-values. The analysis were conducted using Matlab R2018b.

3. Results and discussion

3.1. Soil characteristics and soil water retention curves

The average dry bulk density was 1390 ± 51 kg/m³ (n = 9), indi-
cating a consistent and uniform packing technique. The biochar 
amendment generally led to a decrease in dry bulk density and an in-
crease in total porosity consistent with findings from other studies [60]. 
More detailed data about geotechnical soil parameters for each lysim-
eter after packing (Table S12), particle size distribution, soil organic 
matter (SOM) measurements (Table S13) and mineral composition of 
the soil samples taken from each lysimeter (Table S14) can be found in 
the SI.

Soil water retention curves were plotted for each lysimeter soil ma-
terial (Figure S8), showing that the sorbent amendments increased the 
overall water holding capacity. The field capacity (measured at a 
− 3.3 m pressure head – further explanation can be found in the SI S2.1) 
was 10.0 ± 0.1 % for the soil with no added sorbent, with the highest 
value observed for L-BC-WT 4 % (13.0 ± 0.7 %). This increase in field 
capacity was directly proportional to the percentage of biochar added, 
which is in line with previous studies [64,94]. In contrast, L-BC-WT 1 % 

displayed different behaviour, exhibiting the lowest field capacity at 9.1 
± 0.2 %.

3.2. Hydrological data and leachate amount

For the duration of the experiment, the measured accumulated 
rainfall was 504 mm over 347 days. More detailed precipitation, evap-
oration (Figure S9, Table S15) and snowfall data (Figure S10) can be 
found in the SI. The average collected leachate volume from all lysim-
eters investigated in this study was 24.9 ± 3.2 L. The average fraction of 
pore volume exchanged across all lysimeters was 0.88 ± 0.16. Details of 
the water balance for each lysimeter are provided in the SI (Table S16). 
The error in the water balance ranged from − 13.6 to 18.8 %, possible 
reasons for this minor discrepancy is discussed in the SI (S2.2).

Fig. 1 summarises the number of exchanged pore volumes and the 
calculated infiltrated rain volume over the experimental time. The first 
leachate for L-S1 and L-S2 were collected 24 days after the start of the 
experiment (December 7, 2012). During the first 60 days, leaching 
volumes were overall low, with an exchanged pore volume of less than 
0.03.

For the lysimeters treated with 1 % sorbent, the first leachate was 
collected after 68 days and for the lysimeters treated with 4 % sorbent 
after 82–97 days, which can be explained by an increased field capacity 
and porosity due to sorbent amendment (Figure S8) [64,94]. This in-
crease in field capacity, along with the use of dried soil as a spike (2 kg, 
corresponding to approximately 2 % of the total soil mass [d.w]) and 
dried biochar (ranging from 1 to 4 kg depending on the lysimeter), ex-
plains the observed increased delay in leaching for the treated lysimeter.

At the end of the experiment, the water content increased with depth 
(Figure S11), being lowest in the top horizon (0–20 cm, 8.4 ± 0.6 %) 
and highest in the deepest horizon (80–100 cm, 17.5 ± 0.6 %) across all 
lysimeters. This pattern can be attributed to the free drainage design of 
the lysimeter study, where a saturated zone is formed at the bottom of 
the lysimeter, to overcome the matric potential, before water will drain 
[48].

3.3. Normalized accumulated PFAS mass leached

Fig. 2 shows the accumulated PFAS mass leached, which was 
normalized to the initially measured mass, in %) per compound group in 
the lysimeters, plotted against exchanged pore volume (EPV). PFDoDA, 
PFTriDA, and PFTeDA were not detected above the limit of detection 
(LOD) in any leachate sample and are not included. Average PFAS 
concentrations in leachate over the entire experiment are summarized in 
Table S17, and detailed concentrations are shown in Figure S12.

Fig. 1. Exchanged pore volume and precipitation (mm/d) in relation to the run time of the experiment. * Due to missing leachate data for L-PAC 1 % at the start of 
the experiment, the values were replaced with the average leaching data from the other lysimeter treated with 1 % sorbent.
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The calculated p-values were below 0.05 for nearly all compound 
groups displayed in Fig. 2, indicating significant differences in PFAS 
mass leached among the different lysimeter treatments (Figure S14). 
The only exception was observed for long-chain PFCAs (including all 
PFCAs from PFOA up to PFUnDA), where the mass leached from L-RB 
1 % and L-BC-SL 1 % was not statistically significantly different.

Over the course of the experiment, 77 % and 89 % of the initial mass 
of short-chain PFCAs (i.e., PFHxA and shorter) leached from L-S1 and L- 
S2, respectively. Short-chain PFSAs (here grouped as PFBS and PFHxS 
due to their similar spiked mass) leached in similar patterns, with 98 % 
from L-S1 and 78 % from L-S2. In comparison, long-chain PFCAs showed 
lower leached mass fractions, ranging from 16 % in L-S2 to 22 % in L-S1. 
PFOS exhibited even lower leaching, with 10 % from L-S2 and 11 % 
from L-S1 by the end of the experiment. Overall, short-chain PFAS 
leached in higher concentrations and at lower effective pore volumes 
(EPV) than long-chain PFAS. One exception is 4:2 FTS, which leached in 
lower mass than its longer-chain analogue 6:2 FTS, likely due to the 
specific AFFF formulation used, which contained the latter compound 
(see S1.5.3 in the SI).

In lysimeters treated with the commercial sorbent RemBind®, 
leaching of long-chain PFAS was below 0.1 % of the initial mass, indi-
cating > 99.9 % stabilization. Only short-chain PFCAs leached in 
amounts above 0.1 %. For the lysimeter treated with PAC, the accu-
mulated mass leached could not be calculated due to missing early 
leachate data. However, leachate concentrations (Figure S12) suggest a 
similarly high retention as observed with RemBind®. This is in line with 
the study by Bierbaum et al. [4], who observed similar stabilization 
efficacies of > 99 % for long-chain PFCAs and PFOS and > 90 % for 
short-chain PFCAs, except for PFBA (16 % and 21 %) in indoor-variably 
saturated lysimeters treated with 2.5 % of AC-based sorbents similar to 
the ones used in this study. However, multiple parameters in Bierbaum 
et al. [4] were different in comparison to the present study such as PFAS 
concentration and composition, larger L/S ratio, daily irrigation and 
longer experimental time (30 months).

Among biochar lysimeters long-chain PFCAs, PFOS, 4:2 FTS, and 6:2 
FTS leached less than 0.1 % of the initial mass with one exception being 

L-BC-WT 1 %. Although the accumulated mass leached for 6:2 FTS and 
long-chain PFCAs from L-BC-WT 1 % was below 1 %, these compounds 
showed increasing concentrations throughout the experimental time 
(Figure S12), indicating the lowest sorption capacity for L-BC-WT 1 %. 
In general, long-chain PFAS were retained more effectively than short- 
chain PFAS, and short-chain PFCAs were the least stabilized by all sor-
bents. Notably, L-BC-WT 1 % exhibited the highest leaching of short- 
chain PFCAs (41 %), while L-BC-SL 4 % showed minimal leaching 
(<1 %). Clear differences were observed among biochars: those derived 
from waste timber (BC-WT) were less effective over time than those from 
sewage sludge (BC-SL) for nearly all PFAS. One exception is PFOS, for 
which the leached mass from L-BC-WT 1 % was lower than for all other 
biochars and even RemBind®. This may be explained by the unexpect-
edly low initial PFOS mass (Table S7) and possible preferential flow 
paths resulting in higher exchanged pore volumes. The findings of the 
present study align with those of Sørmo et al. [83] who used the same 
biochars in bench-scale saturated column setups (L/S 0.1–5). In their 
study, a historically AFFF-impacted sandy soil treated with BC-SL 1 % 
and BC-WT 1 % showed > 99 % (L/S = 0.2) and 96 % (L/S = 0.5) PFOS 
leachate reduction and hence mass reduction, respectively, at L/S ratios 
comparable to those in this study (0.30 for L-BC-WT 1 % and 0.27 for 
L-BC-SL 1 %). Increasing the biochar content from 1 % to 4 % further 
reduced PFAS leaching. At an EPV of 0.8, for example, L-BC-SL 4 % 
leached only 0.8 % of the initial short-chain PFCAs mass, whereas for 
L-BC-SL 1 % a fivefold increase with 4.0 % leaching of short-chain 
PFCAs was observed. While sludge-derived biochar at 4 % was slightly 
less effective than RemBind® and PAC for short-chain PFCAs 
(Figure S12), it showed comparable or even superior stabilization effi-
cacy for long-chain PFAS (Fig. 2).

3.4. Sorbent properties and sorption mechanistic on PFAS leaching

The high leachate concentrations observed for PFAS from L-S1 and L- 
S2 can be attributed to the poor sorption properties of the loamy sand 
(low SOM content) used in this experiment [34]. Higher leachate con-
centrations with earlier breakthrough and depletion of short-chain PFAS 

Fig. 2. Accumulated leached PFAS mass normalized to the initial PFAS mass measured for each compound in each lysimeter (log scale) plotted against the exchanged 
pore volume (EPV). PFAS are grouped based on their fluorinated carbons (e.g. C6 = 6 fluorinated carbons).
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at the end of this study, aligns with the findings of Høisæter et al. [30], 
who observed faster breakthrough of short-chain PFAS (e.g., PFBS, 
PFHxA) compared to long-chain PFAS like PFOS when applying AFFF to 
unsaturated soil columns. Similarly, Lämmer et al. [45] in a 5-year 
lysimeter study using spiked soil and Bierbaum et al. [4] using PFAS 
field-contaminated sand (contaminated due to the usage of paper 
sludge) in their unsaturated indoor lysimeter setup running for 30 
months, reported earlier breakthrough and depletion of short-chain 
PFAS, in their no-sorbent controls. The lower retention of short-chain 
PFAS is attributed to their shorter fluorinated carbon chain making 
the PFAS molecule more hydrophilic compared to their longer counter 
parts, which was shown by different sorption studies before [27,50,62].

Sorption of PFAS to carbon-based sorbents is primarily driven by 
hydrophobic and electrostatic interactions [17,21,57]. Kabiri et al. [40]
studied 28 carbon-based sorbents as soil amendments and highlighted 
the importance of mesopores (>1.5 nm) and surface charge for PFAS 
sorption. Their results showed that PFAS removal efficacy increased 
with the hydrophobicity (fluorinated chain length) of the compound. 
This aligns with the overall lower retention of short-chain PFAS under 
unsaturated conditions observed for all tested sorbents in this study. 
Previous research [43,80,84] has also identified mesopore surface area 
and corresponding pore volumes as key factors influencing PFAS sorp-
tion for the same biochars used in this study. This accounts for the lower 
sorption affinity of PFAS to waste timber-based biochar (BC-WT) 
compared to sludge-derived biochar (BC-SL), which exhibits a fivefold 
higher PFAS-available BJH pore volume and a greater BET surface area 
(Table 1). Overall, the differences in PFAS leaching reduction among the 
sorbents tested in this study can be likely attributed to the availability of 
sorption sites, which increases with pore surface area and volume for 
pores > 1.5 nm, following the order: BC-WT < BC-SL < RemBind® (RB) 
< PAC (Table 1).

Electrostatic interactions can also influence PFAS sorption, depend-
ing on the point of zero charge (PZC) of the carbon-based sorbents used 
and the protonation state of the PFAS under investigation [40]. Under 
typical environmental conditions and given the soil pH of 5.38 ± 0.02 in 

this study, all PFAS (except some precursors like FOSA) are expected to 
be negatively charged [34]. While the net surface charge of the biochars 
used is also expected to be negative (due to a PZC below 3 (Table 1)). 
PAC (PZC = 6.1) and especially RemBind® (PZC = 9.1), which contains 
aluminium hydroxide, will have predominantly positively charged sur-
face areas. This enhances PFAS sorption, particularly for short-chain 
PFAS [96]. These findings align with previous studies suggesting that 
the presence of positively charged multivalent ions at typical soil pH 
levels enhances electrostatic interactions with PFAS [11,35,58] and 
further explains the higher sorption efficacy observed for the two 
commercially available products compared to the tested biochars, 
particularly for short-chain PFAS.

3.5. PFAS soil vertical distribution at the end of the experiment

In Fig. 3, the vertical PFAS distribution in the lysimeters at the end of 
the experiment are presented for selected lysimeters (see Figure S13 in 
the SI for all lysimeters). L-S1 and L-S2 showed that 84–89 % of the 
initial mass of PFOS and 57–75 % of long-chain PFCAs were retained in 
the soil. Shea et al. [76] reported similar retention of 75 % for PFOS in 
both saturated and unsaturated bench-scale column setups using a AFFF 
historical contaminated shallow sandy soil from the northeastern US 
adding the equivalent of 1-year annual rainfall.

In L-S1 and L-S2, the remaining long-chain PFAS were mostly evenly 
distributed across each 20 cm section. However, in L-S2, long-chain 
PFAS leached to a greater extent from the bottom of the lysimeter 
(80–100 cm). In both lysimeters, short-chain PFCAs predominantly 
accumulated at the bottom (80–100 cm), with nearly all of these com-
pounds leaching from the upper layers. Less than 10 % of the average 
initial short-chain PFCAs mass in L-S1 and L-S2 remained in the soil, and 
of that, an average of 87 % was concentrated in the bottom 20 cm of the 
column for the no-sorbent lysimeter.

Both observations may be explained by the formation of a saturated 
zone at the bottom of the lysimeter due to the free drainage experi-
mental setup. In sandy soils, such zones can extend up to 30 cm [48]. As 

Fig. 3. Vertical distribution at a resolution of 20 cm of PFAS mass in selected lysimeters based on soil analysis before and after the experiment. Relative amount of 
PFAS mass leached was derived from interpolated leaching samples. Note that no PFAS movement would imply equal distribution in each of the 20 cm boxes, and 
complete movement would be equal to 100 % of mass leached.
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shown in Figure S11, the water content in the 80–100 cm section of L-S1 
and L-S2 was approximately 25 %, indicating near-saturated conditions. 
In these conditions, short-chain, more hydrophilic PFAS accumulated 
toward the end of the experiment, whereas long-chain PFAS, which are 
more strongly retained in the unsaturated zone due to sorption at the 
air-water interface, leached more readily from the bottom where satu-
rated conditions occurred. In contrast, short- and long-chain PFAS were 
evenly distributed in the sorbent lysimeters at the end of the experiment, 
indicating that variations in water content within the column had a 
reduced impact on PFAS transport compared to the no-sorbent 
lysimeters.

3.6. Fluorine mass balance

For each lysimeter a mass balance was calculated based on the molar 
fluorine fraction (S2.6 and Table S18). The total fluorine mass balance 
error ranged between –4 % (L-BC-SL 4 %) to 26 % (L-S1). Losses were 
observed for terminal perfluoroalkyl acids (PFAAs) towards during the 
experiment which is likely being caused by measurement uncertainties 
and data interpolation for the leachate samples. In L-S1 and L-S2, for-
mation of n:2 FTS (with n = 4, 6, 8) was observed up to additional 
90.5 % (8:2 FTS in L-S2) and 97.7 % (4:2 FTS in L-S2), as semi-stable 
intermediate “daughter” compounds during the experiment due to 
degradation of polyfluorinated “parent” compounds in the used AFFF 
concentrate. This is a phenomenon which has been commonly reported 
in AFFF contaminated soils [26,33,93] and is further described in S2.6 in 
the SI. In lysimeters with sorbents, the fluorine mass balance error for 
n:2 FTS was less pronounced which could be an indication for lower 
bioavailability of "parent" compounds and therefore reduced biotrans-
formation due to enhanced sorption.

3.7. Leaching of DOC, anions and cations and heavy metals

Previous studies have indicated a correlation between leaching of 
DOC and PFAS [29,41,49]. However, the Pearson correlation analysis 
(Python 3.11) between DOC and individual PFAS (Table S19) revealed 
weak, significant negative correlations for PFNA (Pearson correlation 
coefficient (PCC) = -0.65, R²= 0.42, p = 0.01), PFDA (PCC=-0.56, 
R²=0.32, p = 0.02), PFOS (PCC=-0.61, R²=0.37, p = 0.01) and 6:2 FTS 
(PCC=-0.60, R²=0.36, p = 0.01) for L-S2. There was no significant 
correlation for any of the other PFAS for L-S2 and for any of the PFAS for 
L-S1, even though all calculated PCC were negative (p > 0.05, 
Table S19). One reason that most PFAS show no significant correlation 
could be the high concentrations of PFAS in the soil compared to overall 
low DOC concentrations [41]. The observed negative correlation be-
tween PFAS and DOC concentration could be due to the lack of ageing 
time for the soil, leading to non-equilibrium conditions with low PFAS 
concentrations in the beginning of the experiment, when DOC leaching 
is highest (Figure S15).

Increased leaching of anions and cations, particularly SO₄²⁻, Ca²⁺, 
Mg²⁺, and Na⁺, was observed in the lysimeters treated with biochar 
derived from waste timber (L-BC-WT 1 % and L-BC-WT 4 %) 
(Table S20). All sorbents reduced metal ion leaching (Fe, Mn, and Al), 
except for RemBind®, which showed increased leaching, likely due to 
the incorporated aluminium hydroxide in the sorbent.

Due to the thermal stability of some heavy metals and the low 
volatilization rates during pyrolysis, waste-derived biochars have been 
found to potentially contain high concentrations of these compounds 
[38,84]. In this study, elevated leachate concentrations of Cr were found 
for the timber-based biochar, with average values of 1.36 ± 0.92 µg/L 
(n = 4) for L-BC-WT 1 % and 1.85 ± 0.81 µg/L (n = 3) compared to the 
blank lysimeter, which leached 0.30 ± 0.92 µg/L of Cr (n = 3) 
(Table S21). The sewage sludge-derived biochar used in this study 
showed increased leachate concentrations of As with average values of 
1.52 ± 0.83 µg/L (n = 4) for L-BC-SL 1 % and 1.80 ± 0.45 µg/L for 
L-BC-SL 4 % (n = 3), compared to lower leaching from the blank 

lysimeter (0.51 ± 0.25 µg/L, n = 3). The leached concentrations of Cr 
and As are still well below the WHO drinking water guideline values (Cr 
= 50 µg/L, As = 10 µg/L), which are adopted by many countries [91, 
92]. Therefore, they are not expected to pose a human or environmental 
risk.

3.8. 1D-Box model verification and limitations

The developed 1D-Box model effectively described PFAS transport in 
the unsaturated zone and fitted well to the observed data, indicated by 
overall high R² values (Table S22). All lysimeters (except L-RB1 %) 
showed an average mass error (Masserror,PFAS) for all PFAS below 10 % 
(Table S23). It should be noted that all lysimeters showed non- 
equilibrium conditions in terms of the hydraulic flow and sorption 
processes at the beginning of the experiment. To address both effects, a 
non-equilibrium Qd value was introduced (Table S24), which was 
significantly higher than the fitted apparent Kd values observed at later 
time steps (p < 0.05). Apparent log Kd (Table S25), Kai (Table S26) and 
RPFAS (Table S27), were derived for each PFAS from equilibrium con-
ditions in each lysimeter. It should be noted that for L-S1 and L-S2, the 
modelled apparent Kd values for long-chain PFAS were higher than those 
derived from batch tests, whereas for short-chain PFCAs, the apparent 
Kd values were lower. This discrepancy may to some extent be explained 
by ongoing precursor transformation over time [4]. In the sorbent 
lysimeter, apparent Kd values were generally higher than batch test data, 
likely due to additional aging processes. Measured and modelled values 
for the residual soil mass of PFOS in L-S1 and L-S2 are shown in 
Figure S16. The effective porosity (neff), determined from the salt tracer 
test (Figure S17) was estimated to be 0.124 ± 0.001 [-] (Table S28), 
which falls within the range typically observed for medium to silty sand 
in the literature (neff = 8–15 %) [32]. In addition, the model accurately 
described snow accumulation and snow melt in the winter months 
(Figure S18).

The simplicity of the model approach, requiring fewer parameters for 
PFAS sorption, unsaturated flow and soil parameters, enhances its 
applicability for screening the successful applicability of sorbent- 
amendment strategies. However, this also introduces certain limita-
tions. For contaminated sites containing PFAS precursors, biodegrada-
tion rates can only be integrated if transformation pathways are 
identified [71]. Model limitations and potential improvements are dis-
cussed in detail in S2.8.4 in SI.

3.9. Influences of variable saturated conditions on PFAS retention before 
and after sorbent amendment

As described by Eq. 3, the retardation factor under equilibrium 
conditions (RPFAS) depends on two time-dependent variables: the soil 
water content (ϴ) and the area of the air-water interface for PFAS, which 
is directly related to ϴ. The water saturation (Figure S19) and conse-
quently the area of the air-water interface (Figure S20) and the fraction 
of the pore volume that contains water in each lysimeter changed based 
on the infiltration rate throughout the experiment, which causes the 
modelled PFAS retardation to vary significantly, particularly in the 
summer months when strong precipitation events occur. During these 
periods of high-water infiltration, the modelled retardation is at its 
lowest. Conversely, at the end of spring, when precipitation is minimal, 
the water content in the soil columns decreases, leading to the highest 
levels of modelled PFAS retardation. For example, the overall retarda-
tion of PFOS in L-S2 and L-S1 decreased by 39 % and 59 % respectively, 
between the end of May and the end of August. Variation decreased for 
PFAS with decreasing fluorinated chain length e.g., the retardation of 
PFBS decreased by 13 % (L-S2) to 26 % (L-S1). This is consistent with 
the findings of a field-scale study by Schaefer et al. [74], and a more 
recent bench-scale column study by Shea et al. [76], both of whom 
found increased PFAS mobilization under variably saturated conditions 
for untreated PFAS-impacted soils.
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The fraction of PFAS sorbed at the air-water interface (Fawi), 
increased with chain length for both PFCAs and PFSAs (Table S29). In L- 
S1 and L-S2, the average fraction ( ± standard deviation) sorbed at the 
air-water interface for PFOS ranged from 26.5 ± 2.7 % (L-S1) to 65.0 
± 2.7 % (L-S2), whereas for PFBS, the average fraction sorbed was 
lower, ranging from 11.9 ± 1.5 % (L-S2) to 13.9 ± 2.5 % (L-S1). This 
chain length dependency is explained by the increased surface activity 
and stronger sorption at the air-water interface with increasing -CF2 
moiety [10]. The model-derived sorption of PFOS to the air-water 
interface is hereby in line with previous studies which indicated that 
sorption to the air-water interface of long-chain PFAS like PFOS or PFOA 
can contribute to > 50 % of the overall retention [54,6,73].

Fawi values and the maximum variation of Fawi throughout the one- 
year experimental time were lower for all sorbent lysimeters than for 
L-S1 and L-S2 (Table S29 and Figure S21). For PFOS, these changes 
ranged from 11 % (L-S2) to 20 % (L-S1) over the experimental period, 
whereas for L-BC-WT 1 %, the change was less than 0.1 %. This is likely 
due to higher overall apparent Kd values, which indicate that sorption to 
biochar after treatment is more significant than sorption at the air-water 

interface. This also suggests that factors such as increased porosity and 
water retention due to sorbent amendment, which could expand the air- 
water interface, have a negligible impact on PFAS retardation compared 
to sorption to the sorbent. Furthermore, changes in the air-water inter-
face area, driven by fluctuations in soil water content, can significantly 
influence especially long-chain PFAS mass flux from the unsaturated to 
the saturated zone [54,6,9]. However, due to the reduced significance of 
the fraction sorbed at the air-water interface in the sorbent lysimeters, 
seasonal fluctuations in water content, and the resulting release events 
with high PFAS fluxes due to a collapse of the air-water interface, are 
likely to be less severe following soil remediation using sorbent 
amendment. This is in line with the homogenous vertical PFAS soil 
distribution in all sorbent lysimeters at the end of the experiment 
(Chapter 3.5).

3.10. Long term efficacy of sorbent amendments

To demonstrate the long-term efficacy of sorbent amendments, the 
developed 1D-Box model was used to simulate the remaining PFAS mass 

Fig. 4. Modelled remaining PFAS mass in the soil for a time period of 100 years after remediation. No-sorbent (red line) represents the average of L-S1 and L-S2.
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[%] in the soil and the associated leachate concentrations [µg/L] over a 
period of 100 years (Fig. 4 and Table S30). The model was run in yearly 
time steps where the exponent of the first order decay function (-ksorb. 

unsat(t)) and the infiltration rate (Rinf(t)) is the average value derived 
from fitted model data described before. L-S1 and L-S2 are considered as 
status quo with no remediation measures implemented.

In L-S1 and L-S2, the mass of long-chain PFAS including PFCAs and 
PFOS show highest leaching in the first 20 years. Only 35 % of the initial 
mass of long-chain PFCAs, 5.9 % of PFOS and < 0.1 % of 6:2 FTS were 
retained in the soil column after that time period, implying high 
mobility and thus a high risk of spreading to recipients. It should be 
noted that the remaining mass of long-chain PFAS was dominated by 
PFCAs >C9 (PFDA). Corresponding leachate concentrations after 20 
years were still > 100 µg/L for PFOS and respectively > 25 µg/L long- 
chain PFCAs. More hydrophobic precursors such as 8:2 FTS and FOSA 
exhibited low overall mass leaching. After 20 years, 67 % of the average 
initial mass of 8:2 FTS and 86 % of FOSA remained in L-S1 and L-S2. The 
high retention of precursors, due to their increased sorption at the air- 
water interface and to the soil matrix, in addition to their potential 
transformation into terminal PFAS, underscores the long-term burden 
and risk to underlying groundwater and connected water bodies from 
AFFF contaminated sites, which was also pointed out in previous in-
vestigations [33,71,72]. Short-chain PFAS leached even more quickly 
and after only 5 years less than 0.8 % of the average initial mass of 
short-chain PFCAs and short-chain PFSAs was retained in L-S1 and L-S2, 
with > 90 % of the average original mass leached after 2 years. Corre-
sponding average leachate concentrations after 5 years for short-chain 
PFCAs and PFSAs were < 5 µg/L (Table S30).

All sorbents effectively stabilized long-chain PFAS in the soil over the 
100-year modelled period (Fig. 4). After 100 years, the total mass 
leached for PFOS ranged from 3.2 % (L-BC-WT 4 %) to < 1 % for L-BC- 
SL 4 % and for long-chain PFCAs from 27 % (L-BC-WT 1 %) to < 1 % (L- 
BC-SL 4 %). More hydrophobic precursors such as 8:2 FTS and FOSA, 
exhibited even lower mass leaching after sorbent amendment. Leachate 
concentrations for long-chain PFAS were hereby stable for all timesteps, 
which can be explained by the little change in the mass in the soil col-
umn over time. For PFOS, the average concentrations for the more 
effective sewage sludge-derived biochar ranged from 0.72 ± 0.02 µg/L 
(at 1 %) to 0.24 ± 0.0003 µg/L (at 4 %).

Short-chain PFAS, which exhibit weaker retention in sorbent soil, 
also showed promising stabilization efficacy, particularly for L-BC-SL 
4 % and L-RB 1 %. After 100 years, 65 % of the initial mass of short- 
chain PFCAs in L-BC-SL 4 % was still stabilized. For the short-chain 
PFCAs, the use of RemBind® proved even more effective than that of 
the biochars, with 81 % of the initial mass still stabilized in the soil after 
100 years. PFBA contributed the most to the leaching of short-chain 
PFAS. Leachate concentrations of short-chain PFAS (Table S30) 
declined with increasing timesteps, however even after 100 years 
leachate concentrations for short-chain PFAS were above 1 µg/L.

3.11. Optimizing sorbent amendment for groundwater protection

The proposed changes to the Water Framework Directive, Ground-
water Directive, and Environmental Quality Standards Directive suggest 
a groundwater quality standard for Σ24 PFAS (expressed as PFOA 
toxicity equivalents) of 4.4 ng/L [16]. From the field- and model results 
in this study, which used a spiking volume typically found at 
AFFF-impacted sites, these threshold values would still be greatly 
exceeded even several decades after sorbent amendment (Table S30). 
For a successful PFAS stabilization in hotspot soils, such as those simu-
lated here, a reduction of the initial PFAS mass prior sorbent amendment 
in the soil, with the focus on short-chain PFAS, could be considered 
depending on the environmental concentration to be met. For instance, 
soil washing which was tested both ex-situ [23,69] and in-situ at field 
scale [28] have shown removal of over 90 % of total PFAS including 
short-chain PFAS, could be done before adding a sorbent amendment, to 

help protect groundwater resources over a longer timescale.
Several studies have raised concerns about the stability of sorbents, 

particularly biochar, in soil environments [44,89,90]. Changes to bio-
char’s physical and chemical properties - such as porosity, elemental 
ratios, and the availability of functional surface groups - can occur over 
time [14,18,52], potentially impacting PFAS sorption and leaching. 
Navarro et al. [61] tested various sorbent amendments, including bio-
char pyrolyzed from hardwood feedstock at high temperatures (750◦C), 
in a batch setup after one week and four years of aging. They found that 
biochar was less effective at reducing PFAS leaching over time, indi-
cating a negative aging effect on PFAS stabilization, with stabilization 
efficacy decreasing by at least 22 %. It should be noted that decompo-
sition rates vary depending on the feedstock [90] and that biochar 
decomposition in soil follows a non-linear pattern, with the highest 
losses occurring in the first year after application [44,90]. Furthermore, 
there are ageing effects which can increase stabilisation, for example 
PFAS can sorb more strongly over time due to soil aging, where PFAS 
becomes non-accessible in the pore structure [61] and biochar becomes 
incorporated in soil aggregates whereby pores get blocked [64]. Though 
there is limited research on the long-term stability of biochar sorbents, 
some of the previous research available had demonstrated that biochar 
stability in soil increases with higher pyrolysis temperatures, attributed 
to the formation of more stable condensed aromatic carbon [89,90]. 
This means that biochar produced at higher temperatures, like the two 
biochars tested in this study with high ratios of condensed aromatic 
carbon (Table 1), are longer lasting in the soil matrix. Furthermore, 
more hydrophobic PFAS, tend to sorb to these most stable and aromatic 
regions of the biochar, limiting PFAS leaching [22].

The 1D model was fitted using PFAS leaching data from the first year 
after stabilization, when the highest decomposition rates are expected to 
occur, as described above. Consequently, running the model over longer 
time periods may have overestimated the impact of potential biochar 
decomposition, rendering the retention factors that are derived con-
servative with respect to biochar decomposition. However, contrasting 
this, the biochar may also be more attenuated by dissolved organic 
matter overtime, occupying sorption sites in competition to PFAS.

The stabilization efficacy of PFAS observed in this lysimeter study 
was comparable to or higher than results from batch tests [43,85] and 
saturated soil columns [84], indicating no significant increase in sorp-
tion degradation over the one-year period. However, there is a lack of 
research on the long-term aging effects of waste-derived biochar when 
used on field-contaminated soils, which need to be addressed in future 
studies.

This study focused on highly contaminated AFFF sites, such as fire 
training areas and military bases, where PFAS soil and leachate con-
centrations are typically much higher than the ppt levels commonly 
found at other sites for example, agricultural fields where biosolids have 
been applied [31]. The absence of vegetation in the lysimeters may have 
influenced PFAS transport in several ways. It limited evapotranspira-
tion, PFAS uptake by plants, and root interactions in the rhizosphere 
[13]. Microbial activity may also have been altered, both by the lack of 
vegetation and by the high PFAS concentrations in the soil [75]. These 
factors could otherwise help reduce vertical PFAS migration. These 
differences should be considered when interpreting the applicability of 
the study’s findings to sites with different land uses.

4. Conclusion

This study is the first to demonstrate and characterize the effec-
tiveness of waste-derived biochar amendments in stabilizing highly 
PFAS-contaminated soils impacted by AFFF in a field-scale lysimeter 
over nearly one year, and the first one to model PFAS leaching based on 
actual field data in a 100-year perspective. The sludge derived biochar 
demonstrated similar stabilization efficacy for long-chain PFAS 
compared to the commercial sorbents tested (RemBind® and Fil-
trasorb® 400) and was more effective compared to biochar derived from 
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waste timber. Due to its high aromatic content and long-term stabili-
zation potential, biochar produced from sewage sludge shows promise 
for field-scale applications. However, when used, metal leaching risks 
should be assessed before implementation [83]. To enhance the sorption 
of short-chain PFAS to sludge-derived biochars, surface modifications 
that increase total basicity and raise the point of zero charge could be 
considered. Examples include ammonia gas treatment [97] or 
FeCl3-impregnation [53].

The developed 1D-transport model, incorporating sorption at the air- 
water interface, matched observed data well. For L-S1 and L-S2, higher 
water content reduced retention at the air-water interface, increasing 
especially long-chain PFAS fluxes. After sorbent amendment, PFAS 
sorption to the applied sorbents became the dominant mechanism, 
effectively mitigating this effect. Over a 100 year modelled period, 
RemBind® and sludge-derived biochar significantly reduced PFAS 
leaching. These findings highlight the potential of biochar stabilization 
as a key component of site remediation strategies. The developed box 
model and characterization of biochars can be applied to guide the 
design of future biochar amendment strategies in the unsaturated zone 
at AFFF-impacted sites.

Environmental implications

This lysimeter study highlights the potential of biochar as a sus-
tainable solution for stabilizing PFAS-contaminated soils, effectively 
reducing long-chain PFAS leachate concentrations to levels comparable 
with commercial activated carbon sorbents. Using biochars derived from 
waste materials as sorbent amendments with net negative greenhouse 
gas emissions not only addresses PFAS contamination but also contrib-
utes to climate change mitigation and presents an opportunity to 
upcycle problematic waste fractions. The developed box model devel-
oped for this study provides a practical tool for designing biochar 
amendment strategies in the unsaturated zone and promoting soil sta-
bilization efforts at PFAS-contaminated sites.
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[48] Lewis, J., Sjöstrom, J., 2010. Optimizing the experimental design of soil columns in 
saturated and unsaturated transport experiments. J Contam Hydrol 115 (1–4), 
1–13. https://doi.org/10.1016/j.jconhyd.2010.04.001.

[49] Li, J., Sha, H., Liu, W., Yuan, Y., Zhu, G., Meng, F., Xi, B., Tan, W., 2024. Transport 
of per-/polyfluoroalkyl substances from leachate to groundwater as affected by 
dissolved organic matter in landfills. Environ Res 247, 118230. https://doi.org/ 
10.1016/j.envres.2024.118230.

[50] Li, Y., Oliver, D.P., Kookana, R.S., 2018. A critical analysis of published data to 
discern the role of soil and sediment properties in determining sorption of per and 
polyfluoroalkyl substances (PFASs). Sci Total Environ 628–629, 110–120. https:// 
doi.org/10.1016/J.SCITOTENV.2018.01.167.

[51] Liao, S., Garza-Rubalcava, U., Abriola, L.M., Preisendanz, H.E., Lee, L.S., 
Pennell, K.D., 2025. Simulating PFAS transport in effluent-irrigated farmland using 
PRZM5, LEACHM, and HYDRUS-1D models. J Environ Qual 54 (1), 54–65. https:// 
doi.org/10.1002/jeq2.20639.

[52] Liu, Y., Chen, J., 2022. Effect of ageing on biochar properties and pollutant 
management. Chemosphere 292, 133427. https://doi.org/10.1016/j. 
chemosphere.2021.133427.

[53] Liu, Z., Zhang, P., Wei, Z., Xiao, F., Liu, S., Guo, H., Qu, C., Xiong, J., Sun, H., 
Tan, W., 2023. Porous Fe-doped graphitized biochar: an innovative approach for 
co-removing per-/polyfluoroalkyl substances with different chain lengths from 
natural waters and wastewater. Chem Eng J 476, 146888. https://doi.org/ 
10.1016/j.cej.2023.146888.

[54] Lyu, Y., Brusseau, M.L., Chen, W., Yan, N., Fu, X., Lin, X., 2018. Adsorption of 
PFOA at the air–water interface during transport in unsaturated porous media. 
Environ Sci Technol 52 (14), 7745–7753. https://doi.org/10.1021/acs. 
est.8b02348.

[55] Lyu, Y., Wang, B., Du, X., Guo, B., Brusseau, M.L., 2022. Air-water interfacial 
adsorption of C4-C10 perfluorocarboxylic acids during transport in unsaturated 
porous media. Sci Total Environ 831, 154905. https://doi.org/10.1016/j. 
scitotenv.2022.154905.

[56] Mahinroosta, R., Senevirathna, L., 2020. A review of the emerging treatment 
technologies for PFAS contaminated soils. J Environ Manag 255, 109896. https:// 
doi.org/10.1016/j.jenvman.2019.109896.
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