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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

• PFAS adsorption experiments were per-
formed at 0.1–100 ng/L.

• Pore size distribution of activated car-
bon determines PFAS adsorption.

• Significantly lower adsorption capac-
ities were observed than previously
reported.

• Surface diffusion model showed very
low PFAS surface mobility.

• PFAS adsorption mechanism depends on
PFAS concentrations.
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A B S T R A C T

Activated carbon adsorption is a widely used technology for the removal of per- and polyfluoroalkyl substances
(PFAS). However, the rapid breakthrough of PFAS in activated carbon filters poses a challenge to meet the very
low allowable PFAS concentrations in drinking water, leading to high operational costs. In this study, we con-
ducted batch isotherm and kinetic adsorption experiments using nine different types of PFAS molecules at
concentrations typically found in water sources used for drinking water production (0.1–100 ng/L). The isotherm
experiments at these low concentrations reveal that the maximum adsorption capacity of several PFAS is much
lower than reported in literature. The estimated isotherms were included in a dynamic model that includes mass
transport based on surface diffusion. This model effectively describes the experimental kinetic data, and the
obtained surface diffusion coefficients indicate a very slow PFAS surface mobility. Additionally, our findings
indicate that PFAS surface mobility decreases in scenarios with more available adsorption sites. Notably, mes-
oporous activated carbon, with its higher adsorption capacity, exhibits lower PFAS surface mobility than
microporous carbon with lower PFAS adsorption capacity. Moreover, for both carbons, we observed a decrease in
PFAS surface mobility at higher carbon loadings when the surface is less saturated with PFAS. Our findings
suggest potential inherent limitations in activated carbon technology for PFAS removal under environmentally
relevant conditions, as we observed lower adsorption capacities than previously reported at higher concentra-
tions, and a decrease in PFAS surface mobility with more available adsorption sites.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are persistent organic
micropollutants of industrial origin that raise significant concerns due to
their suspected toxicity at relatively low concentrations found in the
environment (Buck et al., 2011; KEMI, 2015; Schrenk et al., 2020). In
sources used for drinking water production, the sum of measured con-
centrations of PFAS commonly ranges from less than 1 ng/L to
approximately 1 μg/L (Boone et al., 2019; Gebbink et al., 2017). The
current EU directive set a total maximum concentration of 100 ng/L in
drinking water for a selected group of PFAS of concern (The European
Parliament and the Council of the European Union, 2020). A report by
the European Food Safety Authority recommends that the total con-
centration of four listed PFAS components should not exceed 4.4 ng/L in
drinking water (Schrenk et al., 2020), which has been adapted in a
recent proposal for a new EU directive (The European Parliament and
the Council of the European Union, 2022). Furthermore, the US EPA has
recently announced new regulations for five PFAS of concern, with
allowable concentrations ranging from 4 to 10 ng/L depending on the
specific PFAS (US EPA, 2024).

Adsorption technology has been proven in reducing PFAS concen-
trations to acceptable levels in drinking water (Gagliano et al., 2020;
Dixit et al., 2021a). Several studies demonstrated effective removal of
PFAS using adsorptive media (Belkouteb et al., 2020; McNamara et al.,
2018; Roest et al., 2021). However, these studies also reported relatively
rapid breakthrough of PFAS in adsorption columns, meaning frequent
adsorbent regeneration is needed to maintain performance. Considering
that adsorbent regeneration significantly contributes to the total treat-
ment costs, there is an economic interest to minimize the frequency of
regeneration (Belkouteb et al., 2020).

Activated carbon (AC) is the primary adsorbent used in drinking
water treatment, due to its cost-effectiveness, high affinity for various
compounds, and large adsorption surface area (Worch, 2012).
Sörengård et al. (2020) tested 44 different adsorbents for PFAS removal
and found that ACs exhibited the highest performance. However, un-
derstanding which AC properties impact PFAS removal is crucial. A re-
view by Liu et al. (2020) showed that PFAS removal improves with
carbon materials that have fewer oxygen surface groups. Positively
charged AC materials also delay PFAS breakthrough compared to
neutral or negatively charged materials (Cantoni et al., 2021; Park et al.,
2020). Furthermore, pore size distribution significantly impacts PFAS
adsorption. Kancharla et al. (2022) reported that micropores (diameter
<2 nm) enhance the adsorption of short-chain PFAS, while mesopores
(>2 nm) are more crucial for the adsorption of long-chain PFAS. Ac-
cording to Du et al. (2014), mesopores provide sufficient space for the
diffusion of relatively large long-chain PFAS that cannot easily enter the
micropores.

Empirical kinetic models, such as the pseudo-first or pseudo-second
order models, are frequently employed to describe the dynamics of PFAS
adsorption (Dixit et al., 2021b; Yu et al., 2009, 2012). However, these
models offer limited predictive value and lack physical interpretation. In
contrast, mechanistic intraparticle diffusion models provide a more
detailed description of mass transfer within AC granules. One example of
such a model is the pore and surface diffusion model (PSDM)
(Geankoplis and Leyva-Ramos, 1985; Souza et al., 2017). The PSDM
model offers the advantage of obtaining diffusion coefficients that can
be used to predict PFAS breakthrough curves, and can thereby support
the design of AC filters for PFAS removal in pilot and full-scale treatment
plants (Burkhardt et al., 2022). Additionally, diffusion coefficients can
be correlated with molecular properties, further enhancing the under-
standing of the adsorption process (Piai et al., 2019).

To investigate the interactions between PFAS and adsorbents,
adsorption experiments are often conducted using high PFAS concen-
trations and large adsorbent quantities. However, these conditions do
not accurately represent realistic conditions in drinking water treatment
(Gagliano et al., 2020). Furthermore, the mechanisms responsible for

adsorption of micropollutants can vary with concentration (Kaur et al.,
2018; Gong et al., 2021). Specifically, for surfactants such as PFAS, high
concentrations (>20 mg/L) can lead to the formation of (hemi-)micelles
(Yu et al., 2009). A study by Zaggia et al. (2016) demonstrated the
possible formation of molecular aggregates for long-chain PFAS at a
concentration of 1 mg/L, a level not typically observed in drinking water
treatment. Several studies conducting PFAS experiments at concentra-
tions <100 ng/L were conducted in pilot or full-scale systems, focusing
solely on obtaining breakthrough curves (Belkouteb et al., 2020; Bur-
khardt et al., 2022; Chow et al., 2022; Liu et al., 2019). Adsorption
isotherms for PFAS in the 0.1–100 ng/L concentration range have not
been systematically reported in experimental studies. Consequently,
drawing conclusions regarding adsorption mechanisms and capacities at
such low concentrations is challenging. Furthermore, the lack of
isotherm data significantly limits modelling of adsorption systems using
mechanistic models.

In this study, batch adsorption experiments are performed to inves-
tigate the mechanisms of PFAS adsorption within concentration ranges
relevant to drinking water treatment. To our knowledge, this is the first
study to report isotherm and kinetic data for PFAS adsorption in the
0.1–100 ng/L range. We obtain isotherm parameters and intraparticle
diffusion coefficients for nine PFAS compounds using two types of AC
with distinct pore size distributions. The selected ACs have similar
surface charge properties, allowing us to isolate and clarify the effects of
pore size distribution on PFAS adsorption. The PFAS compounds are
selected for their relevance to drinking water treatment regulations and
their molecular properties, to provide insight into their interactions with
microporous and mesoporous AC. This study aims to asses whether there
are significant differences between the isotherm and kinetic parameters
derived from our novel low-concentration data and those widely re-
ported in the literature, which are based on higher concentrations. Ac-
curate isotherm and kinetic parameters are essential for predicting and
designing effective adsorption filters. To ensure that any deviations
between our results in the 0.1–100 ng/L range and the higher concen-
trations reported in the literature are not due to experimental artifacts,
we conducted additional experiments on perfluorooctanoic acid (PFOA)
within the 1–1000 μg/L range commonly studied.

2. Materials and methods

2.1. Activated carbons

Two granular activated carbons (GAC) with distinct pore size dis-
tributions were selected for this study. The carbon selected for its higher
micropore volume and micropore surface area is AquaSorbTM K-CS from
Jacobi (CS), which is a thermally activated coconut shell-based acti-
vated carbon. The carbon selected for its higher mesopore volume and
mesopore surface area is SRD from Chemviron, which is a reagglom-
erated bituminous-based activated carbon. According to the supplier,
SRD possesses similar properties to the commonly used Filtrasorb F400,
but with higher mesopore volume, which was also confirmed by our N2
physisorption analysis (see Figure S.1). The GAC particles were sieved to
obtain a diameter range of 0.60–0.85 mm, which aligns with the
dominant particle sizes used in some activated carbon filters (Cantoni
et al., 2021). A narrow particle size distribution was selected to ensure
particles homogeneity. After sieving, the particles were thoroughly
washed with demineralized water, and were then dried and stored. Prior
to the adsorption experiments, the GAC was dried at 105 ◦C for 24 h to
eliminate moisture. The GAC was then weighed, boiled to remove
entrapped air, and subsequently cooled down to room temperature.
Several well-established methods were performed to determine the
properties of GAC (Ateia et al., 2020), and the results are summarized in
Table S.1.
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2.2. PFAS

Nine PFAS compounds were selected for this study. Molecular
properties of these PFAS can be found in Table 1. The selected PFAS
represent a combination of short-chain and long-chain compounds,
encompassing PFAS with either sulfonic or carboxylic functional groups,
as well as perfluorooctane sulfonamide acid (FOSA), which possesses an
sulfonamide functional group. Most of the selected PFAS compounds
were included duo to their regulatory maximum concentrations limits,
while FOSA was selected to explore the impact of functional groups on
adsorption.

2.3. Adsorption experiments

Isotherm and kinetic adsorption experiments started by adding a
specific quantity of activated carbons to a 1 L solutions containing
mixture of 9 PFAS compounds dissolved in Mili-Q water, buffered at pH
7.2 using a 10 mM phosphate buffer (5 mM of Na2HPO4 + 5 mM
KH2PO4). This was the minimum buffer concentration required to
maintain a constant pH throughout the experiment in all bottles. The
initial concentration of the PFAS compounds was similar in all experi-
ments, ranging from ~70 to ~100 ng/L depending on the specific PFAS.
The experiments were conducted in polypropylene copolymer (PPCO)
bottles, which were placed horizontally on an orbital shaker and
agitated at 150 rpm at a temperature of ~20 ◦C. Each reported datapoint
was obtained by sacrificing the entire batch volume, taking a ~350 mL
water sample that was stored at 4 ◦C in PP bottles for a maximum of two
weeks before analysis. Notably, a batch volume of 1 L was used, which
exceeds the typical volumes for batch adsorption experiments, to
minimize experimental errors in the ng/L concentration range.

In the kinetic experiments, PFAS concentrations in solution were
monitored for up to 40 days for both types of GAC, using loadings of
5 mg/L, which is a typical carbon loading in drinking water treatment
(Ateia et al., 2020), and of 100 mg/L, which reflects a scenario with an
excess of adsorption sites. Adsorption equilibrium was reached for all
PFAS compounds. Initially, during the period of most rapid kinetic
changes, samples were taken at shorter intervals (every few hours), and
subsequently at longer intervals (every few days). To evaluate PFAS
adsorption onto the experimental PPCO and storage PP bottle, a kinetic
control experiment was conducted without GAC. No significant PFAS
adsorption on the bottles was observed, and the resulting kinetic curves
are shown in Figure S.3.

To obtain adsorption isotherms, activated carbon loading was varied
between 2 and 500 mg/L. These doses were chosen based on

recommendations in Worch (2012) to reduce experimental errors in
isotherm determination. All samples were collected after 40 days, once
adsorption equilibrium had been reached. The adsorbent loading is
evaluated by

qeq=
Vl
ma

(
c0 − ceq

)
(1)

in which qeq is the adsorbent loading in equilibrium (ngPFAS/mgGAC), Vl
is the volume of the bulk solution (L), ma is the mass of dry activated
carbon, c0 is the starting PFAS concentration in the bulk solution, and ceq
is the concentration in equilibrium.

Our study aims to identify potential differences between high-
concentration PFAS adsorption data reported in the literature and our
novel low ng/L data. To ensure these differences are not due to exper-
imental artifacts, we conducted isotherm experiments with PFOA at
higher concentrations. PFOA was selected because it is one of the most
extensively studied PFAS compounds. The isotherm experiments at
elevated starting concentrations (1–1000 μg/L) followed the same pro-
cedures as described earlier in this section. Detailed experimental pro-
cedure is provided in Section 2 of the Supplementary Information (S.I.).

2.4. Determination of PFAS concentrations

The PFAS samples, obtained from experiments with starting con-
centrations up to 100 ng/L, were analysed at the certified analytical lab
AquaLab Zuid B.V. (The Netherlands) using the Xevo TQ-XS LC-MS
coupled with an Acquity UPLC CSH Phenyl-Hexyl column. The quanti-
fication limits for the analysed PFAS ranged from 0.1 to 0.5 ng/L. For the
PFOA isotherm experiments, which had starting concentrations between
1 and 1000 μg/L, analysis was carried out using the SCIEX 5500+ LC-
AD30 system, with a Phenomenex Kinetex C18 column. The quantifi-
cation limit for PFOAwas 2.5 ng/L. Additional details on PFAS detection
and analysis methodologies are provided in Section 3 of the S.I.

3. Results and discussion

Equilibrium adsorption data for nine different PFAS at environ-
mentally relevant concentrations (0.1–100 ng/L) were collected using
two activated carbons with contrasting pore size distributions: the more
microporous CS and the more mesoporous SRD (Table S1) To describe
and analyse the PFAS equilibrium data, three widely used isotherm
models, i.e., the linear, Langmuir and Freundlich models (Table S.7),
were applied and the results are discussed in Section 3.1. Isotherm pa-
rameters were estimated based on non-linear regression. The fitting

Table 1
PFAS properties and estimated values of isotherm parameters for granular activated carbons used in this study.

PFBS PFHxS PFOS PFDS PFPeA PFOA PFNA FOSA GenX

PFAS properties Chain length 4 6 8 10 4 8 9 8 5

Functional group SO3
− SO3

− SO3
− SO3

− COO− COO− COO− SO2NH2 COO−

Mw (g/mol) 299 399 499 599 264 414 464 499 329
LogKow

a 1.82 3.16 4.49 6.83 3.01 4.81 5.48 5.8 4
pKa

a − 3.31 0.14 <1.0 − 3.24 0.34 <4.2 − 0.21 3.37 3.8

GAC Isotherm Parameterb         

SRD (mesoporous) Linear a 3.77 4.54 5.07 8.23 0.73 3.86 4.06 10.72 1.21
Langmuir qmax 63.93 not available 47.67 not available 96.77 63.61

KL 0.074 0.020 0.137 0.024
Freundlich Kf 5.71 6.50 8.42 10.27 1.57 5.06 5.04 11.46 2.36

n 0.63 0.86 0.76 0.84 0.70 0.87 0.90 0.75 0.70

CS (microporous) Langmuir qmax 11.23 11.30 12.93 7.09 9.48 10.35 13.19 16.07 8.27
KL 0.099 0.157 0.086 0.401 0.023 0.251 0.093 0.089 0.075

Freundlich Kf 1.92 3.48 2.70 1.34 0.47 3.10 2.60 2.46 1.29
n 0.41 0.25 0.36 0.53 0.60 0.31 0.38 0.46 0.40

a For GenX information obtained from Vakili et al. (2021), and for other PFAS from Gagliano et al. (2020)
b Units of parameters are: a (L/mg); qmax (ng/mg); KL (L/ng); Kf (ng/mg)/(ng/L)n; R2 for estimated isotherms ranges from 0.86 to 0.99 and can be found in Table S8.
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results of the isotherm parameters were evaluated using least squares fit
statistical analysis.

3.1. Adsorption isotherms

Our findings indicate that, for an initial PFAS concentration of ~100
ng/L, the adsorption equilibrium of the PFAS compounds included in
this study can be accurately described by linear isotherms for meso-
porous granular activated carbon (GAC) such as SRD. Conversely, the
adsorption equilibrium of PFAS on microporous GAC, such as CS, is
better described by Langmuir isotherms. In addition to linear isotherms,
Langmuir isotherms effectively capture the adsorption of short-chain
PFAS on SRD (Fig. 1). The Freundlich isotherm model also describes
adsorption on both types of GAC, but because of its empirical nature,
these results are not discussed in detail in this manuscript.

The estimated isotherm parameters are provided in Table 1. Fig. 1
shows the isotherm curves for selected PFAS compounds, while the
isotherm curves for other components can be found in Figure S.5, and S.6.

3.1.1. Comparison of 0.1–100 ng/L PFAS isotherm parameters with
literature values

For mesoporous SRD, the adsorption data can be described with a
linear isotherm (Fig. 1), most likely, because of the high adsorption
capacity. Consequently, for the low initial PFAS concentrations used in
our experiments, the carbon surface was not nearing saturation, allow-
ing the linear isotherm to accurately describe the data. For experiments
at higher PFAS concentrations (0.1 mg/L and 1 mg/L) Langmuir
maximum loadings were observed for SRD (see Section 3.3), similar to

the findings of Ochoa-Herrera and Sierra-Alvarez (2008), who reported
results using mesoporous F400, a carbon with a comparable pore size
distribution to SRD. Notably, Ochoa-Herrera and Sierra-Alvarez (2008)
conducted their experiments in the mg/L range. Additionally, a litera-
ture review conducted by Gagliano et al. (2020) reported 12 studies
where Langmuir adsorption isotherms were observed for GAC adsorp-
tion of PFAS at starting concentrations in the μg/L or mg/L range.

For microporous CS, the adsorption can be described with a Langmuir
isotherm (Fig. 1), and it is worth noting that the KL and qmax values re-
ported in this study for PFAS adsorption on activated carbon are signifi-
cantly different from those reported in other studies that use Langmuir
isotherms. In our study, KL values range from 0.02 to 0.25 L/ng,
while qmax values range from 8 to 97 ng/mg. High values of KL and low
values of qmax indicate a specific and localized adsorption. In contrast,
Ochoa-Herrera and Sierra-Alvarez (2008) reported KL values ranging
from 3⸱10− 8 to 1.3⸱10− 7 L/ng and qmax values ranging from 99⸱103 to
2.36⸱105 ng/mg. Similarly, Inyang and Dickenson (2017) reported KL
values ranging from 3.1⸱10− 7 to 5.2⸱10− 7 L/ng, and qmax ranging from
28⸱103 to 41⸱103 ng/mg, while Du et al. (2015) reported KL values ranging
from 3.2⸱10− 4 to 1.6⸱10− 3 L/ng, and qmax values ranging from 18⸱103 to
4.26⸱105 ng/mg.

The significant discrepancies between our isotherm data and litera-
ture values can largely be attributed to the difference in concentration
ranges used in the experiments. Our study employed a lower PFAS
concentration to carbon ratio than other studies, raising the question of
which isotherm parameters are most practical and valuable for
designing activated carbon filters, particularly in predicting break-
through curves. To predict these breakthrough curves, diffusion

Fig. 1. Experimental data for the adsorption of PFBS, PFOS, PFPeA and PFNA on two activated carbons, SRD (blue triangles) and CS (orange circles), described with
Langmuir (full line) and linear (dashed line) isotherms.

M. Pranić et al. Chemosphere 370 (2025) 143889 

4 



coefficients are also required (Worch, 2012; Burkhardt et al., 2022), and
these values vary significantly between high and low PFAS concentra-
tions. These findings are discussed in detail in Section 3.3. For drinking
water systems with PFAS concentrations<100 ng/L, as examined in this
study, our isotherms are likely more relevant and practical. Conversely,
for systems treating water with higher PFAS concentrations, such as
industrial wastewaters, the isotherms reported in literature may be more
applicable.

3.1.2. Impact of pore size distribution on 0.1–100 ng/L PFAS isotherm
parameters

In the case of PFAS adsorption on mesoporous SRD, we have
observed a linear relationship between the parameter a(L/mg) (also
known as distribution coefficient, KD (Ateia et al., 2020)) of the linear
isotherm and the number of fluorinated carbons present in the PFAS
chain, as depicted in Fig. 2. This correlation demonstrates that PFAS
adsorption increases with chain length, indicating that longer-chain
PFAS exhibit higher affinity for adsorption. Numerous studies have re-
ported better adsorption of long-chain PFAS compared to short-chain
PFAS (Sörengård et al., 2020; Franke et al., 2019; Wu et al., 2020; Qiu
et al., 2007)–(Sörengård et al., 2020; Franke et al., 2019; Wu et al., 2020;
Qiu et al., 2007), attributing this observation to hydrophobic effects.
These effects intensify with increasing chain length, leading to enhanced
interaction between PFAS and the hydrophobic carbon surface. In
addition to chain length, the functional group of PFAS also exhibits an
influence on the adsorption on SRD. Fig. 2 illustrates that PFAS com-
pounds with sulfonic functional groups (PFSAs) demonstrate higher
adsorption compared to those with carboxylic functional groups
(PFCAs) for the same number of fluorinated carbons. The difference in
adsorption between PFSAs and PFCA, consistently reported in literature
(Gagliano et al., 2020), is attributed to the larger and less soluble sul-
fonic group in PFSAs, compared to the carboxylic group in PFCAs, for
the same number of fluorinated carbons (Higgins and Luthy, 2007).
Furthermore, Fig. 2 shows that FOSA, which has the lowest water sol-
ubility of the studied PFAS, because of its uncharged sulfonamide head
group (Ahrens, 2011), exhibited the highest adsorption on SRD. A study
by Sörengård et al. (2020) on 44 adsorbents also observed a decreasing
trend in adsorption as follows: FOSA > PFSAs > PFCAs.

As discussed in the previous paragraph, we observed the influence of

functional groups and carbon chain length on PFAS adsorption on
mesoporous carbon at low ng/L concentrations, which is consistent with
findings from existing studies at higher concentrations. Contrary to
findings reported in literature, this correlation was not observed for
microporous CS. The adsorption of PFAS on CS can be described using
the Langmuir isotherm model (Fig. 1). However, we did not observe a
pronounced dependence of the Langmuir parameters on the specific
properties of PFAS. This can be explained by the fact that long-chain
PFAS, with the Stokes radius of ~0.4–0.6 nm (Li et al., 2021), cannot
easily enter the micropores (<1 nm radius) of activated carbon. There-
fore, increasing the fluorinated carbon chain length does not necessarily
enhance adsorption, contrary to observations for mesoporous SRD
(Fig. 2). Furthermore, nanobubbles have been suggested as a mechanism
that may facilitate the transport of hydrophobic PFAS towards the car-
bon surface (Yuan et al., 2023). Since nanobubbles at the surface are
typically 10–80 nm in height (Atkinson et al., 2019), carbon materials
with more mesopores could potentially accommodate a greater number
of nanobubbles, thereby improving the adsorption process. At low PFAS
concentrations, micropores in CS may pose a limiting factor for
adsorption, whereas mesopores in SRD provide sufficient space, making
PFAS characteristics more significant in determining the adsorption
equilibrium.

Further evidence highlighting the crucial role of mesopores in PFAS
adsorption in the ng/L range is based on comparing the Langmuir pa-
rameters between CS and SRD. The Langmuir parameter KL, which
represents the adsorbate’s affinity for the adsorbent, shows comparable
values for PFBS, PFPeA, FOSA, and GenX, while the maximum adsorp-
tion capacity (qmax) is consistently higher for SRD compared to CS (see
Table 1). This intriguing finding suggests, despite having similar affin-
ities SRD has a higher capacity to adsorb PFAS than CS. SRD’s enhanced
PFAS adsorption capacity is likely not due to electrostatic interactions,
given the low concentration of acidic surface groups, and minimal
positive charge at the experimental pH of ~7 for both carbons (see
Table S1). Instead it can be attributed to SRD’s larger mesopore surface
area (142 m2/g for SRD vs 48 m2/g for CS). Our findings are in agree-
ment with previous studies demonstrating that mesoporous adsorbents
exhibit better removal of larger PFAS molecules compared to micropo-
rous adsorbents (Zaggia et al., 2016; Du et al., 2015; Appleman et al.,
2013). Contrary to previous speculation that PFAS adsorption on acti-
vated carbon could be hindered by competition with organic matter or
other PFAS, our study conducted in a 10 mM phosphate buffer matrix
resembling the conductivity of drinking water (~800 μs/cm), demon-
strate that, PFAS adsorption is inherently limited on microporous car-
bon, even in simplified matrices.

3.2. Kinetic experiments

Kinetic adsorption experiments were conducted using two types of
granular activated carbon, namely mesoporous SRD and microporous
CS, at two different carbon loadings (5 mg/L and 100 mg/L), with a
mixture of 9 PFAS with initial concentration of ~70–100 ng/L. The ki-
netic data were described using diffusion models, which are detailed in
Section 5 of S.I. The kinetic data showed good agreement with the ho-
mogenous surface diffusion model (HSDM) and the pore diffusion model
(PDM). For both models, fitting was performed with and without
considering film diffusion, and the effect of film diffusion was negligible,
see Section 7.1 of S.I. Since linear isotherms were able to describe the
adsorption on SRD, and the Langmuir isotherm was suitable for CS, their
respective parameters were used as input for the diffusion models. The
results obtained from the HSDM model are presented and discussed in
Section 3.2.1. The results obtained from the PDMmodel are discussed in
Section 7.2 of S.I. as estimated values of pore diffusion coefficients were
mostly found to be unrealistic.

3.2.1. Surface diffusion
The experimental kinetic data was analysed using the HSDM model,

Fig. 2. Relationship between the linear isotherm parameter a (L/mg) and the
number of fluorinated carbons in the PFAS chain for adsorption on SRD acti-
vated carbon. The datapoints in the figure represent carboxylic PFAS (blue
triangles), sulfonic PFAS (orange diamonds), GenX (green square), and FOSA
(purple circle).
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with the surface diffusion coefficient, Ds, as fitting parameter. The data
was described very well, and R2 was in most cases higher than 0.93 as
reported in Table S.14. Since for PFDS low values of R2 were obtained,
PFDS data is reported in S.I. but not discussed in manuscript. The results
of the fitting procedure for PFPeA and PFNA are presented in Fig. 3,
while the other results are in Figures S.10. and S.11. The estimated
values of Ds for all PFAS are reported in Table S14.

The surface diffusion model describes the mechanism through which
adsorbates, in their adsorbed state, are transported along the internal
surface of adsorbent particles (Do et al., 2001). The diffusion process is
governed by the surface diffusion coefficient, Ds, which is influenced by
adsorption strength between the surface and adsorbent, concentration of
adsorbate in adsorbed state, the temperature, and the molecular weight
of the adsorbate (Worch, 2012). As explained by Worch (2012), a higher
adsorption strength leads to reduced adsorbate mobility, i.e., more
strongly adsorbed molecules are less mobile. The adsorption strength
can be characterized by the Freundlich coefficient, Kf, listed in Table 1.
Higher Kf values correspond to stronger adsorption, which in turn leads
to increased adsorbent loadings (Worch, 2012).

Fig. 4a highlights the significance of adsorption strength on diffu-
sion. It is evident that, at a carbon loading of 5 mg/L, the values of Ds
(surface mobility) for PFAS adsorption on CS are consistently higher
than those for SRD. This observation indicates that CS exhibits faster
PFAS surface mobility compared to SRD, which can be attributed to the
lower adsorption strength of PFAS towards CS, as supported by the Kf
values (Table 1), which are several times lower for CS compared to SRD.
The only exception is that for a carbon loading of 100 mg/L, Ds of short-
chain PFAS is higher for SRD than for CS (Fig. 4b). This can be explained

by the occurrence of pore diffusion in addition to surface diffusion. As
discussed in Section 7.2. of the S.I. the pore diffusion model yielded
realistic values for PFAS adsorption on SRD at a carbon loading of 100
mg/L, while it was not effective for other cases. The pore diffusion
model is known to accurately describe the transport of hydrophilic
compounds (Piai et al., 2019), and short-chain PFAS are considered
hydrophilic in nature.

The dependence of Ds on surface adsorbate concentration can occur
in the case of heterogenous adsorbents like AC that have adsorption sites
of different energy (Worch, 2012; Do et al., 2001). During the adsorption
process, there is a progressive filling of adsorption sites, beginning with
those of higher energy and gradually moving to sites with lower energy
(Gilliland et al., 1974). Consequently, there is a decrease in adsorption
energy, and an increase in adsorbate mobility as the concentration of
adsorbed species increases (Neretnieks, 1976a). From the results in this
study, the dependence of Ds on surface adsorbent concentration follows
from Fig. 4, when comparing the values of Ds for 5 mg/L and 100 mg/L
carbon loadings, for the same AC. For most cases in Fig. 4, the surface
diffusion coefficient is higher at a lower carbon loading, when the sur-
face is more saturated with PFAS, i.e., when the surface interactions
during intraparticle transport are considered to be weaker. Previous
studies have demonstrated a relation between adsorption energy, sur-
face adsorbent concentration, and adsorbent mobility, with higher Ds
values observed when the surface is more saturated with adsorbent (Do
et al., 2001; Gilliland et al., 1974; Neretnieks, 1976a; Suzuki and Takao,
1982; Leyva-ramos, 2013; Neretnieks, 1976b). It is important to note
that while the surface diffusion coefficient may be higher at lower car-
bon loadings, overall PFAS removal is still faster at higher carbon

Fig. 3. Adsorbate loading, q (ng/mg), of PFNA and PFPeA as a function of time for different loadings of mesoporous SRD (5 and 100 mg/L) and microporous CS (5
and 100 mg/L). Experimental data is represented by blue triangles for PFPeA and orange circles for PFNA. Theoretical predictions, based on the HSDM model, are
depicted by solid lines, with blue indicating PFPeA, and orange PFNA.
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loadings due the greater total adsorption capacity of the activated
carbon.

It has been observed that the molecular weight of adsorbates affects
Ds with higher molecular weights resulting in lower Ds values (Worch,
2012). From our results this trend is the most clear in conditions with a
lower PFAS surface saturation, as seen in Fig. 4. For instance, the impact
of chain length on Ds is significantly more pronounced for SRD, which is
less saturated with PFAS, than for CS at a carbon loading of 100 mg/L.
Conditions of lower saturation may facilitate increased hydrophobic
effects between the carbon surface and PFAS, and consequently have a
stronger impact on the diffusion of longer-chain PFAS compared to
conditions of higher saturation (e.g., CS at 100 mg/L). Moreover, at a
lower carbon loading of 5 mg/L, the dependency of Ds on PFAS chain
length for adsorption on CS 5 mg/L is not evident (Fig. 4a), likely due to
the surface being fully saturated with PFAS, which minimizes
PFAS-carbon interactions responsible for differentiation between long
and short-chain PFAS.

To summarize this section, here Ds represents PFAS mobility on
carbon surfaces, and is significantly influenced by interactions between
PFAS molecules and the carbon material. Stronger interactions lead to a
lower Ds. These interactions are more pronounced in mesoporous carbon
compared to microporous carbon, as indicated by isotherm data,
resulting in a lower Ds for mesoporous carbon. Additionally, higher
saturation of the carbon surface with PFAS reduces these interactions,
leading to an increase in Ds at lower carbon loadings. This observed
behaviour, consistent with previous reports for other adsorbent/adsor-
bate systems (Worch, 2012; Do et al., 2001; Gilliland et al., 1974; Ner-
etnieks, 1976a; Suzuki and Takao, 1982; Leyva-ramos, 2013;
Neretnieks, 1976b), supports the conclusion that PFAS are likely trans-
ported by the mechanism of surface diffusion, even at low ng/L
concentrations.

The estimated values of Ds for PFAS in this study, ranging from 10− 14

to 10− 17 m2/s, are considerably lower than the commonly reported Ds
values in literature, which typically range from 10− 11 m2/s for small
molecules to 10− 15 m2/s for large molecules (Worch, 2012). A recent
study by Dixit et al. (2021b) reported high Ds values of ~10− 9 m2/s for
PFAS adsorption on ion exchange resin in demineralized water at
starting concentrations of PFAS of ~10 μg/L. However, values of Ds
comparable to ours were obtained in a study by Burkhardt et al. (2022),
by fitting isotherm parameters to model pilot-scale breakthrough curves.
In our study and in Burkhardt et al., the lower Ds can probably by
explained by the low PFAS concentrations in the ng/L range. The
comparison with the study by Burkhardt et al. (2022) suggests that our
experimentally based isotherm parameters can be used to accurately

compute Ds values that can effectively predict the breakthrough curves
in Burkhardt et al. (2022)

3.3. Impact of isotherms at higher concentration on predicting PFAS
adsorption at environmentally relevant concentration

To evaluate the impact of isotherm parameters on the prediction of
the surface diffusion coefficient (Ds), we obtained several isotherms for
PFOA, at different initial concentrations, as shown in Fig. 5. Interest-
ingly, Fig. 5 shows a strong dependence of the initial concentration on
the amount of PFOA adsorbed (qeq), at equivalent equilibrium concen-
trations (ceq). For example, with microporous carbon at equilibrium
concentrations between 10 and 20 ng/L, the adsorbed amount ranges
from approximately 10 ng/L at a low initial PFOA concentration (~100
ng/L) to as much as 1000 ng/L at a higher initial concentration (~0.1
mg/L). This enhanced adsorption at higher starting concentrations could
be attributed to multilayer adsorption involving PFAS aggregates, hemi-
micelles or micelles (Du et al., 2014; Zaggia et al., 2016; Mohona et al.,
2023). Based on Fig. 5, it is clear that much of the isotherm data reported
for PFOA in the literature should be interpreted with caution, as it may
not accurately reflect PFOA adsorption behaviour at concentrations
below 100 ng/L.

Several studies have conducted column experiments to investigate
PFAS removal in the ng/L concentration range (Belkouteb et al., 2020;
Chow et al., 2022; Liu et al., 2019). It would be valuable to describe the
experimental data from those studies using a mechanistic column model
that accounts for PFAS transport within the granule and adsorption
(Worch, 2012). To employ such a model, isotherm parameters and
diffusion coefficients obtained from this study are needed. Using
isotherm parameters derived from high concentration experiments is an
alternative, but these parameters fail to predict adsorption at low con-
centrations, as shown in Fig. 5. Moreover, high concentration-derived
parameters cannot accurately determine diffusion coefficients at lower
concentrations, as shown in Fig. 6. In this analysis, Freundlich param-
eters (Table S.21.) obtained at varying initial concentrations of PFOA
were used to characterize the dynamics of an experiment with an initial
concentration of 100 ng/L. For example, applying isotherm parameters
derived from a 100 μg/L experiment to describe adsorption dynamics in
the 100 ng/L range resulted in a calculated diffusion coefficient over
1000 times lower than when parameters determined within the 100
ng/L range were used. Thus, for accurate prediction in column experi-
ments, it is essential to determine isotherm parameters and diffusion
coefficients within the same concentration range.

Fig. 4. Comparison of the estimated values of Ds for mesoporous SRD and microporous CS at a carbon dosage of 5 mg/L (a) and 100 mg/L (b), as a function of the
PFAS chain length. The datapoints in the figure represent carboxylic PFAS (triangles), sulfonic PFAS (diamonds), GenX (squares), and FOSA (circles).
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4. Conclusion

We investigated the adsorption of nine distinct PFAS molecules at
environmentally relevant concentrations of 0.1–100 ng/L onto two
activated carbons with different pore size distributions. PFAS adsorption
on microporous carbon exhibited saturation and was well described by
the Langmuir isotherm, while adsorption on mesoporous carbon did not
reach saturation and was better characterized by a linear isotherm. The
unexpected saturation in microporous carbon at low PFAS concentra-
tions suggests that micropores may play a less significant role in
adsorbing both short- and long-chain PFAS compared to mesopores.
When we compared our isotherm parameters with those reported in
literature, we found that the Langmuir isotherm’s maximum adsorption
capacities were several orders of magnitude lower than previously re-
ported. Our study focused on the low ng/L concentration range, whereas
other studies were conducted at μg/L and mg/L levels. This discrepancy
suggests that different PFAS adsorption mechanisms may operate at
different concentrations, which requires further investigation. This hy-
pothesis is further supported by our PFOA isotherm obtained at higher
concentrations which showed a dependency on initial concentrations.

Our findings also indicate that widely available adsorption data from
high-concentration studies should be interpreted with caution, as our
PFOA isotherms at high concentrations failed to accurately predict
adsorption and kinetic behaviour at much lower concentrations of
0.1–100 ng/L.

To describe the intraparticle transport of PFAS, we coupled the
estimated isotherms with surface and pore diffusion models. The
experiments were conducted with both carbons at carbon dosages of
5 mg/L and 100 mg/L. Higher values of the surface diffusion coefficients
(surface mobility) were observed for lower carbon loading when the
surface was more saturated with PFAS, and when interactions between
PFAS and carbon were expected to be weaker. Additionally, PFAS
surface mobility in the more microporous carbon with lower adsorption
capacity (higher PFAS surface saturation) were higher than in the more
mesoporous carbon with higher adsorption capacity (lower PFAS
surface saturation). These findings indicate that PFAS intraparticle
mobility is a function of interactions between PFAS and carbon surface,
where mobility decreases as the number or strength of interactions
increases. Low values of the PFAS surface diffusion coefficients, partic-
ularly observed in carbons with a high number of active sites for
adsorption, are an inherent limitation of heterogenous adsorbents such
ase activated carbon, and deserves further investigation.
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Fig. 5. PFOA adsorption equilibrium for SRD (a) and CS (b). Experimental data obtained for several PFOA concentration ranges with an initial concentration c0 of ~
100 ng/L (blue circles), c0 ~ 1000 ng/L (orange diamonds), c0 ~ 10 μg/L (green squares), c0 ~ 100 μg/L (purple triangles), or c0 ~ 1000 μg/L (red dashes).

Fig. 6. Comparison of the estimated values of Ds (m2/s) for mesoporous SRD
and microporous CS at a carbon dosage of 5 mg/L and 100 mg/L for starting
concentrations for which Freundlich isotherms were obtained and used to
predict Ds.
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