
Impact of dissolved organic carbon on per- and polyfluoroalkyl mobility in 
activated carbon-amended soils☆

Georgios Niarchos a,b,* , Lutz Ahrens b , Dan B. Kleja c, Anna Merle Liebenehm Axmann a ,  
Fritjof Fagerlund a

a Department of Earth Sciences, Uppsala University, P.O. Box 256, SE-751 05, Uppsala, Sweden
b Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences (SLU), P.O. Box 7050., SE-750 07, Uppsala, Sweden
c Department of Soil and Environment, Swedish University of Agricultural Sciences (SLU), P. O. Box 7090., SE-750 07, Uppsala, Sweden

A R T I C L E  I N F O

Keywords:
Colloidal activated carbon
Dissolved organic carbon
Transport
Adsorption
Desorption
Remediation

A B S T R A C T

The remediation of per- and polyfluoroalkyl substances (PFASs) remains a formidable challenge due to their 
recalcitrance and complex environmental behaviour. Dissolved organic carbon (DOC) plays a critical, yet 
insufficiently understood role, in modulating PFAS fate, transport, and the efficacy of remediation strategies. This 
study employs dynamic column experiments under environmentally relevant conditions to elucidate the influ
ence of DOC on the sorption and mobility of fourteen PFASs in reference soils and soils treated with colloidal 
activated carbon (CAC). Results demonstrate that DOC significantly reduces PFAS sorption in CAC-treated soils, 
leading to increased aqueous phase concentrations of PFAS. The presence of DOC decreased soil-water parti
tioning coefficients (Kd values) for all PFASs by an order of magnitude, with long-chain PFASs and fluo
rotelomersulfonic acids (FTSAs) exhibiting the most pronounced decreases, by as much as 40-fold. Mass balance 
data showed that DOC increased PFAS elution by up to 10-fold in CAC-treated soils. The PFAS breakthrough 
curves revealed enhanced PFAS mobility in the presence of DOC, particularly in carbon-amended soils. These 
results underscore the critical role of DOC in facilitating PFAS transport, with significant implications for their 
persistence, risk assessment, and the optimization of sorbent-based remediation strategies in organic-rich 
environments.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a broad category of 
synthetic compounds that have left an indelible mark on our ecosystems. 
They encompass thousands of distinct congeners, with approximately 
15,000 unique chemical structures according to the USEPA’s CompTox 
database (USEPA, 2022). PFASs exhibit hydro- and oleophobicity, low 
surface tension, and chemical inertness, owing to the strength of 
carbon-fluorine (C-F) bonds (Buck et al., 2011). These distinctive attri
butes make them valuable in various applications but also enable their 
persistence and bioaccumulation, putting humans and other living or
ganisms in danger (Dickman and Aga, 2022).

PFAS regulatory measures have been tightening since the early 
2000s, after the inclusion of perfluorooctane sulfonic acid (PFOS), its 

salts, and perfluorooctane sulfonyl fluoride (PFOSF) in the list of 
persistent organic pollutants (POPs) (United Nations Environment Pro
gramme (UNEP), 2009). With increasing restriction of legacy PFASs, 
their production and use have shifted to alternative PFASs, often 
including short-chain compounds (Wang et al., 2019). These substitutes, 
however, are characterised by increased mobility, while the assumption 
of their low toxicity is not only debated but increasingly unlikely (Ateia 
et al., 2019; Li et al., 2020; Woodlief et al., 2021). In the absence of 
viable replacements and lack of holistic restrictions, preventing their 
further spread remains a priority.

Effectively mitigating the omnipresence of PFASs, requires targeted 
treatment of contaminated hotspots. Activated carbon has emerged as a 
leading solution for soil stabilization due to its strong PFAS adsorption 
capacity (Ross et al., 2018; Sörengård et al., 2021, 2019). A key 
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advancement is the use of colloidal activated carbon (CAC), a liquid 
activated carbon™ that can be injected into the subsurface and form a 
permeable reactive barrier (PRB) within the groundwater zone, limiting 
PFAS leaching and migration (Carey et al., 2022; Niarchos et al., 2022; 
Sorengard et al., 2019).

The effectiveness of activated carbon treatment in PFAS soil treat
ment is governed by PFAS properties, such as carbon chain length and 
surface charge, and not least by environmental factors (Du et al., 2014). 
Organic matter, which is naturally abundant in soils, exists in different 
forms that can have contrasting effects on contaminant mobility; par
ticulate organic carbon can retard the movement of pollutants through 
sorption or physical blocking, while dissolved organic carbon (DOC) can 
enhance pollutant transport by increasing solubility or facilitating 
co-transport (Iubel et al., 2021; McDowell, 2003). DOC is the dissolved 
fraction of organic matter (⌀<0.45 μm) and consists of highly soluble 
aliphatic and aromatic hydrocarbons, such as fulvic acid (Lønborg et al., 
2024; Piccolo, 2002; Totsche et al., 1997). DOC concentrations vary 
across space and time, with levels in groundwater systems typically 
ranging between 0.5 mg L− 1 to 30 mg L− 1 (McDonough et al., 2020; 
Vidon and Hill, 2004; Werner et al., 2021). Higher DOC levels are often 
associated with slower sorption kinetics. For some organic contami
nants, such as polycyclic aromatic hydrocarbons (PAHs), there has been 
evidence of DOC enhancing retention in clay particles (Totsche et al., 
1997). However, the effects of DOC on PFAS sorption are more complex 
and can vary based on the environmental context and the properties of 
the sorbent (Kabiri et al., 2024). In groundwater, DOC has been 
observed to both hinder and enhance PFAS sorption; Qi et al. (2022)
reported that organic matter can increase PFAS sorption in sediments, 
but it may also compete with PFAS for binding sites in artificial sorbents, 
limiting treatment efficiency. Wen et al. (2016) demonstrated that the 
bioconcentration of perfluoroalkyl acids (PFAAs) depends significantly 
on the composition of DOM rather than its overall concentration (Liu 
et al., 2019; Qi et al., 2022). Ulrich et al. (2015) showed that higher DOC 
levels can result in lower soil-water partitioning coefficients (Kd values) 
and slower sorption kinetics for trace organic contaminant retention in 
biochar. Jeon et al. (2011) have also found an increase of PFAS con
centrations in the aqueous phase, when DOM was released from coated 
clay particles.

Despite growing research, the role of DOC in PFAS transport through 
soils and its impact on soil treatment remain insufficiently understood. 
This study aims to fill this critical gap by determining the impact of DOC 
on PFAS mobility in soils and groundwater. Column experiments were 
conducted, to simulate contaminant transport under dynamic conditions 
(Van Glubt et al., 2021). The primary objectives of the study were to: i) 
assess the influence of DOC on PFAS sorption-desorption behaviour in 
soil with and without activated carbon amendments, ii) quantify the 
extent to which DOC alters PFAS transport, and iii) evaluate the envi
ronmental implications of DOC-driven PFAS mobility, particularly the 
challenges it presents for effective remediation.

2. Materials and methods

2.1. Soil sampling and preparation

Soil was sampled at a reference point, close to a contaminated site 
(59o23′13.7″N, 15o53′48.2″E) in Sweden, at a depth of 3 m (Niarchos 
et al., 2023a). Subsequently, the soil was air dried at 40 ◦C in a 
dust-protected room, ground and sieved to eliminate large particles (>2 
mm) and homogenised through shaking. Based on texture analysis, the 
soil was characterised as a silt loam, while it exhibited very low levels of 
organic carbon, which is typical for deeper subsoils and groundwater 
zones, and PFAS (Tables S1 and S2 in SI). Before being packed into the 
columns, the soil was mixed with premium #40/50 silica sand (AGSCO, 
USA) at a 1:5 ratio (field soil:silica sand) to enhance the hydraulic 
conductivity of the columns and better simulate aquifer conditions. The 
samples were also analysed for PFAS content, based on the procedure 

described in Section 2.4 (Table S3 in Supporting Information (SI)).
For the treated soil columns, soil was mixed with CAC (PlumeStop®, 

Regenesis) at a final activated carbon concentration of 0.1 % w/w (dry), 
which corresponds to concentrations applied in the field (Niarchos et al., 
2023a). The treatment process involved spiking the sampled soil with 
fresh PlumeStop®, followed by mixing it with the appropriate sand 
amount in end-over-end shakers over a 24-hr period.

2.2. Experimental setup and column specifications

Miscible displacement experiments were conducted, by simulating 
typical aquifer conditions in column experiments (i.e., with water- 
saturated and convection-dominated flow regimes). The experimental 
setup closely follows the methodology detailed in our prior study 
(Niarchos et al., 2022), with minor adjustments made for this study, 
described briefly in the following. Transparent polyvinyl chloride (PVC) 
columns measuring 15 cm in length and 3.6 cm in diameter were 
employed to emulate field conditions. A total of eight column experi
ments were conducted, including duplicate tests for CAC-treated soil 
exposed to artificial groundwater without DOC (T1, T2), CAC-treated 
soil exposed to artificial groundwater containing DOC (TDOC1, TDOC2), 
reference soil (same substrate but without CAC) exposed to artificial 
groundwater without DOC (R1, R2), and reference soil exposed to 
artificial groundwater containing DOC (RDOC1, RDOC2) (see Table 1 for 
details).

Soil was packed into the columns ensuring a homogeneous matrix, 
by gradually adding dry soil in small portions while saturating it with 
inflow water from the bottom and vibrating it to eliminate entrapped 
air. The total weight of dry soil was 281 ± 6 g. Pre-equilibration of the 
columns was carried out by pumping artificial groundwater through 
them for 48 h, using a multichannel peristaltic pump (ISM931C, 
Simatic® IPC, Germany) at a flow rate of 200 mL d− 1. The pre- 
equilibration step did not include the introduction of DOC to the col
umns; this allowed for concurrent interactions between DOC and PFAS 
in the bulk material.

In four columns, the impact of DOC was evaluated by spiking the 
inlet water with 20 mg L− 1 nominal Suwannee River Fulvic Acid (SRFA). 
Given that SRFA consists of approximately 50 % carbon by mass, this 
corresponds to a DOC concentration of approximately 10 mg L− 1, which 
is at the high end of global groundwater concentrations, according to 
McDonough et al. (2020). Water spiked with DOC was stored in the dark, 
in white HDPE bottles, to prevent degradation of organic matter and 
decrease potential microbial activity. Positive controls were obtained 
directly at the entrance of the columns using a three-way valve on two 
occasions, one at the beginning and one at the end of the spiking, and the 
average was used as representative of the inflow concentration (C0) for 

Table 1 
Overview of the column experiments and their operational conditions. CCAC 
refers to the starting concentration of CAC in the treated soil, CDOC is the con
centration of DOC as fulvic acid in the inlet water, and C∑

14PFAS is the starting 
concentration of the sum of PFAS in the inlet water.

Column 
ID

Matrix CCAC 

(w/w)
CDOC 

(mg 
L− 1)

C∑
14PFAS 

(mg 
L− 1)a

Flow rate 
(mL d− 1)

pH

R1 Reference 
soil

– – 1.0 200 7.3
R2
T1 CAC-treated 

soil
0.1 %

T2
RDOC1 Reference 

soil
– 10

RDOC2
TDOC1 CAC-treated 

soil
0.1 %

TDOC2

a PFAS-spiked artificial groundwater (1 mg L− 1 for 14 individual PFAS in 
equimass concentrations) for the first 223 pore volumes (PV), followed by PFAS- 
free artificial groundwater to assess their leaching potential (desorption phase) 
until 291 PV.
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each column.
A total of 291 pore volumes (PV) were flushed through the columns 

at a constant flow rate of 200 mL d− 1. The first 223 PV consisting of 
PFAS-spiked artificial groundwater (1 mg L− 1 for the sum of 14 indi
vidual PFAS in equimass concentrations), followed by PFAS-free artifi
cial groundwater to assess their leaching potential during the desorption 
phase until 291 PV. The total number of samples were n = 20 per col
umn. The applied PFAS concentration represents a high-end, worst-case 
scenario typical of severely impacted sites such as firefighting training 
areas, and was selected to allow for better observation of sorption dy
namics and potential saturation effects under stress conditions (Johnson 
et al., 2022).

2.3. Chemicals and materials

The feed solution was spiked with a mixture of 14 PFAS in methanol, 
including C3-C10 perfluorocarboxylic acids (PFCAs): perfluorobutanoic 
acid (PFBA), perfluoropentanoic acid (PFPeA), PFHxA, per
fluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid (PFNA), 
PFDA, perfluoroundecanoic acid (PFUnDA); C4, C6, C8 perfluoroalkyl 
sulfonates: perfluorobutane sulfonic acid (PFBS), perfluorohexane sul
fonic acid (PFHxS), PFOS; perfluorooctane sulfonamide (FOSA); and 6:2 
and 8:2 fluorotelomersulfonic acids (FTSA). The methanol content in the 
final solution was <0.1 %, to avoid co-solvent effects (Schwarzenbach 
et al., 2002). The DOC was introduced to the inlet solution of four col
umns by adding SRFA, purchased by the International Humic Substances 
Society (IHSS).

The following isotopically labelled internal standards were 
employed for quantifying the target PFAS: perfluoro-(18O2)-hexane 
sulfonic acid (18O2-PFHxS), perfluoro-(13C4)-octane sulfonic acid (13C4- 
PFOS), perfluoro-(13C2)-hexanoic acid (13C2-PFHxA), perfluoro-(13C5)- 
nonanoic acid (13C5-PFNA). Both native and mass-labelled standards 
were purchased from Wellington Laboratories and had a purity >98 %. 
Other chemicals, including HPLC-grade methanol (purity >99.9 %) and 
calcium chloride anhydrous (CaCl2, purity >99.99 %), were obtained 
from Sigma Aldrich. CAC (PlumeStop®) was provided by Regenesis. 
Further information on the CAC material is available in Table S4 in SI.

2.4. PFAS analysis

Samples were collected from the inlet and outlet of the columns at 
specified intervals for chemical analysis of the targeted PFASs. The 
analysis was performed using ultra high-performance liquid chroma
tography coupled with tandem mass spectrometry (UHPLC-MS/MS, 
Quantiva TSQ; Thermo Fischer Scientific, USA). Water samples were 
analysed via direct injection following a cleanup step with ENVI-carb 
and centrifugation, while soil samples underwent solid-liquid extrac
tion, following established methods (Ahrens et al., 2009). Briefly, after 
addition of an internal standard (IS) mixture, methanol was used for 
solid-liquid extraction followed by centrifugation (3000 rpm, 15 min) 
and filtration through a 0.45 μm recycled cellulose (RC)-syringe filter, 
resulting in 1:1 methanol:water aliquots. Blanks (n = 2) and positive 
controls (n = 2) were also included in the analysis, following the same 
procedure. Method detection limits ranged from 0.05 to 0.5 ng mL− 1 

(Table S5 in SI), and the average recovery of IS was 110 ± 4 % (for 
details, see Table S6 in SI). For the statistical analysis, the significance 
threshold was set at 0.01.

2.5. Tracer tests

Tracer tests were performed to estimate column parameters and 
compare the retardation factors of the tracer to those of PFASs. Sodium 
chloride (NaCl) was used as a conservative tracer at a concentration of 
0.43 M. The experimental procedure began with a four-day calibration 
period for the columns, to ensure steady-state conditions. Following 
calibration, the tracer solution was injected into the column, over 

approximately 24 h. The pulse duration was between 23 and 31 h. The 
evolution of the tracer was continuously monitored using in-line con
ductivity meters connected to the outlet, logging the temperature- 
adjusted conductivity every 10 s. After the tracer injection, the inflow 
was switched from the tracer solution to artificial groundwater to allow 
the column to re-equilibrate over a period of three days. Subsequently, 
the appropriate feed solution, as specified in Table 1, was introduced 
into the column.

2.6. Determination of organic carbon on soil materials

Organic carbon analysis was used to estimate carbon retention in the 
columns after the experiments. Soil carbon and nitrogen content were 
determined using International Organisation for Standardisation (ISO) 
10694 (1995) and ISO13878 (1998) standards, employing a TruMac® 
CN elemental analyser. In brief, samples underwent combustion in pure 
O2 at 1350 ◦C, converting carbon and nitrogen to CO2 and NOx. The CO2 
mass, converted to percent carbon, was measured based on the dry 
sample weight. A portion of the gas, transported by pure He, underwent 
reduction by Cu in a designated zone, converting NOx to N2 and 
measured by a thermal conductivity detector. Total carbon (TC) and 
total inorganic carbon (TIC) contents of each sample were determined in 
two separate runs allowing for the calculation of the total organic carbon 
content, as %TOC = % TC - % TIC. The results of the analysis can be seen 
in Table S7 in SI.

3. Results and discussion

3.1. Tracer tests

The breakthrough curves (BTCs) of the conservative tracer tests, 
shown in Fig. S1 in the SI, offer insights into the transport dynamics 
within the reference and CAC-treated soils. The overall similarity in BTC 
shapes suggests consistent column packing and steady-state conditions 
across all experiments. However, the slight asymmetries observed in 
some BTCs, such as delayed peaks or extended tails, indicate subtle 
differences in flow patterns or interactions with soil or CAC.

Most columns had a noticeable tailing effect following the tracer 
peak, suggesting some degree of dispersion and potential interactions 
between the tracer and the soil matrix, that can influence the tracer’s 
transport. The tailing effect was more pronounced for columns R1, 
RDOC1, and RDOC2, as they exhibited a higher slope at the latter part of 
the graph. The decreased tailing in the CAC-treated soil columns could 
also be indicative of CAC mitigating dispersion.

Columns with DOC also showed a slightly different behaviour to the 
ones without DOC. Specifically, in both treated and reference soil col
umns, the BTCs exhibited more pronounced tailing with DOC, indicating 
increased interaction between the tracer and the DOC. Additionally, 
salts can reportedly form complexes with organic matter in the soil and 
induce flocculation (Khoo et al., 2022), which could influence their 
transport behaviour.

The average pore water velocity was estimated using the formula the 
formula v = L

t0.5, where t0.5 is the time required for the tracer to reach C/ 
C0 = 50 % in the outlet, and L is the length of the column equal to 15 cm. 
For all experiments, the average pore water velocity was v = 2.14 ±
0.29 cm h− 1 (n = 8), which is representative of silty sand aquifer con
ditions (Fetter, 2018). Comparing the reference and treated soils, the 
BTCs had a slightly faster and more uniform tracer transport for the 
treated soils compared to the reference soils. Specifically, faster break
through and higher pore water velocities were observed in the reference 
soil (for R1, R2, RDOC1, RDOC2, v = 2.33 cm h− 1) compared to the treated 
soil columns (for T1, T2, TDOC1, TDOC2, v = 1.96 cm h− 1). This suggests 
that the soil treatment with CAC has slightly altered the soil structure, 
possibly reducing the effective pore size, or by making the pore spaces 
more tortuous.
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3.2. PFAS breakthrough

3.2.1. Reference soil
The BTCs for the targeted PFASs in reference soil with and without 

DOC are shown in Fig. 1. Many compounds exhibited complete break
through rapidly, particularly short-chain PFASs. However, differences in 
breakthrough behaviour could be noticed for longer chain PFASs and 
when DOC was present.

The presence of DOC resulted in broader BTC peaks and increased 
tailing for several PFASs, including PFUnDA and PFOS, indicating 
enhanced mobility. Additionally, for FOSA, PFOS, and 8:2 FTSA, the 
initial phase of the breakthrough curve exhibited a delay in concentra
tion increase in the presence of DOC, suggesting enhanced sorption of 
these PFASs under these conditions.

Effluent concentrations exceeding influent levels (C/C0 > 1) were 
observed for several PFASs, including PFHxA, PFHpA, PFOS, and 
PFUnDA, which is indicative of competitive sorption dynamics. This 
overshoot effect can be attributed to chromatographic displacement, 
where more hydrophobic compounds displace previously sorbed PFASs, 
leading to remobilization (McCleaf et al., 2017; Niarchos et al., 2022; 
Park et al., 2020). This effect can be induced by competition among 
PFASs (Niarchos et al., 2023b), however, in the present study overshoot 
concentrations were mainly associated with DOC (Fig. 1).

DOC amplified desorption and prolonged the release of PFASs during 
the desorption phase (PV > 223). In the absence of DOC, PFAS con
centrations declined upon transitioning to PFAS-free water. Conversely, 
in the presence of DOC, concentrations continued to increase well after 
the switch to PFAS-free water, in some cases exceeding the initial 
influent concentration (e.g., for 6:2 FTSA, 8:2 FTSA, PFOA, PFUnDA, C/ 
C0≫1). These findings demonstrate that DOC accelerates desorption 
kinetics, but also reduces long-term retention, likely through competi
tive displacement at sorption sites or direct PFAS complexation with 
DOC in solution (Iubel et al., 2021). Furthermore, DOC can increase the 
negative surface charge of soil particles (Klučáková, 2018), which may 
exacerbate electrostatic repulsion of anionic PFASs, thereby reducing 
long-term retention resulting in less PFAS being trapped in the soil.

3.2.2. CAC-treated soil
The BTCs in the CAC-treated soil columns (Fig. 2) reveal a more 

pronounced influence of DOC on PFAS sorption compared to the refer
ence soil columns (Fig. 1). In all instances, DOC led to higher PFAS 
groundwater concentrations, indicating a reduction in sorption effec
tiveness. Complete breakthrough (C/C0 = 1) was not reached for any of 
the targeted PFASs during the experiments, indicating strong sorption to 
CAC. Short-chain PFASs exhibited faster breakthrough, as was expected 
due to their lower affinity to carbon and higher solubility (Hansen et al., 
2010). The presence of DOC consistently led to higher relative concen
trations for almost all targeted PFASs, demonstrating a general trend of 
decreased sorption efficiency in DOC-rich conditions.

Furthermore, a sustained increase in PFAS concentrations during the 
desorption phase was evident for most PFASs, with the exceptions of 
PFBA, PFHxA, and PFHpA. This trend, albeit to a lesser extent, was also 
evident in the reference soil columns (Fig. 1). As DOC continued to be 
introduced during the desorption phase, it might have outcompeted 
certain PFASs, thereby reducing PFAS partitioning onto CAC particles. 
The area under the curve (AUC) of each BTC represents the total eluted 
PFAS mass, with a larger area (indicating greater mass elution) observed 
under the influence of DOC. This suggests that DOC reduces PFAS 
retention in soil, with a more pronounced effect in CAC-treated soil, 
implying a significant role of DOC in diminishing PFAS sorption. One 
possible mechanism is the formation of PFAS-DOC complexes in solu
tion, which could enhance PFAS mobility (Iubel et al., 2021). 
Schwichtenberg et al. (2020), also reported that naturally occurring 
DOC significantly contributes to PFAS foam formation, indicating strong 
interactions between DOC and PFASs in both aqueous and sorbed pha
ses. DOC can also increase the formation of biofilm in subsurface 

environments, which may in turn influence PFAS sorption and desorp
tion (Penland et al., 2020; Voisin et al., 2020).

3.3. Partitioning coefficients

Partitioning coefficients were estimated by assuming linear sorption. 
The retardation factors for each column were calculated using the for
mula Rf =

t50,NaCl
t50.PFAS

, where t50 represents the time required to reach 50 % 
breakthrough for the conservative tracer (NaCl) and each PFAS com
pound. Linear regression was used to estimate the center of mass of the 
BTCs, at 50 % PFAS breakthrough for PFASs (t50, PFAS) and the tracer 
(t50, NaCl) (for reference, see Fig. S1 in the SI, Figs. 1 and 2). Partitioning 
coefficients (Kd, L kg− 1) were calculated in accordance with USEPA 
(1999) guidelines, as Kd = (Rf − 1)*neff

/
ρ, where neff represents the 

effective porosity, and ρ the bulk density of the packed soil. The effective 
porosity, neff , was computed as 0.30 % of the total column volume. The 
bulk density, ρ, of the soil mixture was determined to be 2.01 g cm− 3, 
based on a particle density of 2.65 g cm− 3 for the sand and 1.39 g cm− 3 

for the natural soil, divided by the total bulk volume of 173 cm3.
The Kd values for the reference soil exhibited no significant differ

ences between DOC and non-DOC columns (p > 0.05); however, sub
stantial variations were observed in CAC-treated soils. Fig. 3 presents a 
comparison of Kd values on logarithmic scale between CAC-treated soil 
under standard conditions and after interaction with DOC. The Kd values 
for CAC-treated soil columns ranged from 8.14 (PFBA) to 7880 L kg− 1 

(FOSA). The presence of DOC in the system consistently reduced Kd 
values for all PFASs, confirming that DOC suppresses sorption to CAC. 
On average, Kd values in the DOC-spiked columns were 0.94 ± 0.34 log 
units lower (p = 0.00005). The strongest impact of DOC was observed 
for 6:2 FTSA, with a substantial 1.6 orders of magnitude decrease in 
sorption, followed by FOSA at 1.4 and PFNA at 1.3 orders of magnitude. 
These findings align with previous studies on PFAS sorption to biochar 
(Ulrich et al., 2015), suggesting that DOC-mediated sorption reduction is 
a common phenomenon among carbonaceous sorbents.

Kd values exhibited an increasing trend with increasing perfluoro
carbon chain length for PFCAs and PFSAs, indicating a strong positive 
correlation between the number of carbons and sorption strength. This 
relationship was highly linear (R2 > 0.99, p = 0.0004) for PFCAs with up 
to eight perfluorocarbons (i.e., PFNA). Additionally, sorption strength 
was consistently higher for PFSAs than PFCAs by ~0.15 log units, except 
for PFNA exhibiting stronger sorption than PFOS. FOSA displayed the 
highest sorption affinity, with Kd values 1.6 log units greater than PFNA 
and PFOS, despite having the same perfluoroalkyl chain length. These 
observations align well with previous studies on PFAS sorption to CAC 
(Niarchos et al., 2023b, 2022; Sorengard et al., 2019). For 6:2 FTSA, the 
Kd values appeared higher than PFHxS and PFHpA, however this was not 
the case when DOC was in solution.

The influence of DOC was stronger for long-chain PFASs compared to 
their short-chain homologues. This was particularly evident for FTSAs 
and FOSA, with an up to 101.6 = 40 times decrease in sorption observed 
in Kd values. This finding is critical, as FTSAs constitute PFAS precursors, 
capable of degrading into more stable PFASs (Wang et al., 2013). While 
these results suggest that DOC can substantially enhance PFAS precursor 
leachability, it is important to note that our experiments were conducted 
using a low-organic-carbon subsoil (~0.01 % OC). In organic-rich top
soils and sediments, the presence of soil organic matter may provide 
additional sorption capacity, potentially moderating the DOC effect. 
Therefore, further studies are needed to assess how DOC influences PFAS 
mobility across a range of soil types and organic carbon levels, partic
ularly in systems with higher native organic matter content.

3.4. PFAS mass balance and DOC retention

The eluted mass was determined by calculating the AUC of each 
PFAS breakthrough curve, using the trapezoidal rule, which estimates 
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Fig. 1. PFAS breakthrough curves in reference soil and reference soil with DOC-spiked groundwater. The points represent the average C/C0 of duplicate samples and 
the error bars their standard deviation. The red line represents the time when spiking stopped, and the inlet solution switched to PFAS-free artificial groundwater 
(desorption phase). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

G. Niarchos et al.                                                                                                                                                                                                                               Environmental Pollution 384 (2025) 126928 

5 



Fig. 2. PFAS breakthrough curves for CAC-treated soil and CAC-treated soil with DOC-spiked groundwater. The points represent the average C/C0 of duplicate 
samples and the error bars their standard deviation. The red line represents the time when spiking stopped, and the inlet solution switched to PFAS-free artificial 
groundwater (desorption phase). Note: for FOSA the y-axis is up to 0.1, instead of 1. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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the AUC by summing the areas of adjacent trapezoids formed between 
data points (Table S8 in the SI). The AUC was then multiplied by the 
measured inlet concentration (ng mL− 1) and the pore volume size 
(35.05 mL) to obtain the total eluted mass and allow for direct com
parison with the injected mass to evaluate PFAS retention or mobiliza
tion under different DOC conditions.

The influence of DOC on PFAS retention is further illustrated in 
Fig. 4, which shows the percentage of eluted mass for each compound 
across both soil types. DOC addition substantially increased PFAS 
elution, particularly in CAC-treated soils, supporting the calculated mass 

balances (Table S8 in the SI) and emphasizing DOC’s role in modulating 
PFAS mobility. In the absence of DOC, PFAS retention in treated soils 
was substantial, with eluted mass ranging from just 1–64 % depending 
on the compound. Long-chain PFASs (e.g., PFOS, PFUnDA, FOSA) 
exhibited the strongest retention, with only 8–10 % eluted, and FOSA 
nearly completely retained (1 % eluted). These results demonstrate that 
CAC can retain a significant amount of especially long-chain PFAS either 
by very slow desorption kinetics, desorption that only occurs by 
replacement/competition or partly irreversible sorption characteristics. 
PFAS sorption-desorption to CAC is complex and the long-term retention 

Fig. 3. Soil-water partitioning coefficients (Kd values), for reference (a, b) and CAC-treated (c, d) soil, with and without DOC-spiked groundwater.

Fig. 4. Eluted mass (%) of PFAS compounds from (a) reference soil and (b) CAC-treated soil columns, under conditions with and without dissolved organic car
bon (DOC).

G. Niarchos et al.                                                                                                                                                                                                                               Environmental Pollution 384 (2025) 126928 

7 



cannot be predicted by equilibrium sorption models. Similar formation 
of non-extractable PFAS residues (irreversible sorption characteristics) 
has been observed by e.g. Zhu et al. (2021).

However, when DOC was present in treated soils (T DOC), elution 
increased across all PFASs, more than doubling for several compounds. 
For instance, PFHxA elution rose from 33 % to 81 %, PFNA from 15 % to 
50 %, and PFOS from 10 % to 39 %. This clearly demonstrates that DOC 
increases PFAS desorption and reduces PFAS retention in the soil, likely 
by competing for sorption sites on CAC or forming soluble complexes 
with PFAS, thereby enhancing mobility.

Similar trends were observed in the reference soil columns. Without 
DOC, elution ranged from 25–97 %, while with DOC (R DOC), elution 
exceeded 100 % for many compounds, notably PFHpA, PFOA, PFBS, and 
PFBS. This suggests that DOC not only enhanced PFAS desorption but 
also mobilized background PFAS that were previously retained in the 
soil, or caused minor overestimation due to analytical variability. 
PFUnDA and PFNA also showed a notable increase (from 90 % to 114 %, 
and 67 % to 103 %, respectively), further supporting DOC’s role in 
mobilizing even strongly sorbing long-chain PFAS.

These trends align with the post-experimental DOC retention data 
(Table S7 and SI), which showed measurable increases in organic carbon 
content in both reference and CAC-treated columns. In reference soil, 
there was a 0.01 % uptick in organic carbon content when DOC was 
present (columns RDOC1, RDOC2), and CAC-treated soil exhibited a 
greater increase of 0.02 %. This supports the hypothesis that DOC can 
adsorb to CAC surfaces, possibly altering the sorption environment and 
contributing to reduced PFAS binding.

4. Environmental implications and conclusions

The study demonstrated that DOC significantly reduces the sorption 
and increases the desorption of certain PFASs, as evidenced by accel
erated breakthrough in both untreated and CAC-treated soils, more 
markedly in the latter. The observed reduction in sorption capacity 
suggests competitive interactions between DOC and PFASs for sorption 
sites, potentially lessening the efficacy of CAC as a stabilization agent in 
matrices with elevated DOC.

The impact of DOC was particularly strong in CAC-treated soils, 
where Kd values exhibited substantial reductions, with up to a 40-fold 
decrease for 6:2 FTSA. The preferential desorption of long-chain 
PFASs is especially concerning, as these compounds are typically the 
main targets of stabilization-based remediation. Mass balance calcula
tions further support this finding, showing that PFAS elution in CAC- 
treated soils increased from as low as 1–10 % to as much as 80–97 % 
when DOC was present, confirming the strong influence of DOC on 
reducing retention, even in highly sorptive media.

Overall, these findings are highly relevant for risk assessments of 
PFAS transport in both treated and untreated soils, reinforcing the ne
cessity of incorporating DOC dynamics into remediation planning. 
Given that the DOC concentrations employed in this study represent the 
upper bound of environmentally relevant levels, the findings provide a 
conservative estimate of worst-case remediation scenarios. Considering 
the seasonal variability in DOC fluxes, as a response to hydrological 
events, future investigations should prioritize quantifying the effects of 
transient DOC levels on PFAS mobilization and long-term remediation 
stability. Investigations with different hydraulic conductivities can also 
provide further insights into the influence of retention time on sorption 
equilibria.

While this study did not include direct measurement of DOC trans
port, the observed differences between DOC-amended and non-amended 
columns provide a robust proxy for assessing DOC’s influence on PFAS 
mobility. Future work should incorporate DOC breakthrough curves and 
molecular-level characterisation, to deepen our understanding of DOC 
dynamics and interactions. Recent work by Chen et al. (2025) shows 
that DOM composition, particularly aromaticity and unsaturation, plays 
a critical role in PFAS mobility, especially for sulfonated compounds. 

Incorporating such insights would enhance our understanding of how 
DOC quality, not just quantity, shapes PFAS behaviour in soil systems.

In summary, our findings suggest that elevated DOC levels can sub
stantially compromise the performance of CAC-based PFAS remediation. 
Site-specific DOC levels and variability should therefore be carefully 
considered when planning or evaluating stabilization strategies for 
PFAS-contaminated soils and groundwater.
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