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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) have reached global occurrence in the environment, including
groundwater and vadose zone. Therefore, developing technologies to remediate PFAS in groundwater and vadose
zone is urgent, especially for in situ remediation. Colloidal activated carbon (CAC) has emerged as a cost-effective
adsorbent that shows potential to in situ immobilize PFAS in groundwater and vadose zone. This review provides
state-of-the-art assessment of CAC-enabled technologies to in situ remediate PFAS-impacted groundwater and
vadose zone, focusing on the technology feasibility, effectiveness, efficiency, longevity, and environmental
factors affecting technology performance. The adsorption mechanisms of CAC for various types of long-chain and
short-chain PFAS are discussed to evaluate technology effectiveness and efficiency. Significant efforts are
devoted to assessing and predicting the longevity of CAC-based barriers for treating PFAS plumes in groundwater
by mathematical modeling and field observations. Key factors on how nonuniform distribution, plume migration,
and potential loss of CAC affect the barrier continuity and PFAS breakthrough are elucidated. The unique pro-
cesses in the vadose zone, such as dynamic wetting-drying cycles, air-water interfacial partitioning, and oxic-
anoxic transition zones are highlighted, since they may significantly affect CAC adsorption and migration ca-
pacities, underscoring the urgent needs for systematic studies and long-term monitoring efforts. Future research
frontiers and challenges on CAC-enabled technologies for in situ remediation of PFAS-impacted groundwater and
vadose zone are identified, contributing to the global efforts in addressing PFAS pollution.

1. Introduction

Among these diverse chemical species, their common structural hall-
marks are the hydrophobic perfluorinated carbon backbones (i.e., car-

Per- and polyfluoroalkyl substances (PFAS) are a group of emerging
contaminants, consisting of more than 15,000 manmade chemicals [1].

bon chains) and hydrophilic headgroups (Fig. 1) [2]. Due to their stable
thermal and chemical properties, PFAS show a wide spectrum of
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industrial and commercial applications, such as nonstick cookware,
aqueous film forming foams (AFFFs), food packaging, and semi-
conductor materials [3]. Yet, the widespread use and unregulated
disposal of PFAS-containing products have caused global occurrence of
PFAS in the environment [2,4-6]. For example, a recent study con-
ducted by the U.S. Geological Survey (USGS) indicated that the Biscayne
Principal Aquifer in Florida exhibited the highest total PFAS concen-
tration (24 PFAS) at 29 ng/L in groundwater in the United States [6].
Considering the environmentally persistent, toxic, and bioaccumulative
nature of PFAS [7], extensive studies have reported strong associations
between PFAS exposure and adverse health outcomes (e.g., cancer and
liver damage), even at very low concentrations (ng/L levels) [8].
Therefore, in April 2024, the U.S. Environmental Protection Agency
(EPA) [9] recommended that the ideal goal of PFAS in drinking water is
essentially zero (e.g., PFOA and PFOS; Fig. 1).

Beyond their pronounced environmental persistence, PFAS contam-
ination is also characterized by highly variable mobility, particularly in
the context of groundwater contamination [10]. This is because PFAS
migrating through the vadose zone represents one of the primary sour-
ces of groundwater PFAS contamination [11]. Upon initial release,
highly mobile PFAS species can rapidly transport to reach the ground-
water via infiltration [2]. In contrast, PFAS with relatively lower
mobility that remain in soils for longer periods may still migrate slowly
or undergo transformation, generating transformation intermediates
and final products with greater mobility and thereby driving prolonged
secondary contamination plumes into the groundwater for years and
even decades [12,13]. These unique, yet complex processes in the
vadose zone raise significant human health concerns of PFAS discharge
in groundwater, which is one of the main sources of drinking water in
the United States [14].

Over the past decade, substantial efforts have been devoted to
developing and testing technologies that can remediate PFAS in water
and soil, such as groundwater and vadose zone. However, relatively few
technologies have been demonstrated to successfully treat PFAS in situ.
Among these technologies, colloidal activated carbon (CAC) has
emerged as one of the few adsorbents that show promising potential to
remediate PFAS-impacted groundwater and vadose zone in situ. There-
fore, this review aims to provide the first, state-of-the-art assessment of
CAC-enabled technologies for in situ remediation of PFAS-impacted
groundwater and vadose zone. A literature review shows that most
published studies on CAC-based technologies are performed to treat
PFAS-impacted groundwater, with a small fraction of studies focusing
on vadose zone. Consequently, this review focuses on the discussions
using findings harnessed from CAC-enabled in situ remediation in
groundwater. Nonetheless, some findings (if not all) gathered from
groundwater literature are also applicable to guide CAC-enabled in situ
remediation for vadose zone. Therefore, this review also details the
current advancement of CAC-based technologies for in situ remediation
of PFAS-impacted vadose zone, especially with respect to the issues and
challenges encountered due to the unique processes and pathways
occurring in vadose zone.

To provide a structurally smooth workflow of this review, we first
provide a brief overview of various PFAS remediation technologies
(Section 2), followed by a methodology review (Section 3) that identifies
key references specifically documenting CAC-enabled in situ remedia-
tion. Afterwards, comprehensive discussions of CAC-based technologies
for in situ remediation of groundwater (Section 4) and vadose zone
(Section 5) were presented. Critical factors, such as PFAS properties,
CAC characteristics, groundwater geochemistry, hydrological vari-
ability, competitive adsorption, and mathematical modeling are care-
fully discussed to evaluate and predict the performance (feasibility,
effectiveness, efficiency, and longevity) of CAC-based technologies for in
situ remediation of PFAS-impacted groundwater and vadose zone. We
conclude this review by identifying future research frontiers and chal-
lenges of using CAC-based technologies for treating PFAS-impacted
groundwater and vadose zone in situ (Section 6), contributing to the
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global efforts for addressing PFAS pollution.

To our knowledge, this is the first review dedicated to CAC-enabled
in situ remediation of PFAS in both groundwater and vadose zone sys-
tems, rather than conventional ex situ PFAS adsorption technologies.
Unlike previous PFAS reviews that broadly summarize remediation
technologies, this review provides a high-level focused and critical
synthesis of CAC-based remediation by integrating: (i) field-scale ap-
plications and technology readiness; (ii) mechanistic understanding of
PFAS adsorption, transport, and competitive interactions under sub-
surface conditions; (iii) mathematical modeling approaches for pre-
dicting CAC barrier longevity; and (iv) the unique hydro-
biogeochemical processes in vadose zones, including wetting—drying
cycles (WDCs), air-water interface (AWI) partitioning, and oxic-anoxic
transition zones (OATZs) that may greatly affect CAC performance.

2. A brief overview of PFAS remediation technologies

A wide array of technologies has been developed to treat PFAS-
impacted matrices, including water and soil [13,15-17]. These treat-
ment technologies [13] can be generally -classified into (1)
non-destruction technologies that separate PFAS from environmental
media without breaking down their molecular structures (e.g., adsorp-
tion of PFAS by adsorbents), (2) destruction technologies that break
carbon—fluorine (C-F) and carbon—carbon (C-C) bonds of PFAS into less
harmful or harmless compounds (e.g., thermal, electrochemical,
advanced oxidation and reduction processes, plasma, and supercritical
water oxidation), and (3) treatment train technologies that integrate
non-destruction and destruction treatments [18-22]. Among these
technologies, the adsorption-based technology exhibits high technology
readiness level (TRL) and technological reliability [23]. Therefore,
adsorption is the most widely used technology for PFAS removal, with
activated carbon (AC) [24,25] and ion exchange (IX) resin [26,27] being
the top two adsorbents (Table 1, TRL = 9) [28]. While showing high
TRLs, AC is not effective to adsorb short-chain PFAS (e.g., PFBA; Fig. 1)
[32] and IX resin is relatively expensive that prohibits its large-scale
application (e.g., in situ groundwater remediation). Recently, biochar
(TRL = 4; Table 1) [28] produced by the pyrolysis of agricultural and
forestry wastes under oxygen-limiting conditions has been proposed as a
cost-effective and efficient adsorbent for PFAS [18-20,33,34], although
the overall adsorption performance of biochar for PFAS removal is
generally lower than that of AC and IX resin.

Another alternative adsorbent is surface-modified clay (SMC,
Table 1, TRL = 7-8), which has been evaluated in laboratory- and pilot-
scale column studies [35]. The reported removal performance of PFAS
by SMCs is typically greater than granular activated carbon (GAC), but
lower than IX resins [31,36]. While recent studies have incorporated
unit media cost and levelized cost analyses, the economic competitive-
ness of SMCs depends largely on site- and water quality-specific condi-
tions, so further evaluation is needed to assess their long-term feasibility
and suitability for widespread application [31]. Other new adsorbents
for PFAS adsorption include polymers (e.g., cyclodextrin), chitosan, and
metal-organic frameworks (MOFs) [31,37-40]. Yet, these new adsor-
bents are not ready for large-scale (e.g., pilot and field) application for
PFAS remediation (e.g., relatively low TRLs), due to issues associated
with their large-scale production, costs associated with production,
operation, and maintenance, along with other technical barriers during
in situ remediation.

Overall, the current PFAS remediation industry is evolving rapidly,
with AC receiving the greatest attention due to its high TRL, high effi-
ciency for PFAS adsorption, and relatively low costs (vs. IX resin). It
should be noted that, from both cost and performance perspectives, SMC
appears to be a competitive alternative; however, at present, CAC re-
mains the only technology that can be directly injected for in situ
remediation of groundwater and vadose zone.
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Table 1

Summary of PFAS treatment technology and its technology readiness level (TRL).
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Application Technology Media Cost ($/kg) Longevity
Adsorption Granular activated carbon (GAC) | Water, soil” ~$2.8 Years
Adsorption Colloidal activated carbon (CAC) | Water", soil” ~$10 Years
Hydrophobicity Foam fractionation (FF) Water” NA NA
Adsorption Surface-modified clay (SMC) Water, soil* ~$6.3 Months — years
Ion exchange Ton exchange (IX) resin Water ~$17.6 Months — years
Adsorption Biochar (colloidal) Water, soil ~0.35 Months — years
NA

Adsorption New adsorbent (e.g., MOFs) Water, soil NA
I ST TR 4 56

Technology Readiness Levels (TRLs): (1) basic principles observed and reported, (2) technology concept and/or application formulated, (3) analytical and experi-
mental critical function and/or characteristic proof of concept, (4) component and/or breadboard validation in laboratory environment, (5) component and/or
breadboard validation in the relevant environment, (6) system/subsystem model or prototype demonstration in an operational environment, (7) system prototype
demonstration in an operational environment, (8) actual system completed and “flight qualified” through test and demonstration, and (9) actual system flight proven
through successful mission operation [28,29]. Cost data were obtained from the literature [30,31]. * indicates in situ applicability of this media. NA: Not applicable.

3. Literature search and review methodology

Literature relevant to CAC applications for PFAS remediation was
primarily identified through the Web of Science database on May 24,
2026, using the keyword combination “colloidal activated carbon” AND
“PFAS” across all searchable fields, which initially yielded 30 records.
To ensure comprehensive coverage of the rapidly evolving field, addi-
tional relevant publications were further identified through backward
and forward citation tracking, as well as targeted searches of key au-
thors, research groups, and references associated with CAC-enabled
PFAS remediation. The collected literature was subsequently screened
based on its direct relevance to CAC applications for in situ PFAS
remediation in groundwater and vadose zone systems. Studies included
in this review were categorized into several major themes, including: (i)
laboratory-scale investigations of PFAS adsorption mechanisms and
adsorption behavior in relation to CAC physicochemical properties; (ii)
effects of groundwater chemistry, co-contaminants, and environmental
conditions on CAC performance; (iii) field-scale applications and
implementation strategies of CAC barriers; and (iv) modeling ap-
proaches for evaluating PFAS transport, breakthrough behavior, and
CAC barrier longevity. Studies lacking direct relevance to CAC-enabled
PFAS remediation or focusing only on unrelated adsorbents or ex situ
treatment systems were excluded from detailed analysis. The selected
studies (21 papers on groundwater and 7 papers on vadose zone soils)
were then critically synthesized and discussed in the following sections
to provide a comprehensive and state-of-the-art assessment of CAC-
enabled in situ remediation technologies for PFAS.

4. CAC-enabled in situ remediation of PFAS in groundwater

Remediating PFAS in groundwater is rather challenging. Pump-and-
treat is a common ex situ groundwater remediation technique, in which
the contaminated water is extracted from the ground using extraction
wells and then transported to aboveground treatment systems for
treating various contaminants, including PFAS and others, such as
chlorinated solvents, metals, fuel oils, pesticides, and volatile organic
compounds (VOCs). However, pump-and-treat technique is often cost
prohibitive especially with respect to PFAS remediation, due to the
strong C-F covalent bond [10], and stringent regulatory requirement (e.
g., ng/L level) [9,41]. In addition to high operational costs, this
approach may simply translocate contamination from one location to
another by producing PFAS-saturated residuals that require further
disposal or treatment. As PFAS are classified as hazardous substances,
the associated disposal costs and legal liabilities of such residuals are
expected to increase over time. In contrast, in situ remediation at the
source zones has been identified as a more sustainable and cost-effective
alternative. Since all treatment processes occur underground, it

eliminates waste generation and thus greatly reduces the need for sur-
face infrastructure and environmental disturbance, offering long-term
benefits in both performance and environmental responsibility [42].

As one of the leading technologies for in situ remediation, CAC at TRL
= 8-9 has been commercially applied since 2015. It has been used to
treat a wide range of groundwater contaminants, including chlorinated
VOCs (CVOCs such as ethene and ethane), petroleum hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), methyl tert-butyl ether
(MTBE), and pesticides [43,44]. CAC is the colloidal form of AC with
particle diameter typically between 0.5 and 2 micrometers (um). The
smaller particle size of CAC compared to GAC (500-1000 um) and
powdered activated carbon (PAC, 10-100 pm) sets it apart from other
AC products. The large specific surface area (>1000 m?/g) of CAC make
it especially suitable for PFAS adsorption [28]. CACs are generally
produced at high temperatures, normally above 1000 °C, which results
in a material with a high carbon content compared to other
carbon-based materials produced at lower temperatures (e.g., biochar)
[45]. Therefore, CAC is relatively stable when deployed into the sub-
surface environments. The CAC particles exhibit colloidal stability and
transport properties in aqueous solutions (similar to colloids), which can
be readily applied for in situ remediation in groundwater without
structural breakdown or significant migration from the treatment source
zone.

Generally, CAC particles are dispersed in a water-based medium to
create a liquid, colloidal form of AC with CAC mass typically ranging
from 1% to 5% [42]. Unlike other AC forms such as GAC, which is
typically used in a fixed bed or packed column, CAC can be used in
suspension allowing for more versatile and cost-effective applications,
such as in situ groundwater remediation via direct injection (Fig. 2).
After injection, CAC particles attach to the surrounding geologic matrix
(e.g., clay, silt, sand, and gravel), becoming immobilized in the sub-
surface and forming a site-specific, in situ treatment zone that immobi-
lizes contaminants as groundwater passes through [46]. This is because
PFAS are adsorbed much more strongly to CAC than to the native
matrices (e.g., soil particles and sediments), due to hydrophobic and
oleophobic interactions, electrostatic interactions, hydrogen bonds,
interfacial behaviors, along with other interactions [2]. Often,
PFAS-impacted sites also include other types of organic contaminants
that have already been treated by CAC, such as CVOCs, PAHs, pesticides,
and MTBE [44,46]. These co-contaminants exhibit a wide range of
physicochemical properties, encompassing both highly hydrophobic
compounds that readily adsorb to soil and highly hydrophilic com-
pounds with strong mobility. Similar to the PFAS family, those organic
contaminants often co-occur in the source zones, persisting in both
saturated and unsaturated zones with long-term environmental persis-
tence. The broad-spectrum applicability and high sorption performance
of CAC in treating those organic contaminants (e.g., 85-90%
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Fig. 2. Schematic showing CAC-enabled in situ remediation of PFAS in groundwater (CAC barriers are formed).

concentration reduction within 90 days) have demonstrated its potential
as a low-cost and environmentally friendly material for in situ PFAS
remediation [43,44,46].

4.1. Field applications of CAC-enabled in situ remediation of PFAS in
groundwater

Many laboratory-scale studies have demonstrated high PFAS
removal efficiency by CAC, with solid-liquid partitioning coefficients
(Kg; L/kg) typically ranging from 102 to 105, generally increasing with
PFAS chain length (Fig. 1) [47-49]. Consequently, CAC amendment
substantially increases PFAS retardation within the treated zone,
reducing downgradient PFAS concentrations and limiting plume
migration, while groundwater seepage velocity remains unchanged.
CAC has been commercialized by multiple vendors for groundwater
plume and source-zone treatment applications in the United States such
as REGENESIS (San Clemente, CA) and CASCADE (Bothell, WA) and
internationally (Intraplex/Intropore, Germany). Up until now, the CAC
commercial products have been applied to in situ immobilize PFAS
plumes on more than 60 sites globally, including airport, industrial,
landfill, manufacturing, and military/fire-training sites in the United
Kingdom, Canada, Sweden, Belgium, Germany, and the United States.
Representative examples include AFFF-impacted military sites in South
Dakota and Michigan (USA), airport and industrial sites in Ontario
(Canada) and the United Kingdom, pilot-scale CAC barriers near Arboga
(central Sweden), and PFAS-impacted industrial/manufacturing facil-
ities in Sweden and Belgium [42,44,46,50-53]. The CAC commercial
products produced from different vendors normally have different
physicochemical properties, such as particle size, size distribution,
specific surface area, surface charge, surface functional groups, surface
modification by stabilizing agents, among others [54-57]. These phys-
icochemical properties of CACs are expected to affect their colloidal
stability, transport, and sedimentation behaviors in aqueous solutions
(e.g., groundwater), which ultimately affect their effectiveness, effi-
ciency, and longevity for in situ PFAS remediation.

Recent field-scale investigations further strengthen the feasibility of
CAC-enabled technologies for in situ PFAS remediation in groundwater.
For example, Hatton et al. [58] conducted a field demonstration using
polymer-stabilized activated carbon to treat PFAS-impacted ground-
water through push-pull injection tests and aquifer-cell evaluations.

They reported substantial PFAS concentration reductions ranging from
~90% to > 99.9%, with some locations exhibiting reductions of up to
four orders of magnitude after 10 months of treatment. Their findings
further demonstrated that polymer-stabilized activated carbon can be
effectively distributed within aquifer materials, while maintaining
strong PFAS retention under realistic groundwater flow conditions [58].
Importantly, the study also highlighted the significance of groundwater
residence time, treatment-zone continuity, and carbon distribution
uniformity in controlling PFAS breakthrough behavior and long-term
barrier performance. Overall, these field observations support the po-
tential of CAC-based permeable treatment zones as a cost-effective and
sustainable alternative to conventional pump-and-treat systems for
long-term management of PFAS plumes in groundwater.

Currently, there are some ongoing demonstration projects funded by
the Department of Defense (DoD) of applying CACs for in situ remedia-
tion of PFAS plumes in groundwater at AFFF-impacted DoD sites [59].
To evaluate the feasibility and affordability (mainly costs) of different
treatment techniques for PFAS, recent study estimated that the projected
CAC costs are approximately one-third ($7.2M vs. $19 M) of the
pump-and-treat costs over the project periods of 15-100 years [42]. It is
important to emphasize that CAC has a relatively short history of field
application, with initial deployments occurring around 2015. As a
result, the available information on long-term performance and main-
tenance cost is derived from modeling efforts and may not fully capture
future field-scale performance.

4.2. Longevity of a CAC barrier for in situ remediation of PFAS in
groundwater

Longevity is considered as one of the most critical performance
factors to evaluate the CAC barriers for in situ PFAS remediation, as it
determines how long the technology can maintain regulatory compli-
ance before re-injection of CAC is required. Generally, the longevity of a
CAC barrier is defined as the time duration between the initial injection
of CAC and the time when the concentration of PFAS of interest exceeds
applicable regulatory or guidance criteria (e.g., maximum contaminant
concentrations (MCLs) of PFOA and PFOS at 4 ng/L by the U.S. EPA) [9]
at the downgradient boundary of the CAC zone (Fig. 2) [60]. The CAC
barrier is designed to function with a longevity at years to decades [42],
thereby offering more time for the scientific and remediation
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communities to develop and validate in situ PFAS destruction technol-
ogies. In practice, however, the long-term performance of a CAC barrier
depends on (i) the remaining adsorption capacity of CAC for PFAS
retention and (ii) the persistence and stability of the barrier within the
subsurface. Physical processes such as particle mobilization, nonuniform
distribution, preferential flow, erosion, dilution, sediment redistribu-
tion, and potential detachment or migration of CAC particles beyond the
designed treatment zone may reduce the effective CAC mass and create
untreated flow pathways, thereby compromising barrier performance
even before PFAS concentrations exceed regulatory thresholds at
monitoring wells. Therefore, long-term CAC barrier performance de-
pends on both physicochemical adsorption processes and the stability
and retention of CAC particles within the subsurface porous media.

As mentioned above, different CAC commercial products offered by
different vendors are expected to have different longevities for in situ site
remediation, but no study is available to systematically compare the
physicochemical properties and longevity of different CAC commercial
products. This lack of comparative data creates large uncertainties for
site-specific design and longevity estimation. While CAC demonstrated a
more than 90-99% reduction of PFAS concentrations at 14 of 16 field
sites, the observed durations (1-7.5 years) reflect the relatively recent
implementation of CAC, and its actual long-term (decades) effectiveness
remains to be verified [60-62].

The longevity of a CAC barrier for PFAS remediation in groundwater
relies on a wide range of site-specific factors. These factors mainly
include: (i) the hydrogeology of the site (e.g., groundwater flow rate and
direction) [63], (ii) the location [50] and amount (dosage) of CAC
injected [50,60] and its distribution in the groundwater, (iii) the mass
flux and type of PFAS (e.g., short- and long-chain PFAS; Fig. 1) entering
the CAC barrier, and (iv) the groundwater chemistry (e.g., ionic strength
and composition, dissolved organic matter (DOM), and co-occurring
contaminants) [42,51,56].

Estimating longevity begins with a careful characterization of PFAS
background at the contaminated site. In real-world scenarios, PFAS are
typically released as complex mixtures of multiple compounds over
extended periods of time [12,64]. PFAS contamination is often catego-
rized as originating from point sources on a regional scale. However, at
the site scale, PFAS release often resembles line or area sources due to
diffusive entry into groundwater [50]. There are three primary PFAS
loading pathways to the CAC barrier, including: (1) above the water
table, where PFAS from the vadose zone leach downward into the bar-
rier; (2) upgradient sources, where PFAS already in groundwater, or
infiltrating from the vadose zone along the flow path, move toward the
barrier; and (3) within the groundwater body itself, where PFAS are
released from natural organic matter (NOM), non-aqueous phase liquids
(NAPLs), NAPL-water interfaces, transformation of PFAS precursors, or
back diffusion from high-sorption soil matrices (e.g., clays) [50,65].
Once PFAS loading pathways and directions are characterized, the
remaining parameters control the rate and spatial pattern of PFAS
transport into the barrier. For example, groundwater velocity governs
the PFAS mass flux delivered to the CAC barrier, which directly controls
the rate of sorbent loading and, consequently, barrier longevity. PFAS
speciation (chain length, headgroup, and fluorination) determines
adsorption affinity [56], while groundwater chemistry (e.g., ionic
strength, pH, DOM, and co-contaminants) modifies interactions by
competitive sorption [50,66]. Subsurface geology further affects spatial
distribution and physical retention of CAC within the porous subsurface,
which in turn alters PFAS access to sorption sites and the spatial conti-
nuity of in situ treatment zone [46]. These factors co-determine the rate
of CAC site depletion and time-dependent decline in sorption capacity,
ultimately influencing the operational lifespan of the barrier.

Recently, Zheng et al. [67] addresses the mechanistic question
behind longevity prediction: whether PFAS adsorption by CAC can be
treated as equilibrium sorption or whether mass-transfer limitations
cause earlier breakthrough. Their column experiments and two-site ki-
netic transport model showed that mass-transfer limitations were
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needed to reproduce laboratory PFOA/PFOS breakthrough and elution
profiles [67]. However, field-scale modeling indicated that under nat-
ural hydraulic gradients, mass-transfer limitations are generally not
important because groundwater residence times in CAC barriers are long
enough for near-equilibrium sorption; they become important mainly
under active pumping or short residence-time conditions [47,60].

While current studies primarily focus on barrier performance,
limited information is available regarding PFAS desorption, rebound
effects, changes in adsorption reversibility, or potential remobilization
of PFAS once CAC sorption capacity becomes depleted under long-term
field conditions (i.e., exhausted CAC barriers). Follow-up injection of
CAC is one of the most practical management approaches currently
proposed for maintaining long-term barrier effectiveness. Since CAC is
directly injected into subsurface treatment zones, additional CAC
amendments may potentially be applied when monitoring data indicate
increasing PFAS breakthrough concentrations or declining adsorption
performance. Follow-up injections could help replenish adsorption ca-
pacity, reinforce nonuniform treatment zones, and extend barrier ser-
vice life without extensive excavation or replacement of subsurface
materials. Yet, the effectiveness of repeated CAC injections remains
unclear under realistic field conditions. Important uncertainties include
how previously emplaced CAC affects subsequent particle transport and
distribution, whether pore clogging or permeability reduction may
occur after multiple injections, how aging and biofouling affect newly
injected CAC interactions, and whether residual PFAS sorbed on older
CAC phases could alter competitive adsorption behavior. Repeated in-
jections may also create increasingly heterogeneous subsurface distri-
butions of CAC, potentially affecting preferential flow paths and
localized PFAS breakthrough behavior.

4.3. Modeling approaches for predicting the longevity of a CAC barrier in
groundwater

Currently, most existing CAC barriers have not been operated for a
sufficiently long period of time (e.g., more than 5 years) to reliably
evaluate their longevity (via personal communication with remedial
project managers). Therefore, modeling studies have been used to pre-
dict the longevity of the CAC barrier for treating PFAS in groundwater
[47,50,60]. The fundamental mechanisms governing PFAS retention by
CAC are through adsorption, which is commonly described by the
Freundlich isotherm due to its flexibility in representing nonlinear
sorption behavior across environmentally relevant conditions [51]. The
Freundlich model assumes heterogeneous distribution of sorption sites
with varying affinities, where high-affinity sites are occupied first, fol-
lowed by sorption onto lower-affinity sites at a slower rate. It also allows
for experimental determination of the equilibrium adsorption capacity
parameter (Kg) as well as the Freundlich exponent term (n), which re-
flects the degree of sorption nonlinearity and controls how adsorption
capacity evolves with changing PFAS concentrations. To estimate the
operational longevity of CAC barriers for PFAS-impacted groundwater,
site-specific modeling approaches are often employed.

Different transport models have been used to simulate PFAS plume
migration in saturated zones, such as the modular three-dimensional
(3D) multispecies transport model (MT3DMS) and its in situ reactive
extension (ISR)—ISR-MT3DMS [47,60,62,63]. These transport models
are typically coupled with MODFLOW, which generates groundwater
flow fields based on actual site hydrogeologic parameters. Together, the
coupled modeling framework enables the prediction of PFAS mass fluxes
reaching the CAC barrier and time-dependent sorption depletion,
providing realistic estimates of barrier lifespan under field-relevant
conditions [62]. In practice, MODFLOW uses field-measured parame-
ters such as hydraulic conductivity, aquifer thickness, hydraulic
gradient, and boundary conditions derived from well logs and site in-
vestigations. MT3DMS requires inputs, including the initial PFAS con-
centration distribution and dispersivity parameters. ISR-MT3DMS
further incorporates reactive transport parameters such as the fraction
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of CAC in soil (fcac), fraction of organic carbon (foc), dissolved organic
carbon (DOC) content, and adsorption parameters (e.g., Freundlich Kg
and n values). Together, these inputs allow for site-specific simulations
of PFAS mass flux arriving at the CAC barrier and its time-dependent
sorption capacity exhaustion, enabling more realistic projections of
CAC longevity under in situ conditions.

One classic application of the ISR-MT3DMS model was conducted to
compiled median PFAS concentrations from 96 AFFF-impacted airport
sites (PFOS = 12 pg/L, PFHxS = 7 pg/L, and PFOA = 2 pg/L) [60].
Representative site parameters for the model simulation included foc
=0.1%, post-injection fcpyc = 0.08%, and DOC concentration
= 23.8 mg/L, along with sorption parameters fitted from batch tests
using actual PFAS-contaminated groundwater. Assuming a 12 m-long
CAC barrier, the simulation results predicted that downgradient PFAS
concentrations would remain below 1 ng/L (EPA’s current MCLs is
4 ng/L for PFOA and PFOS, and 10 ng/L for PFHxS) for 936 years for
PFOS, 265 years for PFOA, and 235 years for PFHxS, respectively. Even
when fcac was reduced to 0.02%, the predicted longevity for PFOA
remained over 60 years. Another study was conducted for a specific site
to incorporate detailed field parameters using data from a
high-concentration PFAS site at a military facility in South Dakota, USA
(maximum PFOA concentration of 321 pg/L with average at 118 pg/L).
At that site, a CAC permeable barrier with an injection dosage ranging
from 0.02% to 0.8% by soil weight was predicted to stop a large,
advancing PFAS groundwater plume for at least 30-40 years [50]. The
model simulations showed that approximately two billion liters of
groundwater could be treated to non-detectable PFAS levels, avoiding
the pumping and waste generation typical of the pump-and-treat alter-
native. If further remediation is required after 30 years, re-injection of
CAC would be an option [68] to reduce PFAS concentrations to the levels
set by regulatory agencies, such as U.S. EPA.

In addition to the comprehensive 3D transport modeling approach,
Carey et al. also developed a simplified equilibrium mixing model
(EMM) to provide a rapid preliminary estimate of CAC performance
within the PFAS source zone [47]. The EMM employs a mass-balance
approach to simulate aqueous PFAS concentrations over time in a sin-
gle mixing cell, assuming persistent source loading from vadose zone
leaching and within the waterbody. While multi-dimensional models are
vital for high-resolution simulations, a simplified 1D model offers a
practical alternative in early-stage remediation. With minimal reliance
on site-specific parameters, it can be implemented in spreadsheets (no
need for high-performance computing or specialized software) to
quickly estimate the longevity of a CAC barrier under varying PFAS
source strengths [47]. EMM is especially useful for diffusion-controlled
systems. For example, Carey et al. [47] applied the EMM to a legacy
fire-training site in Central Canada with a permeable, homogeneous
aquifer and minimal ongoing PFAS input, the results closely matched
with those obtained from full ISR-MT3DMS simulations conducted at the
same site [47,52]. In such slowly migrating systems, EMM can provide
conservative longevity estimates, support sensitivity analyses, and help
complete more complex models such as ISR-MT3DMS. Since Freundlich
parameters (Kg and n) are often uncertain or variable, such simplified
models enable preliminary assessment of how CAC dosage may affect
the overall longevity of CAC barrier [51].

Based on previous frameworks (MODFLOW-ISR-MT3DMS and
EMM), Newell et al. [62] recently developed a user-friendly tool to
rapidly estimate the longevity of CAC barriers in PFAS-impacted
groundwater. The tool combines regression equations and graphical
outputs to estimate breakthrough times of PFOS, PFOA, and PFHxS
using common site parameters (e.g., fcac, hydraulic gradient, and
influent concentration). Instead of full reactive transport simulations, it
draws on precomputed MODFLOW-MT3DMS outputs calibrated using
batch isotherms from an AFFF-contaminated site in South Dakota [60].
In one scenario with moderate PFOA flux (3.8 x 10~°2 kg/mz/year) and
fcac (0.24%), the tool predicted CAC’s longevity of 47 years, closely
matching the 50-year result from Carey’s full simulations [62]. Input
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data were compiled from 17 published field sites and the AFFF site
database maintained by Northeastern University [60,62]. While the tool
does not consider competitive sorption or time-varying inputs, its
simplicity and low data requirements make it suitable for early-stage
design and rapid scenario screening.

While the above models provide important quantitative insights into
PFAS retardation and CAC barrier performance, they rely on some
simplifying assumptions and site-specific input parameters that may
introduce uncertainties when extrapolating short-term observations to
long-term field conditions. For example, Carey et al. [47] highlighted
that the actual desorption and redistribution behaviors of PFAS under
field conditions remain uncertain and may vary substantially depending
on site hydrogeology, PFAS composition, and groundwater chemistry.
The Freundlich parameters derived from laboratory-controlled experi-
ments or a single groundwater sample may not adequately represent
heterogeneous field environments with varying DOC, ion composition,
competitive adsorption, and fluctuating PFAS source loading. The pre-
dictive performance of CAC longevity models is also highly sensitive to
assumptions regarding PFAS mass flux, groundwater velocity, CAC
loading fraction (fcac), and PFAS-specific adsorption affinity. The
models also generally assume relatively uniform CAC emplacement and
idealized adsorption conditions, whereas actual subsurface environ-
ments often exhibit preferential flow pathways, spatially heterogeneous
permeability, nonuniform CAC distribution after injection, and localized
breakthrough zones. Additionally, competitive adsorption between
long-chain and short-chain PFAS, co-occurring hydrocarbons, and NOM
may also progressively alter adsorption behavior and breakthrough
patterns over time. Therefore, the current modeling outputs should be
interpreted as planning-level or scenario-based estimates rather than
definitive predictions of CAC service life. Future studies are highly
needed to include long-term field monitoring datasets, post-injection
characterization of CAC distribution, site-specific PFAS-CAC adsorp-
tion experiments under representative groundwater chemistry, and
uncertainty/sensitivity analyses within future reactive transport models.

4.4. Practical factors affecting the longevity of a CAC barrier in
groundwater

The longevity of a CAC barrier ranges widely from a few years to
many decades (based on modeling), depending on CAC type (different
vendors), injection dosage, and site geochemistry, especially with
respect to PFAS characteristics (type and concentration). The above
models collectively represent a shift from detailed mechanistic simula-
tions to preliminary cost estimation tools. However, in the absence of
long-term field monitoring data on CAC service life, the current
modeling approaches that consider a range of hydrogeological param-
eters and use PFAS adsorption coefficients fitted from site-specific or
analogous groundwater experiments, provide CAC longevity estimates
that are subject to uncertainty and dependent on the selection of input
parameters [50,60,62]. Although these models have incorporated
certain chemical and physical site characteristics, the parameters used
are often generalized or representative rather than directly measured at
the target site.

While modeling studies provide valuable longevity estimates under
controlled assumptions, actual field performance is often influenced by
additional physical, chemical, and biological factors that can deviate
from these modeling predictions. For example, chemical factors include
the intrinsic adsorption properties of CAC and effect of background
groundwater geochemistry on PFAS adsorption. Physical factors include
uncertainties in transport, distribution, and effective barrier formation
of CAC particles within the subsurface environment. It is also rather
challenging to accurately simulate these processes, because they require
high site-specific data and detailed physicochemical parameters, which
are often unavailable. For instance, the specific PFAS adsorption co-
efficients at AFFF-impacted sites used in the modeling efforts (Kg =
4900 mg/kg for PFOS) were derived from one location in South Dakota
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[60,62]. While these parameters better represent field conditions
compared to laboratory-formulated solutions, they are still only repre-
sentative of that specific site and may not be broadly applicable to other
locations with distinct hydrogeological or biogeochemical conditions.

While in situ field monitoring efforts on the overall performance (e.g.,
longevity) of CAC barriers in groundwater are still ongoing, more
laboratory-controlled experiments are increasingly designed and con-
ducted to better understand the adsorption mechanisms of PFAS,
mimicking real groundwater and vadose zone. For example, CAC is ex-
pected to exhibit different adsorption performances (kinetics and ca-
pacities) for different types of PFAS (e.g., long- and short-chain), which
will likely to be further impacted by competitive adsorption among
different types (PFAS mixture) and water chemistry in the groundwater
and vadose zone. Below, we systematically review the effects of PFAS
type, competitive adsorption of PFAS mixture, and water chemistry on
the adsorption behaviors and mechanisms of different PFAS by CAC to
enable better assessment and prediction of CAC barrier for in situ
remediation of PFAS-impacted sites.

4.4.1. Effects of PFAS type on the adsorption by CAC

Generally, CAC can effectively adsorb long-chain PFAS, such as C8
PFOS and PFOA (Fig. 1) for decades, whereas short-chain PFAS (e.g., C4
PFBA) break through much faster (e.g., a few years or even less) due to
lower adsorption affinity and capacity. Laboratory batch sorption ex-
periments reported a clear chain-length dependent adsorption trend for
seven PFAS by the CAC (REGENESIS), following the order: PFOS > 6:2
fluorotelomer sulfonate (FTS) > PFHxS > PFOA > PFBS > PFPeA
> PFBA (i.e., the longer the carbon chain length, the greater the
adsorption; Fig. 1) [51]. This pattern is consistent with adsorption
dominated by hydrophobic interactions that increase with increasing
-CF2- units (more hydrophobic than -CH>-CH>- backbones; e.g., PFOS >
6:2 FTS), and are higher for sulfonate headgroups than for carboxylate
groups (sulfonates are more hydrophobic than carboxylates; e.g., PFOS
> PFOA) [51]. Similar patterns were observed in soil column experi-
ments using 0.031% CAC in a sandy soil matrix, where log K4 values
increased linearly with -CFs units (+0.26 for PFCAs, +0.32 for PFSAs,
+0.20 for FTSs) and PFSAs averaged 0.05 log units higher than PFCAs of
the same chain length [48].

To conceptually summarize these effects at the molecular level, a
radar chart (Fig. 3a) was developed to illustrate how chain length, hy-
drophobicity, headgroup, molecular rigidity/branching, and competi-
tive stability affect CAC adsorption for various PFAS (PFOS, PFOA,
PFBS, and GenX) [56]. They further simulated breakthrough times
under baseline water chemistry, normalized to PFOA (= 1.00), as PFBS
(0.27), GenX (0.15), PFHxA (0.06), PFPeA (0.02), and PFBA (0.001;
~8.76 h) [56]. Notably, GenX (5 CFz; Fig. 3b) showed a longer break-
through time than PFPeA and PFHxA despite its shorter CFz unit and
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lower hydrophobicity. This finding suggests that branching and molec-
ular rigidity enhance PFAS-CAC interactions beyond simple chain length
or headgroup effects.

4.4.2. Effects of competitive adsorption among different PFAS by CAC

Competitive adsorption among different PFAS in a PFAS mixture
solution is strongly affected by chain length and hydrophobicity, with
long-chain species dominating active sorption sites and short-chain
species being more susceptible to being replaced. For example,
Niarchos et al. employed a systematic experimental design to examine
PFAS competitive adsorption in multi-solute and bi-solute systems [64].
In multi-solute systems, the average adsorption efficiency of all PFAS
decreased by ~10% compared to single-solute systems (77% average),
with short-chain compounds (e.g., PFPeA and PFBS) showing the most
significant reduction (25% and 24%, respectively). In a bi-solute system
consisting of two C8 PFAS, the co-adsorption of perfluorooctane sul-
fonamide (FOSA) and charged PFOS reduced PFOS adsorption by 43%,
while the neutral FOSA remained largely unaffected. This highlights the
hydrophobicity-driven nature of PFAS adsorption to CAC in which
neutral, long-chain compounds exhibit a distinct competitive advantage
over their charged counterparts (e.g., PFSAs and PFCAs) in mixed sys-
tems. The substantial drop in PFOS adsorption under competitive con-
ditions also indicates that electrostatic interactions, although
secondarily important to hydrophobic interactions, still contribute to
high initial adsorption. Niarchos et al. [64] further observed
concentration-dependent sorption behavior: short-chain PFAS (e.g.,
PFBA and PFPeA) exhibited increasing K4 values with increasing con-
centration, possibly due to multilayer adsorption or the formation of
hemimicelle-like structures. In contrast, long-chain PFAS showed a
decrease in Kq values at higher concentrations, suggesting site saturation
effects.

To further quantify these competitive adsorption effects, Singh et al.
[69] analyzed batch adsorption data with a modified competitive
Langmuir model (MCLM). The MCLM demonstrated strong predictive
performance, especially for short-chain PFAS that are more susceptible
to suppression in multi-component environments. Under a CAC dosage
of 0.3372 g/L, the K4 of PFBS decreased from ~140 L/g in single-solute
conditions to ~21.9, ~29.0, and ~26.2L/g, respectively, in the
co-presence of PFHxS, PFOA, and PFOS (80-90% reduction). In contrast,
the Kq values of PFHxS, PFOA, and PFOS showed much smaller changes
under co-contaminant conditions, indicating a more stable sorption
behavior. In various binary and ternary systems, the MCLM consistently
outperformed conventional models such as the ideal adsorbed solution
theory and classical competitive Langmuir model in predicting the
behavior of low-affinity PFAS. These studies confirm the “long-chain
dominance notion” as a robust and reproducible trend in PFAS
competitive adsorption on CAC.
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Fig. 3. (a) Conceptual radar plot summarizing key physicochemical factors influencing PFAS adsorption by CAC. Scores are qualitative and were assigned based on
reported adsorption trends, chain-length-dependent Ky relationships, headgroup effects, and modeled breakthrough behavior from Hakimabadi, Taylor and Pham
[51], Niarchos et al# [48], and Mole et al# [56]. (b) Relative base case breakthrough times for all PFAS normalized to PFOA (1.00). Source: [56].
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4.4.3. Effects of water chemistry on PFAS adsorption by CAC

Competitive adsorption due to the mixed nature of PFAS contami-
nation has been recognized as a critical factor influencing the perfor-
mance and longevity of CAC barriers. However, this competition
becomes more complex under real environmental conditions, where
water chemistry, including DOM, inorganic ions, and co-occurring
organic contaminants, can significantly alter the adsorption behaviors
(Fig. 4).

4.4.3.1. Effects of organic components (DOM and Stabilizers) on PFAS
adsorption by CAC. Several studies have revealed the effects of DOM on
PFAS adsorption by CAC [49,51,56,61]. Generally, higher DOM con-
centrations reduce the adsorption capacity for all PFAS types, with the
magnitude of reduction depending on DOM molecular size and con-
centration. In batch experiments, Mole et al. [56] found that 10 mg/L
DOM reduced PFOA adsorption by 50%, lowered PFPeA by an order of
magnitude, and completely suppressed PFBA adsorption. Similarly,
Hakimabadi et al. [51] observed ~3.8-fold and ~3.6-fold reduction for
PFOS and PFOA adsorption in the presence of 20 mg/L DOM. The pri-
mary mechanism was physical clogging of CAC pores, where
small-molecular-weight DOM (e.g., Suwannee River humic acid; SRHA)
first blocked macropores and then restricted micropore access. Com-
parisons with a high-molecular-weight synthetic polymer (CMC of 90,
000 g/mol at 0.01 mg/mL) showed negligible effects on PFAS adsorp-
tion, consistent with the assumption that large DOM molecules have
limited pore access and, at low concentrations, minimal surface
coverage [56]. In contrast, a proprietary commercial stabilizer caused
slight reductions, likely due to its smaller molecular size and higher
concentration [51]. While the effects of DOM on PFAS adsorption likely
depend on molecular size and concentration, DOM is heterogeneous in
nature. Its composition and behavior vary greatly depending on the
biological, chemical, and climatic context of a given site. Therefore, its
effects on PFAS adsorption and CAC barrier longevity can be far more
complex in real-world applications.

4.4.3.2. Effects of inorganic ions on PFAS adsorption by CAC. Electro-
static interactions, while less important compared to hydrophobic forces
in overall CAC performance, are important for the adsorption of short-
chain PFAS and can be strongly influenced by ionic strength and
composition (e.g., Na*, Ca, Cl-, and SO4>"). This is particularly relevant
at AFFF-impacted military sites, many of which are located in
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groundwater-seawater interaction zones (47% of Navy sites on the Na-
tional Priorities List) [70], where saline conditions are common. Haki-
mabadi et al. [51] showed that Na™ and Ca®* markedly enhanced PFOA
adsorption on unmodified CAC. As NaCl concentration increased from
0 to 100 mM, K4 values of PFOA increased from 824 + 172 L/g to 6010
+ 716 L/g, indicating a strong “salting-out” effect. PFOS, already
removed at ~99.9% under salt-free conditions, showed little further
improvement in adsorption. Isolating the effect of Ca?*, they maintained
a total ionic strength at 7 mM and increased Ca®* concentration from 0.1
to 2 mM, which boosted PFOS K4 from 9579 to 66,047 + 14,715L/g
and PFOA Ky from 824 to 8457 + 2220 L/g. This enhancement is
attributed to cation bridging [71], where divalent Ca** links anionic
PFAS head groups (carboxylate or sulfonate) to negatively charged CAC
sites, creating additional sorption opportunities beyond the original
high-affinity sites. While these findings focused on long-chain PFAS,
Mole et al. [56] also explored the effects of ionic strength on the
adsorption of short-chain PFCAs (PFHxA, PFPeA, and PFBA) using a
positively charged commercial CAC (Intraplex, Intrapore, Germany) (via
personal communication). Increasing background anion concentrations
reduced their adsorption, consistent with competition theory for limited
positively charged sites. Under high ionic strength conditions, hydro-
philic short-chain PFCAs are thus more vulnerable to being replaced by
inorganic anions.

More importantly, the effects of DOM and ionic strength can be
synergistic or antagonistic (Fig. 5a). In Mole et al.’s test with 10 mg/L
DOM and 100 mM NaCl, PFOA adsorption (slightly suppressed by DOM)
was partially recovered via NaCl’s salting-out effect, as shown by a
modest Ky increase [56]. In contrast, PFPeA and PFBS reached their
lowest adsorption under dual interferences (Fig. 5b). Note that the
adsorption experiments conducted by Mole et al. [56] were performed
over a 72-hour contact period under the assumption that adsorption
equilibrium had been reached. The observed reductions in PFAS
adsorption (Fig. 5b) in the presence of DOM may reflect a combination
of competitive adsorption, diffusion limitations, delayed mass transfer,
and potential pore blockage effects. This is especially the case that DOM
may dynamically alter pore accessibility, surface wettability, and
adsorption site availability over time, particularly under environmen-
tally relevant groundwater conditions. Therefore, at sites where salt and
DOM co-occur, controlling the transport of short-chain PFAS may be the
greatest challenge to ensure the high performance of CAC-enabled in situ
remediation in PFAS-impacted sites (groundwater and vadose zone).
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Fig. 4. Schematic showing water chemistry influencing PFAS adsorption by CAC. PFAS and co-contaminants (e.g., trichloroethylene; TCE) infiltrate into (or plume
interaction) the polymer-stabilized CAC barrier, where hydrophobicity, surface charge, and pore volume of CAC control adsorption efficiency. Water chemistry, such
as DOM and inorganic ions may compete for adsorption sites via electrostatic and steric effects.
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Fig. 5. (a) Schematic illustrating the adsorption mechanisms of PFAS, DOM, and divalent cations on CAC surface. The long-chain PFAS primarily adsorb via hy-
drophobic tail interactions, short-chain PFAS adsorb via electrostatic interactions, divalent cation bridging facilitates long-chain PFAS adsorption, and DOM blocks
macropores. (b) Relative breakthrough times of individual PFAS under changes in water chemistry normalized to the base case condition. Base case: 1 mM NaHCOj3
at pH 7.5; I (ionic strength = 100 mM NacCl), and SRNOM2 (Suwanee River natural organic matter 2 = 10 mg/L). Source: [56].

4.4.3.3. Effects of co-contaminants on PFAS adsorption by CAC. Organic
co-contaminants commonly present at AFFF-impacted sites and may
also affect PFAS adsorption, ultimately affecting the longevity of CAC
barriers. These co-contaminants include diethylene glycol butyl ether
(DGBE; 10-100 mg/L), NAPLs such as benzene (0.5-4.8 mg/L) and TCE
(0.5-8 mg/L), and diesel-range organics (DRO; 1.4 mg/L). Some of
those compounds are components of AFFF formulations (e.g., DGBE),
while others originate from historical industrial activities or fuel spills.

Hakimabadi et al. found that DGBE significantly decreased PFOS and
PFOA adsorption onto CAC, with a stronger inhibitory effect than DOM
(e.g., 1-10 mg/L) [51]. Being a small, highly hydrophilic molecule,
DGBE can readily penetrate CAC micropores and occupy key sorption
sites, thereby reducing PFAS adsorption. Given its widespread use in
AFFF formulations, DGBE may play a critical role in modulating PFAS
mobility, which should be carefully considered during in situ remedia-
tion design. Under similar conditions, benzene and TCE showed
compound-specific effects. At 0.5-4.8 mg/L, both benzene and TCE
changed little for PFOS adsorption (e.g., Kq from 6932 + 982 L/g to
6634 + 1963 L/g). However, at 8 mg/L TCE, PFOA adsorption is
increased by ~2.5-fold. This is due to the possible formation of trace
NAPL phases within CAC pores, allowing PFOA to partition into hy-
drophobic domains or facilitating its transfer to high-affinity sorption
sites. These results indicate that non-fluorinated organic contaminants
can exhibit opposite effects depending on PFAS structure. Specifically,
hydrophobic PFAS are more likely to experience competition and
reduced adsorption, whereas more hydrophilic PFAS may benefit from
multiphase partitioning induced by the presence of co-contaminants.

Similarly, Mole et al. noted that even at concentrations below their
aqueous solubility limits (often >1000 mg/L), benzene and TCE may
still form stable organic phases within CAC pores [56]. However, the
promoting effect of NAPLs is not universal. In Mole et al.’s following
study [61], PFOA adsorption decreased in the presence of DRO
(1.4 mg/L), likely due to its lower concentration and complex compo-
sition compared to single-solute benzene used by Hakimabadi et al.
[51]. Overall, the copresence of DGBE, benzene, TCE, and DRO in
groundwater systems at AFFF-impacted sites is important for assessing
CAC barrier performance, warranting further mechanistic investigations
and field observations.

4.4.4. Physical effect of hydrogeologic conditions on the longevity of a CAC
barrier

The long-term performance of CAC-based barriers is also affected by
physical and hydrodynamic factors that control the distribution, reten-
tion, and potential remobilization of CAC particles in the subsurface. In
field applications, physical factors such as injection method, site
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selection, and water flow direction and velocity also control CAC dis-
tribution and the formation of effective adsorption barriers. These
physical controls, in turn, can determine PFAS breakthrough behavior
and ultimately impact the long-term performance of CAC-enabled in situ
remediation.

Most modeling studies assume uniform CAC distribution within the
treatment zone. Yet, achieving this uniformity in the subsurface is rather
challenging. At a PFAS- and BTEX-impacted site in central Canada,
PlumeStop CAC was injected at approximately 0.08% (by soil weight)
into a silty sand matrix containing a thin, high-permeability sand lens
[46]. TOC analyses after injection showed clear vertical variation, with
higher TOC in the sandy lens (13.0 g/kg) compared to surrounding silty
material (7.4 g/kg). This indicates that CAC preferentially accumulated
in more permeable zones (sand is more permeable than silt), rather than
a uniform distribution. In addition to soil texture and grain size het-
erogeneity, topographic variation also affects CAC distribution. Field
application typically uses low-pressure, multi-well grid injections to
avoid hydraulic fracturing and improve subsurface coverage [46,53]. In
McGregor and Benevenuto’s study, injection points were spaced on a
2.5-m grid (totaling 20 points) [46]. Yet, the 12-month post-injection
monitoring still recorded PFAS rebound and the emergence of new
PFAS species in some wells. Breakthrough was particularly evident in
shallow fractured bedrock zones, where the scarcity of fine-grained
material may have limited CAC retention. Moreover, site-measured
horizontal groundwater velocities (~12 m/year in silt and up to
220 m/year in sand) suggest that PFAS could bypass CAC-enriched
zones via high-velocity preferential flow paths, contributing to local-
ized barrier failure. A similar rebound occurred at a Swedish site, where
high-conductivity pathways in low-permeability soils likely allowed
plume bypass, potentially influenced by seasonal groundwater flow
shifts [72].

Laboratory studies have observed comparable heterogeneity-driven
CAC redistribution. In a 15-cm dynamic soil column test, Niarchos
et al. initially mixed CAC at 0.031% (w/w) to evaluate PFAS removal.
About 22% of CAC was transported downstream during the experiment,
leading to carbon depletion near the column inlet and accumulation at
the column outlet [48]. This redistribution coincided with PFAS
breakthrough, particularly for short-chain PFAS. Long-chain PFAS, such
as perfluorodecanoic acid (PFDA) and perfluoroundecanoic acid
(PFUnDA), exhibited delayed breakthrough, but were not fully retained.
These results highlight that both emplacement operations and site ma-
trix properties can greatly affect barrier effectiveness: uneven CAC dis-
tribution or locally high groundwater velocities may create “escape
pathways” that compromise long-term containment. Note that the pore
water velocity used in the column test (~0.7 m d!) exceeds typical
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groundwater velocities by 10-100 times, suggesting that field-scale CAC
redistribution may be less severe than that observed under laboratory
conditions. Also, the pre-incorporation of CAC into sediment by
Niarchos et al. [48] likely produces a more homogeneous distribution
and stronger physical retention of CAC particles compared to dynamic
injection conditions, where deposition, filtration, aggregation, and
preferential attachment processes may vary spatially throughout the
porous medium. Consequently, the remobilization behavior, particle
retention efficiency, and hydraulic impacts observed in these laboratory
columns may differ from those occurring under actual field injection
scenarios. Future studies are needed to investigate CAC transport and
remobilization behaviors under more realistic injection-based condi-
tions that better simulate heterogeneous aquifer environments and
transient groundwater flow regimes.

As discussed above, common groundwater constituents (e.g., Ca®*
and DOM) affect PFAS adsorption through electrostatic shielding, cation
bridging, and competitive adsorption [51,56,71]. However, their effects
also impact the deposition, retention, and remobilization of CAC parti-
cles in porous media, thereby altering the spatial continuity and
long-term effectiveness of CAC-based barriers. Guan et al. used saturated
column experiments to show that, at a fixed total ionic strength of
100 mM, increasing Ca* concentration from 0 to 10 mM markedly
increased carboxymethyl cellulose (CMC)- stabilized CAC deposition in
quartz sand and reduced subsequent remobilization from 77% to nearly
0% [73,74]. In contrast, DOM suppressed the deposition and promoted
the release of CAC upon deionized (DI) water flushing.

To improve CAC immobilization during injection and counter hy-
drodynamic forces that may induce particle detachment, biodegradable
stabilizers are often added to enhance the colloidal stability of CAC [46].
A persistent challenge is to balance mobility and retention: excessive
mobility risks gradual loss via groundwater flow, whereas premature
immobilization can limit dispersion from injection points. The effec-
tiveness of polymer coatings is highly dependent on site-specific
geochemical conditions. For example, Guan et al. compared uncoated
CAC, CMC-CAC, and polydiallyldimethylammonium chloride (Poly-
DM)-CAC in quartz sand under varying ionic strengths. At low ionic
strength (0.1 mM), both polymer-coated CACs transported well, while
bare CAC was nearly immobilized due to aggregation [55]. At high ionic
strength (100 mM), only CMC-CAC had ~30% mobility loss, while
others were fully retained (~100% mobility loss) [55]. Upon ionic
strength reduction, CMC-CAC remobilized significantly, whereas
PolyDM-CAC remained attached due to stronger adhesion. These results
suggest CMC is suited for applications requiring wide dispersion, while
PolyDM favors stable barriers under high ionic strength or saline envi-
ronments. Similarly, Georgi et al. found that CMC enhances CAC sta-
bility at high concentration (11 g/L) and high ionic strength (5 mM
divalent cations) via electrosteric stabilization [54]. Ndubueze et al.
further showed that pH, Ca*, and DOM jointly affect aggregation and
sedimentation of polymer-stabilized CAC, primarily through surface
charge modulation and Ca*-DOM bridging, consistent with
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory and the role of
porous media surface heterogeneity [57].

Stabilizers such as CMC or PolyDM are primarily introduced to
facilitate the initial injection and emplacement of CAC, but their
persistence and effectiveness over the full operational lifespan of a
barrier remain uncertain. For example, stabilizer concentrations may
decrease over time due to dilution, desorption, biodegradation, chemi-
cal aging, or interaction with groundwater constituents, meaning that
short-term laboratory observations may not fully represent long-term
CAC stability, retention, or remobilization behavior under field condi-
tions. Also, while previous work [55] provided useful mechanistic
insight into how ionic strength, Ca*, DOM, and polymer coatings in-
fluence CAC deposition and remobilization, the column-scale experi-
ments, including the short transport length, primarily simulate
near-injection or early-stage mobility rather than field-scale transport
across meters to tens of meters. The observed mobility or remobilization
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of polymer-coated CAC should not be directly extrapolated to field ap-
plications without considering aquifer heterogeneity, longer residence
times, repeated groundwater flushing, stabilizer aging, preferential
flow, and potential changes in CAC surface chemistry. Future studies
should evaluate polymer-coated CAC under longer columns, larger-scale
flow cells, realistic groundwater chemistry, and extended aging periods
to determine whether stabilizer-assisted mobility persists over the actual
service life of CAC barriers.

5. CAC-enabled in situ remediation of PFAS in vadose zone

The application of CAC for in situ remediation of PFAS-impacted
vadose zone requires careful consideration of its mobility, resistance
to leaching, and long-term adsorption stability. One major PFAS source
relevant to in situ groundwater remediation (discussed above) is the
vadose zone, from which PFAS in unsaturated soils can leach downward
and reach the CAC barrier. After accumulating PFAS for many decades,
vadose zones at many AFFF-impacted sites serve as reservoirs of PFAS.
Site investigations estimate that the vadose zone stores approximately
23-97% of the total PFAS mass, including up to 99% of PFAS precursors
that can slowly transform into more stable perfluoroalkyl acids (PFAAs
such as PFOS and PFOS) under natural conditions [75]. The extensive
presence of AWI in the vadose zone leads to strong interfacial adsorption
of PFAS (especially for long-chain PFAS) which can result in slow,
long-term release into the underlying groundwater even decades after
site closure (with estimated vertical mass discharge rates typically
ranging from <0.01% to ~0.2% per year, depending on PFAS type) [76,
77]. Furthermore, negatively charged soil particles can electrostatically
sorb substantial amounts of cationic or zwitterionic PFAA precursors,
further increasing retention and subsequent release of PFAAs. PFAS in
the vadose zone can also volatilize into the atmosphere, be mobilized by
surface runoff to areas of human activity, or be taken up by plants and
released to the atmosphere via phytovolatilization [11]. Consequently,
the vadose zone is the first point of contact and a major reservoir for
PFAS where precursor transformation drives secondary contamination.
The resulting risks to surrounding communities, groundwater, and
downstream receptors from PFAS in the vadose zone make it an urgent
target for in situ remediation.

5.1. Laboratory evaluation of CAC-enabled in situ remediation of PFAS in
vadose zone

A key consideration for CAC performance in the vadose zone is the
leaching resistance. In laboratory studies, CAC fixation performance was
tested under extreme conditions at two time points (1 week and 4 years),
including acidic (pH 4) and alkaline (pH 10.5) environments, repeated
leaching (five extractions), and high liquid-to-solid ratios (L: S = 20: 1)
[78]. CAC initially reduced total PFAS leaching by 86-93%, improved to
94-97% after 4 years, and maintained no more than 3% leaching under
alkaline conditions [78]. Note that the leaching experiments were con-
ducted using PFAS-contaminated soils amended with CAC [78], where
the observed leaching behavior reflected PFAS release and transport
from the contaminated soil system in the presence of CAC, rather than
PFAS leaching directly from CAC itself. Another study involving 10 types
of soils found highest sorption for medium-chain PFAS (C4-C9; PFOA =
81%; PFHxS = 86%; and 6:2 FTSA = 85%) and poorer sorption for short
chains (PFBA ~ 0; but PFBS ~ 73%) [49]. As in groundwater, high
organic carbon reduced CAC effectiveness, but high clay content
enhanced it [49,56]. Because excavation-and-mixing can overcome
hydraulic conductivity constraints on CAC distribution, clay-rich,
low-conductivity zones could be prioritized for protective in situ reme-
diation tests.

Recent studies indicate that the overall performance of CAC-based in
situ PFAS remediation in soil and vadose zone environments is
controlled not only by PFAS adsorption capacity, but also by the sur-
rounding soil chemistry, redox dynamics, and long-term particle
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stability [65,73,74,79]. For example, Niarchos et al. [79] highlights that
DOC as a major limitation for CAC-amended soils. Using dynamic col-
umn experiments with 14 PFAS, they showed that DOC significantly
reduced PFAS sorption in CAC-treated soils and increased aqueous PFAS
concentrations, meaning that CAC performance in vadose zone/source
zone soils may be overestimated if DOC/DOM competition is ignored
[79]. Gunarathne et al. [80] further expands CAC evaluation into more
realistic soil biogeochemical conditions by testing CAC against a novel
adsorptive organoclay under dynamic redox regimes. This is important
because vadose zone and capillary fringe soils often experience fluctu-
ating oxic-anoxic conditions, which can alter PFAS immobilization,
amendment behavior, and microbial communities. The study [65]
therefore supports evaluating CAC under time-varying redox conditions
rather than static batch or column systems alone. In contrast, [73,74]
addresses a different but critical issue: whether CAC remains immobi-
lized after placement. They showed that subsurface aging can trigger
CAC mobilization from saturated porous media by changing interaction
energy barriers, potentially compromising barrier continuity and
increasing the risk of CAC-facilitated PFAS transport [73,74]. This
finding is highly relevant to long-term vadose-zone and
groundwater-interface performance, where CAC may undergo physical,
chemical, or biogeochemical aging after injection. Therefore, successful
CAC application in vadose zone soils requires site-specific assessment of
DOC/DOM levels, redox variability, soil microbial response, wetting—-
drying or saturation changes, and CAC aging/mobility.

5.2. Field applications of CAC-enabled in situ remediation of PFAS in
Vadose Zone

Unsaturated vadose zone conditions may limit the mobility of liquid
CAC. Fig. 6 shows in situ remediation of vadose zone soils by injecting a
commercial CAC suspension (SourceStop, REGENESIS) in Grayling,
Michigan. The vadose zone soils were first excavated, followed by the
injection of CAC suspension. After injection, the excavated soils were
thoroughly mixed with the CAC suspension to maximize contact be-
tween CAC and PFAS-contaminated soils. Site-specific parameters
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included (1) treatment area: 225 square feet, (2) soil volume treated:
0-10 feet below ground surface (bgs), (3) maximum total PFAS in
leachate: 84 cubic yards, and (4) surficial geology: sand, top-soil cover.
As discussed above, most CAC commercial products (e.g., REGENESIS)
have various capping or stabilizing agents, such as polymer coatings [54,
55] to improve their affinity to soil particles (including sands) and
aquifer sediments, ultimately enhancing their performance for PFAS
adsorption. The concentrations of PFOS and other PFAS in the soil
leachates were monitored before CAC treatment (baseline data), right
after the CAC treatment, 6-months after CAC treatment, and 12-months
after CAC treatment, respectively. The baseline soil leachates showed
PFOS and other PFAS concentrations at ~1050 ng/L and ~200 ng/L,
respectively. Right after the CAC treatment, 99% of total PFAS was
removed from the soil leachates. No PFAS was detected after 6-months
treatment, and still 99% of total PFAS was removed from soil leach-
ates after 12-months treatment [68]. These results show the effective-
ness and efficiency of CAC in immobilizing PFAS (e.g., long-chain PFOS)
in source zone soils, mainly vadose zone areas. However, long-term field
monitoring efforts (over 2-5 years) of both soil and soil leachates are
still needed to further test the effectiveness and efficiency of using CAC
for in situ PFAS remediation. The desorption of PFAS, including kinetics
and extent, from CAC in the treated soils needs to be carefully investi-
gated. Some environmental factors, such as temperature, dissolved ox-
ygen content (redox potential), water content (e.g., rainfall events), pH,
and microorganisms are likely to be involved into the desorption of
PFAS from CAC during in situ remediation [2,81]. All the above factors
need to be carefully considered to evaluate the performance (effective-
ness, efficiency, and longevity) of CAC for PFAS remediation in vadose
zone.

5.3. Factors affecting CAC-enabled in situ remediation of PFAS in vadose
zone

While CAC applications in soil have been proposed, systematic
studies under vadose zone conditions remain rather limited. Existing
data are mostly derived from laboratory leaching tests where CAC was

Fig. 6. CAC-enabled in situ remediation of PFAS-impacted vadose zone soil. Source:
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pre-mixed with soil. However, such results are far from sufficient to
guide field-scale implementation. As detailed above, multiple factors
can affect the performance and longevity of CAC during vadose zone
remediation, including soil composition, organic carbon content, ionic
strength and divalent cation bridging, competitive (or synergistic)
adsorption among PFAS mixtures and co-contaminants, material aging,
surface chemistry changes, subsurface heterogeneity, hydraulic vari-
ability, and commercial stabilizers (Fig. 7). However, unlike saturated
conditions, the vadose zone exhibits strongly heterogeneous moisture
distributions (e.g., AWIs) and ubiquitous wetting-drying cycles (WDCs)
driven by rainfall, groundwater table fluctuation, and surface water-
groundwater interaction (hyporheic zone). This spatiotemporal vari-
ability makes transport and reaction processes rather complex, which is
likely to amplify or reshape the roles of those controlling factors for CAC
performance. Yet systematic studies on this aspect remain scarce.

In vadose zone, WDCs continuously create dynamic OATZs that are
not restricted to static interfaces at the groundwater table (Fig. 7).
Specifically, pore spaces become water-filled and anaerobic during
infiltration events, then re-aerated upon drainage or evaporation,
bringing dissolved oxygen back into the pores and temporarily trans-
forming the region into an OATZ. Such redox oscillating zones occur
frequently in rainfall-dominated or tidally influenced regions, also on a
periodic basis at most sites, as water cycling is the principal driver of
reactivity. Unlike groundwater, these unique spatiotemporal charac-
teristics introduce substantial uncertainty into contaminant manage-
ment. The extent of such uncertainty is tightly linked to site-specific soil
composition, mineral content, organic carbon, and microbial commu-
nities, while also modulated by climatic conditions, especially precipi-
tation regimes, humidity, and temperature (Fig. 7) [78,86]. The
coupling of these factors further amplifies vadose-zone heterogeneity
and makes cross-site generalization difficult [86].

From a mechanistic perspective, the dynamic OATZ imposes both
biochemical and physical perturbations. Biochemically speaking, key
processes include (1) rapid redox fluctuations, (2) transient dissolved
oxygen diffusion, (3) competitive microbial dynamics, (4) active min-
eral cycling such as Fe(Il)/Fe(Ill) transformations producing highly
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reactive secondary phases, and (5) in situ production of short-life reac-
tive oxygen species, such as hydrogen peroxide (H202) and hydroxyl
(eOH) radicals [82—86]. These biochemical activities may affect the
effectiveness and longevity of CAC barriers by competing with PFAS for
adsorption sites (or increasing sites through cation bridging) and by
aging CAC materials to reduce its adsorption capacity. Physically
speaking, WDCs reshape soil structures and change AWIs through (1)
swelling-shrinkage of fine particles (e.g., clays), (2) altering pore con-
nectivity, and (3) promoting aggregate breakdown and reformation,
often accompanied by compaction, cracking, redeposition, and clogging
(Fig. 7). These changes can cause localized, dynamic variations in
porosity and hydraulic conductivity, shifting water flow pathways,
inducing threshold flow events, and increasing uncertainty in CAC
migration and fixation. These processes become especially significant
during early stages when stabilizer-coated particles are not yet well
integrated with soils.

The extensive AWIs in vadose zone deserve particular attention.
PFAS strongly partition to AWIs, a process already emphasized in
vadose-zone modeling studies where AWI adsorption is treated as a key
driver [87,88]. When combined with CAC adsorption from porewater,
this dual pathway suggests that in situ remediation in the vadose zone
could be particularly promising. However, it raises some important
questions: during infiltration, will PFAS adsorbed at AWIs be efficiently
captured by CAC, or will repeated WDCs and aging cause redistribution
and desorption? Could the surface activity of CAC stimulate biogeo-
chemical processes in the OATZ, potentially accelerating precursor
transformation and secondary pollution? These uncertainties remain
largely unexplored.

5.4. Aging and biogeochemical effects during oxic-anoxic transition zone
(OATZ)

The long-term integrity of CAC can be compromised by dynamic
physical, chemical, and biological processes that operate over years to
decades at some sites. These processes, including material aging,
hydrogeological fluctuation, and microbial colonization, may

OATZ
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Fig. 7. Conceptual illustration of CAC in the vadose zone. CAC captures PFAS in soil and limits their leaching potential into groundwater. Soil factors (water content,
clays/minerals, microorganisms, organic matter, and porewater chemistry) influence CAC performance. Repeated wetting-drying cycles (WDCs) create dynamic oxic-
anoxic transition zones (OATZs), promoting biogeochemical reactions, while also inducing physical changes that affect CAC performance, such as aggregate cracking,
particle redistribution, and PFAS partitioning between the air-water interface (AWI) and CAC.
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progressively alter CAC’s physicochemical properties and reduce its
adsorption capacity for PFAS, especially during OATZs that are char-
acterized with enhanced biogeochemical cycling and fast turnover of
various species in this enhanced reactivity zone (Fig. 7). Although lab-
oratory experiments may involve more aggressive conditions than those
encountered in the field, their short duration does not ensure that CAC
performance over the decades proposed for field applications will be
better than that observed under accelerated aging conditions.

Very recently, Jiang et al. simulated four accelerated aging processes
(WDCs, H50,, Fenton reaction, and mineral acid treatments) in water
matrix to systematically evaluate their effects on CAC adsorption of
PFAS (PFOS, PFOA, PFHxA, PFPeA, PFBA, and PFBS) [66]. Except for
PFOS, Ky values decreased by 17.7-55.8% (WDCs), 24.0-56.4% (H202),
and 50.4-76.2% (Fenton reaction) [66], indicating substantially
decreased adsorption for both short-chain and long-chain PFAS (Fig. 8).
All treatments reduced the average breakthrough time to below 50%,
with PFBS and PFPeA falling below 20%, whereas PFOS retained > 99%
removal under all conditions. Aging caused pronounced changes in CAC
surface properties. These include: (1) reduced specific surface area (e.g.,
—10.5% after Fenton treatment and —35.2% after acid aging), (2)
increased surface oxygen-containing functional groups (e.g., carboxyl
and carbonyl) leading to lower hydrophobicity (C/O ratio decreasing
from 11.7 to 5.0 and 4.6), (3) decreased pH of point of zero charge
(pHpzc from 8.8 to 3.9 and 3.1) shifting the surface charge from positive
to negative under typical subsurface environmental pH conditions, and
(4) substantial loss of anion exchange capacity (from 11.5 cmol/kg to
6.0 and 0.8 cmol/kg) [66].

Many of these processes (e.g., WDCs, Fenton reactions, and hydrogen
peroxide treatment) can naturally occur within the dynamic OATZs
[89-92], which are geochemically complex regions at the interface of
oxic and anoxic zones [93]. Such zones (present at ~78% of surveyed U.
S. Navy installations) [70] exhibit sharp redox gradients, high biological
and chemical reactivity, and frequent shifts in dissolved oxygen content
[94,95]. The two typical OATZ settings are (1) the interface where
oxygenated surface water meets sub-oxic to anoxic groundwater, and (2)
the capillary fringe immediately above the saturated zone. These dy-
namics can stimulate active mineral cycling, microbial reactivity, and
contaminant transformation [96,97]. Within an OATZ field trial,
McGregor et al. injected CAC at the gas-water interface of a shallow
aquifer (5.0-6.2 m bgs; capillary fringe) [98]. Over 18 months, sulfate
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Fig. 8. Relative longevity of CAC for PFAS adsorption when considering the
different aging impacts. The estimate of longevity was based on the break-
through time for tested PFAS compounds normalized to fresh CAC. W/D:
wetting-drying cycles, H-: hydrogen peroxide treatment, F-: Fenton reaction
results of PFOS are not available due to the complete adsorption (>99%) of
PFOS in both fresh and aged CAC groups in the batch isotherm experiments.
Source: [66].
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concentration decreased (36-11.5mg/L), dissolved iron content
increased (0-0.82mg/L), pH slightly decreased, and alkalinity
increased, suggesting carbon release from CAC stimulated microbially
driven reducing processes [98]. By the end of the 18th month,
long-chain PFAS were undetected, but PFPeA reappeared (50-40 ng/L).
This clearly indicates reduced retention capacity of short-chain PFAS by
CAC under dynamic conditions [98].

In coastal OATZs, seawater-groundwater mixing and subsequent
interaction add more complexities. Carey et al. modeled a U.S. coastal
site and found that high nearshore ionic strength (84 mM) enhanced
PFOA/PFOS adsorption to CAC by ~50% via salting-out effect [63]. The
model predicted > 99.9% PFOA mass flux reduction and a 20-40 years
barrier longevity, while PFOS removal was slower but still effective
[63]. However, tidal flow reversals caused downgradient PFOA accu-
mulation and sustained concentrations above cleanup criteria
(4-10 ng/L) for decades [63]. These predictions assumed constant CAC
performance, uniform distribution, and no particle migration. Indeed,
OATZ cycling may accelerate CAC aging. While high salinity can
improve CAC attachment to soils and enhance long-chain PFAS
adsorption (bridging and salting-out), aging-induced changes in surface
charge (positive to negative) and hydrophobicity could reduce PFAS
adsorption, potentially shortening the actual service life of CAC barriers.

Note that biological effects are not considered in the prediction of the
longevity of the CAC barrier. Microorganisms can colonize onto CAC and
secrete extracellular polymeric substances (EPS), which alter hydraulic
conductivity and oxygen distribution [99]. While no studies have
directly examined the effects of EPS on CAC performance, EPS concen-
tration has been shown to exert non-linear effects on bacterial transport
in saturated sand media. At low to moderate concentrations, EPS can
increase microbial mobility, while at high concentration, EPS may
promote aggregation and clogging (increased retention) [100,101].
These findings raise questions for in situ PFAS remediation: EPS could
block adsorption sites, encapsulate particles, or promote migration in
high-conductivity zones, while potentially enhancing retention in
low-conductivity zones. Although not tested, these mechanisms require
further investigations into biologically active transition zones (e.g.,
OATZs). Additionally, while still under significant debate [102-104],
microorganisms could involve into some of the transformation and
degradation processes, pathways, and reactions for some PFAA pre-
cursors, which will likely affect the longevity of CAC for certain PFAS
during in situ remediation.

Many of the above discussions regarding vadose zone applications
are partially extrapolated from groundwater studies and emerging
conceptual understanding, rather than from extensive direct field vali-
dation. The unique vadose zone processes, including WDCs, AWI parti-
tioning, preferential flow, fluctuating moisture conditions, and
oxic-anoxic transition dynamics, may substantially alter CAC transport,
retention, and PFAS adsorption behaviors compared to saturated
groundwater systems. For example, the importance of AWI partitioning,
transient moisture content, preferential flow pathways, and dynamic
WDCs on PFAS retention and transport in vadose zones is well recog-
nized in the broader PFAS subsurface literature. However, their direct
effect on CAC mobility, distribution uniformity, colloidal stability, and
long-term adsorption performance remains insufficiently quantified.
Therefore, the proposed impacts of WDCs on CAC redistribution, ag-
gregation, pore accessibility, and adsorption/desorption dynamics are
currently mechanistic hypotheses inferred from colloid transport theory,
PFAS interfacial behavior, and unsaturated flow processes, rather than
conclusively demonstrated CAC field observations. Similarly, the OATZs
are likely to cause changes in redox-sensitive geochemistry, dissolved
organic matter composition, microbial activity, ionic strength, and
mineral surface properties that may alter CAC surface interactions and
PFAS partitioning behavior, but these coupled hydro-biogeochemical
effects have not yet been systematically evaluated for CAC-amended
vadose zone systems.

Therefore, many proposed vadose zone mechanisms and long-term
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performance predictions should be viewed as important conceptual
frameworks and future research priorities requiring controlled labora-
tory experiments, advanced multiphase reactive transport modeling,
pilot-scale demonstrations, and long-term field monitoring efforts before
generalized conclusions can be established. While CAC shows promising
potential for vadose zone remediation, its long-term effectiveness, dis-
tribution behavior, and longevity under unsaturated subsurface condi-
tions remain insufficiently understood and require systematic laboratory
studies, pilot-scale testing, and long-term field monitoring before broad
conclusions can be drawn.

On the other hand, the biological processes and aging effects dis-
cussed for the vadose zone may also play important roles in groundwater
systems and potentially influence the long-term lifespan of CAC barriers.
This is because groundwater environments are not biologically or
chemically static, and long-term exposure to subsurface geochemical
and microbiological conditions may progressively alter CAC physico-
chemical properties, adsorption behavior, and remobilization potential.
For example, biofilm growth and EPS can alter CAC surface wettability,
reduce pore accessibility, block adsorption sites, and modify PFAS mass-
transfer kinetics. Groundwater constituents such as DOM, co-occurring
hydrocarbons, ionic strength, and redox-sensitive species may interact
synergistically with aging and biofilm development processes to further
influence CAC adsorption performance and PFAS breakthrough
behavior over long operational timeframes. Nonetheless, these coupled
biological and aging processes remain insufficiently understood for both
saturated groundwater and unsaturated vadose-zone systems, particu-
larly under field conditions spanning years to decades. Future research
should systematically evaluate long-term biological aging, biofilm-
mediated pore blockage, changes in CAC surface chemistry, and their
combined effects on PFAS adsorption, desorption, and barrier longevity
under realistic groundwater conditions.

5.5. Opportunities for CAC-enabled in situ remediation in vadose zone

Given that vadose zone is a major reservoir of PFAS, the difficulties
noted above should be viewed not only as obstacles, but rather as op-
portunities to advance field-oriented remediation science. Importantly,
commercial CAC formulations have already been deployed under un-
saturated conditions (Fig. 6), providing a valuable starting point for the
broader in situ applications. This enables site-scale observations focusing
on practical outcomes, such as the degree of downward PFAS leaching
and its potential correlation with climatic drivers. Using SourceStop
CAC (Fig. 6) as an example, a 2-5 years field monitoring program of both
bulk soil and soil leachates is recommended to further evaluate the
effectiveness and efficiency of CAC-based in situ PFAS immobilization. It
is particularly important to characterize the kinetics and magnitude of
PFAS desorption from CAC in treated soils. Environmental factors
including temperature, oxygen availability (redox potential), water
content (rainfall event), pH, and microbial activity may affect desorp-
tion during in situ operations [2,81]. Furthermore, soil-mixing ap-
proaches (excavation and blending) require higher upfront investment
than direct injection, but they can also provide greater control over the
distribution of CAC and site conditions. Comparable carbon-based
amendments, such as biochar, have been reported to reduce plant up-
take of PFAS, with a 70-84% decrease in PFAS accumulation in tomato
following biochar amendment [105]. Meanwhile, composted manure
and biosolids often contain high PFAS concentrations (e.g.,
209-455 pg/kg) [106]. This highlights the risk of PFAS transfer into the
food chain and motivates evaluation of CAC-based soil amendments in
agricultural settings. Collectively, despite uncertainties arising from
complex physicochemical processes, the vadose zone remains a prom-
ising frontier for CAC-based research, demonstration, and application in
situ.
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6. Conclusions and future research frontiers

As the only in situ groundwater remediation technology that has been
implemented for PFAS to date, CAC builds upon the mature and highly
stable production processes of conventional AC, while incorporating
distinct engineering advantages associated with colloidal materials. The
small particle size nature of CAC provides a large specific surface area
and abundant pore structure, while simultaneously enabling inject-
ability and high adaptability to heterogeneous subsurface conditions,
collectively promoting PFAS adsorption and supporting its application
across a range of remediation scenarios in groundwater and vadose
zone.

Although no standardized, side-by-side comparison of commercial
CAC products has been published, available studies and technical re-
ports provide useful product-specific information [51]. PlumeStop is the
most extensively reported CAC product in the peer-reviewed literature.
It is generally described as a polymer-stabilized CAC suspension with
particle sizes commonly around 1-2 um, enabling low-pressure subsur-
face injection and attachment to aquifer solids. Laboratory studies using
PlumeStop showed PFAS adsorption following the general affinity order:
PFOS > 6:2 FTS > PFHxXS > PFOA > PFBS > PFPeA > PFBA, with
adsorption dominated by hydrophobic interactions. However, polymer
stabilizers, DOM, AFFF co-solvents, and some co-contaminants can
reduce adsorption capacity [51]. Dynamic column experiments further
showed that CAC-treated soils strongly retarded PFAS transport, with K4
values of approximately 10 ® -10° L/kg for individual PFAS and 99.7%
greater PFAS retention than untreated reference soil, although about
23% of added CAC eluted during the experiment [48]. Field summaries
for PlumeStop report generally successful short-term performance at 17
sites, with monitoring periods of 0.3-6 years and > 90-99% PFAS re-
ductions at 14 of 16 sites with available data [60]. Modeling studies
predict much longer potential longevity under favorable assumptions,
including 915-936 years for PFOS, 262-268 years for PFOA, and
233-235 years for PFHxS in a base-case AFFF-impacted airport scenario.
However, these estimates are strongly dependent on CAC dose, PFAS
influent concentration, groundwater velocity, and Freundlich adsorp-
tion parameters.

Other commercial CAC products are less represented in peer-
reviewed PFAS literature. Intraplex has been reported by the vendor
as an injectable CAC technology for PFAS adsorption barriers with
claimed pollutant reductions up to 98% and projected barrier lifetimes
of several decades (https://intrapore.com/en/products/intraplex/).
Cascade’s ColloidalChem is described as a 2-3 ym high-surface-area
colloidal carbon suspension, and ColloidalChem + Anchor in-
corporates an anchoring technology intended to control CAC mobility in
permeable reactive barrier applications (https://www.cascade-env.co
m/resources/blogs/managing-pfas-risk-plume-treatment-with-collo
idalchem/). FluxSorb RP RA is reported by the supplier to contain
6-15 wt% activated carbon, particle size < 3 um, viscosity around
2000 cP, and density of 1.0 g/mL (https://hepure.com/products/c
olloidal-carbon/), but independent PFAS adsorption and longevity
data remain limited. These findings indicate that commercial CAC
products share common design goals—micron-scale particle size,
injectability, high surface area, and subsurface persistence—but differ in
stabilizer chemistry, anchoring strategy, carbon loading, mobility con-
trol, and reported adsorption capacity. Therefore, the key knowledge
gap is not the absence of product-specific information, but the absence of
standardized comparative studies evaluating multiple commercial CACs
under identical PFAS mixtures, groundwater chemistries, porous media,
injection conditions, and long-term field monitoring frameworks.

Field monitoring efforts are normally operated on a quarterly basis
for a period of 2-5 years to test and monitor the effectiveness and effi-
ciency of the CAC barrier for in situ PFAS remediation in groundwater
and vadose zone. The field monitoring efforts provide critical informa-
tion on when re-injection (post-injection) of CAC is needed to meet the
regulatory requirements for PFAS of interest. Although commercial CAC
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products have been applied at multiple sites worldwide, field moni-
toring records rarely exceed a decade, far shorter than the multi-decade
service life predicted by modeling studies. Consequently, field-based
evidence for evaluating the long-term performance and durability of
CAC barriers under realistic conditions remains limited.

While CAC commercial products have already been used for in situ
site remediation in different countries, a number of potentially impor-
tant processes remain insufficiently quantified beyond the factors
identified by existing laboratory studies and modeling efforts. These
include mechanisms controlling their colloidal stability, transport, and
aggregation behaviors, as well as differences in adsorption mechanisms
among PFAS species. PFAS desorption from CAC has also been reported,
and the kinetics and extent of desorption may be strongly affected by
competing ions, DOM, and co-occurring organic contaminants; there-
fore, potential PFAS desorption during practical applications warrants
careful consideration. These knowledge gaps limit our ability to reliably
evaluate the long-term performance of CAC under realistic field condi-
tions. Additionally, CAC has been proposed for in situ remediation in
vadose zone, where uncertainties may be even more pronounced.
Physicochemical heterogeneity, WDCs, AWIs, and OATZs can collec-
tively reshape CAC adsorption, migration, stability, and long-term
effectiveness, further complicating performance assessment of CAC-
enabled technology. Importantly, differences in CAC formulations
among different vendors, including particle size distribution, stabilizing
agents, surface functional groups, colloidal stability, injection methods,
and proprietary modifications, can complicate direct comparisons
among published studies and may influence CAC transport, retention,
adsorption affinity, and longevity. Therefore, vendor-specific variations
for CAC commercial products need to be considered in future studies.

In addition to CAC, SMC has also been proposed to in situ remediate
PFAS since both CAC and SMC have a high TRL at 8-9. Yet, this tech-
nology is currently limited to soil treatment. For groundwater applica-
tions, cost-effective biochar, especially the modified biochar with large
specific surface area and rich functional groups is reported to exhibit
high adsorption performance for both long- and short-chain PFAS. The
colloidal biochar may have a similar potential (like CAC but with a lower
sorption capacity for PFAS) to be injected into groundwater or soil for in
situ PFAS remediation, but future pilot and field studies are still needed.
Moreover, no systematic comparative data is currently available on the
physicochemical properties, adsorption performance, and long-term
field longevity of different commercial CAC products. Addressing
these gaps through standardized laboratory protocols, extended field
monitoring, and explicit inclusion of vadose zone processes will be
critical to improving predictive models and optimizing barrier design for
sustained PFAS containment.

Finally, there are also other knowledge gaps, including the lack of
standardized experimental protocols, limited independent field valida-
tion studies, insufficient reporting of CAC physicochemical properties,
limited data on short-chain PFAS behavior, minimal information on
long-term CAC aging and redistribution in subsurface environments, and
the scarcity of studies evaluating multiphase vadose-zone processes.
Especially, many reported CAC performance metrics, including PFAS
removal efficiency, longevity estimates, and barrier effectiveness, are
derived from relatively short-term monitoring periods, site-specific case
studies, and modeling assumptions rather than standardized long-term
comparative evaluations across multiple hydrogeological settings.
Important factors such as DOM, ionic strength, competing ions, co-
contaminants, pH, redox conditions, PFAS mixtures, and subsurface
heterogeneity may interact in highly complex and site-specific ways that
are not yet fully understood. Future studies should address these
knowledge gaps to further the CAC-enabled in situ remediation
technologies.

Environmental implications

CAC, a colloidal form of activated carbon, has recently emerged as a
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cost-effective and efficient adsorbent with strong potential for in situ
immobilization of PFAS in groundwater and vadose zone environments.
This review provides the first comprehensive and state-of-the-art
assessment of CAC-enabled technologies to in situ remediate PFAS-
impacted groundwater and vadose zone. Key challenges and critical
knowledge gaps associated with CAC-enabled PFAS remediation are
systematically evaluated, focusing on technology feasibility, effective-
ness, efficiency, longevity, and environmental factors affecting tech-
nology performance, contributing to the global efforts in addressing
PFAS pollution.
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