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Abstract

Short-chain per- and polyfluoroalkyl substances (PFAS) have emerged as a challenging
issue in water remediation due to their strong hydrophilicity and small molecular dynamic
dimensions. Most current studies on biochar-based PFAS removal treat short-chain PFAS as
secondary issues related to long-chain congeners. These technologies often apply classical
theoretical frameworks, including hydrophobic interactions, electrostatic attraction, and
conventional micropore filling, to explain mechanisms and develop functional materials.
However, recent experimental evidence suggests that the dominant adsorption behavior
of short-chain PFAS at biochar interfaces differs substantially from that of long-chain
PFAS. First, the key capture process for short-chain PFAS appears to occur within sub-
nanoporous domains with sizes between 0.56 and 0.85 nm, rather than within the broad
microporous structures traditionally assumed. In addition, design principles based on
synergistic pore–surface chemistry for long-chain PFAS may cause irreversible damage
to sub-nanopores through metal-loading modifications, potentially reducing short-chain
PFAS adsorption performance. Finally, material regeneration and disposal strategies for
short-chain PFAS may need to shift from passive physical adsorption toward integrated
adsorption–degradation systems. The main contribution of this perspective is to propose
an independent mechanistic and material design framework for short-chain PFAS removal,
based on the possible synergy between sub-nanopores and surface basic sites, and to
outline a transition from passive adsorption to integrated adsorption–degradation. Future
breakthroughs may depend less on pursuing ultra-high adsorption capacities alone and
more on the precise, synergistic control of pore structure and surface chemistry, enabling
combined adsorptive enrichment and in situ degradation.

Keywords: short-chain PFAS; biochar; sub-nanopores; surface basicity; integrated
adsorption-degradation

1. Introduction
Per- and polyfluoroalkyl substances (PFAS), characterized by strong C–F covalent

bonds with bond energies up to 544 kJ/mol, show remarkable chemical stability [1–5].
They have been widely detected in global surface and groundwater environments and
have posed significant health concerns [1,5,6]. In 2024, the U.S. Environmental Protection
Agency (EPA) released the National Primary Drinking Water Regulation, setting mandatory
maximum contaminant levels (MCLs) for perfluorooctanoic acid (PFOA) and perfluorooc-
tane sulfonate (PFOS) at 4 ng/L, while tightening regulatory thresholds for some emerging
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PFAS to 10 ng/L [7,8]. These trace-level standards urgently demand the development of
economically viable PFAS remediation technologies [9–11].

Among several PFAS treatment strategies, adsorption technology has attracted wide
attention from engineering communities because of its simplicity, low operational costs,
and adaptability to complex environmental matrices [9–11]. Adsorbents such as activated
carbon, ion-exchange resins, and metal–organic frameworks offer advantages but also have
limitations and commonly suffer from high raw material costs and scalability challenges
in large-scale applications [10–13]. Biochar, derived from pyrolysis of agricultural and
forestry residues or sludge, offers abundant feedstock sources, costs only one-sixth as much
as commercial activated carbon, and provides additional environmental benefits through
carbon sequestration [14–16]. Thus, it is considered a promising, low-cost carbon-based
adsorbent for PFAS remediation [14–16].

To date, several technologies have been explored for the removal of short-chain
PFAS from water, including adsorption, ion exchange, membrane separation, advanced
oxidation/reduction, and electrochemical treatment. Adsorption using activated carbon,
ion-exchange resins, and metal–organic frameworks has been widely studied because of
its operational simplicity and relatively low energy demand [8–10]. However, activated
carbon often shows limited affinity for short-chain PFAS, due to their high hydrophilicity
and weak hydrophobic driving force [3,8,9], while ion-exchange resins can be affected
by competitive displacement from coexisting anions and natural organic matter [11,12].
Membrane separation, such as nanofiltration and reverse osmosis, can reject short-chain
PFAS but may require high pressure, generate concentrated brine, and face fouling issues.
Advanced oxidation processes and electrochemical methods can degrade PFAS, but their
application to short-chain PFAS is often limited by high energy consumption, incomplete
mineralization, and the formation of short-chain transformation products. In comparison,
biochar-based adsorption is attractive because of its low cost, abundant feedstock, and
potential for carbon sequestration [13–15]. Nevertheless, pristine biochar usually exhibits
unsatisfactory removal efficiency for short-chain PFAS, and conventional modification
strategies developed for long-chain PFAS are not necessarily effective [16–18]. Therefore,
there is a clear need to compare existing short-chain PFAS removal techniques and to
develop biochar materials specifically tailored to short-chain PFAS [8–18].

However, numerous laboratory and column leaching simulation experiments have
revealed a common challenge [17–21]. Compared to long-chain PFAS, short-chain PFAS
(≤6 carbon atoms) exhibit significantly reduced adsorption capacity and removal efficiency
on biochar [17–19]. Dalahmeh et al. (2019) [16] developed a biochar-packed filter column
system achieving removal efficiencies of 90–99% for C7–C11 perfluorocarboxylic acids and
C6/C8 perfluorosulfonic acids, whereas removal efficiencies for short-chain PFAS (C3–C6)
remained between 20% and 60%. Liu et al. (2021) [17] reported an 83% removal efficiency
for PFOS using reed straw-derived biochar in groundwater treatment, while the removal
rate for the corresponding short-chain perfluorobutanoic acid (PFBA) was 56% (Figure 1).
Short-chain components are more prone to migration and diffusion in the aqueous phase,
posing a risk of secondary groundwater contamination [20,21]. Short-chain PFAS molecules
exhibit reduced hydrophobicity, and under natural water pH conditions, most biochar
surfaces carry a net negative charge, leading to electrostatic repulsion against anionic short-
chain PFAS and deteriorating adsorption performance [22,23]. These results indicate that
the adsorption mechanisms of short-chain PFAS are distinct from those of long-chain PFAS.

With advances in detailed pore characterization techniques for biochar, increasing
evidence has suggested fundamental differences in the interfacial interactions between
short- and long-chain PFAS and biochar [24–28]. Pores in typical unactivated wood-based
biochar generally measure less than 1.5 nm, which is insufficient to accommodate larger
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long-chain PFAS molecules but enables higher short-chain PFAS adsorption [24,25]. A
study further summarized that conventional micropores (<2 nm) impose size exclusion
on large PFAS molecules but are more accessible to short-chain PFAS, whereas mesopores
(2–50 nm) can provide favorable adsorption sites for long-chain PFAS, thereby enhancing
long-chain PFAS adsorption [26–28].

Figure 1. Comparison of short-chain and long-chain PFAS removal efficiencies on biochar. Removal
efficiencies of six PFAS compounds on biochar are compared as a function of carbon chain length. Data
are from Liu et al. (2021) [17]. Error bars represent the standard deviation of triplicate measurements
(n = 3), as reported in the original study. PFBA, perfluorobutanoic acid; PFBS, perfluorobutane sulfonic
acid; PFHxA, perfluorohexanoic acid; PFHxS, perfluorohexanesulfonic acid; PFOA, perfluorooctanoic
acid; PFOS, perfluorooctane sulfonic acid.

The size-exclusion logic for removing long-chain PFAS in water is that pores must be
sufficiently large to accommodate larger pollutant molecules [29–31]. However, this logic
cannot be directly applied to short-chain PFAS systems [32,33]. Short-chain PFAS have
smaller dynamic molecular diameters; their challenge is not too-small pores that cannot
contain them, but rather potentially oversized pores that fail to retain them [34,35]. Current
material designs lack an independent framework that integrates pore structure and surface
chemistry specifically for short-chain PFAS [18,19]. Many modification strategies simply
borrow optimization approaches developed for long-chain PFAS, resulting in limited
improvements or even performance degradation [19,36,37].

A systematic literature search was conducted using Web of Science, Scopus, ScienceDi-
rect, and Google Scholar for studies published between January 2015 and March 2025.
Keywords included “short-chain PFAS,” “biochar,” “sub-nanopores,” “surface basicity,”
“adsorption mechanism,” and “integrated adsorption–degradation,” which were used in
various combinations. The inclusion criteria were: (i) peer-reviewed English-language
studies; (ii) studies reporting adsorption or removal data for PFAS on biochar, modified
biochar, or biochar-based composites; and (iii) studies providing information on pore
structure, surface chemistry, or regeneration performance. The exclusion criteria were: (i)
conference abstracts, patents, and non-peer-reviewed reports; (ii) studies focusing exclu-
sively on non-biochar adsorbents without comparative relevance; and (iii) studies lacking
sufficient experimental detail on adsorbent preparation or adsorption conditions. After
removing duplicates and screening titles and abstracts, 96 records were assessed in full
text, and 59 studies were included in this perspective. Because this work is a perspective
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article rather than a formal systematic review, the search was intended to identify repre-
sentative mechanistic and material design studies rather than to provide an exhaustive
quantitative synthesis.

Based on prior studies, this study proposes an alternative framework tailored for
short-chain PFAS [18,19,27,28]. The adsorption of short-chain PFAS cannot simply repli-
cate the material development strategies used for long-chain PFAS [19,36,37]. Instead, it
should be treated as an independent mechanism-material problem [18,19]. Technological
breakthroughs should not rely solely on maximizing adsorption capacity, but rather focus
on the precise, synergistic control of sub-nanometer pores and surface basic sites, thereby
advancing passive adsorption toward an integrated closed-loop system that combines ad-
sorption and degradation [38–42]. This perspective aims to address the following research
questions: (1) Why do conventional theoretical frameworks developed for long-chain PFAS
fail to fully explain short-chain PFAS adsorption on biochar? (2) What is the dominant
capture mechanism for short-chain PFAS at biochar interfaces? (3) How should biochar
pore structure and surface chemistry be designed to enhance short-chain PFAS removal
without causing irreversible damage to sub-nanopores? (4) How can short-chain PFAS
be transformed from simple phase transfer to greater degradation through integrated
adsorption–degradation systems? The objective of this perspective is to establish an in-
dependent mechanistic and material design framework for short-chain PFAS removal by
biochar, rather than simply extending optimization strategies developed for long-chain
PFAS. In this perspective, “destruction” refers to the disappearance or transformation of
parent PFAS molecules; “mineralization” refers to the conversion of PFAS into inorganic
products such as fluoride, CO2, and short-chain intermediates that may still be fluorinated;
and “defluorination” specifically refers to the release of fluoride ions from the carbon–
fluorine bond. Unless supported by fluoride mass balance, gas chromatography–mass
spectrometry (GC–MS), liquid chromatography–tandem mass spectrometry (LC–MS/MS),
or ion chromatography (IC) data, these terms should not be used interchangeably.

The main contribution of this perspective is threefold. First, it critically evaluates
the limitations of classical adsorption mechanisms, including hydrophobic interactions,
electrostatic attraction, and conventional micropore filling, when applied to short-chain
PFAS. Second, it proposes an alternative framework in which sub-nanopores of 0.56–0.85
nm, combined with alkaline surface sites on pore walls, may act synergistically to capture
short-chain PFAS. Third, it discusses how material design, regeneration, and disposal
strategies could be reoriented from passive adsorption toward integrated adsorption–
degradation systems. Accordingly, this perspective is organized as follows: Section 2
reviews the limitations of current theoretical frameworks; Section 3 proposes the possi-
ble synergistic mechanism of sub-nanopores and surface basic sites; Section 4 discusses
integrated adsorption–degradation regeneration; Section 5 outlines future research needs;
Section 6 summarizes the main conclusions. This article is intended as a perspective
rather than a systematic review or an experimental study. Its conclusions should therefore
be read as an evidence-based framework and research agenda, not as final proof of a
universal mechanism.

2. Limitations of Current Theoretical Frameworks
2.1. Hydrophobic Interactions

Hydrophobic interactions are widely recognized as the dominant mechanism for
biochar adsorption of anionic PFAS, especially playing a decisive role in the adsorption of
long-chain PFAS [9,10,22,23]. Previous studies have shown that hydrophobic partitioning is
the core adsorption mechanism controlling the binding of anionic PFAS to biochar [9,10,22].
High-temperature biochars rich in condensed aromatic domains effectively immobilize
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long-chain compounds such as PFOS and PFOA through hydrophobic interactions [29,30].
However, this hydrophobic-dominant theory has inherent limitations when applied to
short-chain PFAS [2,18,27]. Taking PFBA (C4) as an example, short-chain PFAS generally
possess short fluorinated carbon chains, resulting in weak hydrophobic driving forces and
extremely high aqueous solubility [2,18,23]. Strong solvation in the aqueous phase hinders
molecular migration toward the hydrophobic biochar interface [2,23,27]. PFOS contains
more internal CF2 repeating units and thus exhibits significantly greater hydrophobicity
than 6:2 fluorotelomer sulfonate (6:2 FTS) [31]. Extending the carbon chain strengthens
hydrophobic adsorption interactions [31]. These findings can explain the chain-length-
dependent trend in which longer chains adsorb more strongly [31]. However, they cannot
address the core scientific question: when the hydrophobic driving force itself is already
extremely weak, what other forces actually drive short-chain PFAS from the aqueous phase
to the solid–liquid interface of biochar [27,28]?

If hydrophobic interactions were solely responsible, short-chain PFAS would hardly
partition spontaneously from the aqueous phase to the biochar surface [2,18,23]. This
indicates that hydrophobic partitioning may play only a minor role and that other mecha-
nisms are likely dominant in governing the interfacial behavior of short-chain PFAS [27,28].
Therefore, modification strategies that rely solely on increasing pyrolysis temperature to
enhance hydrophobic aromatic carbon content offer limited improvement in short-chain
PFAS removal [32,33]. This reasoning could explain why many high-temperature biochars
still perform poorly in treating short-chain PFAS [18,19,32]. It should be noted that hy-
drophobic interactions remain important for long-chain PFAS, but their contribution to
short-chain PFAS adsorption may be limited by the lower hydrophobicity and smaller
molecular size of short-chain congeners.

2.2. Electrostatic Attraction and Metal-Loading Modification

Electrostatic attraction represents another widely invoked theoretical framework
[9,10,22,23]. When the solution pH is below the point of zero charge (pHpzc) of biochar, the
surface hydroxyl and carboxyl groups become protonated, rendering the surface positively
charged [34,35]. This allows electrostatic attraction to bind anionic PFAS molecules, thereby
enhancing adsorption [34,35]. Conversely, when the pH exceeds pHpzc, these functional
groups deprotonate, rendering the surface negatively charged and leading to electrostatic
repulsion, which reduces adsorption efficiency [22,23,34]. However, applying this theory
to real-world aquatic environments gives rise to two practical contradictions [22,23].

Natural water typically has pH values within the neutral range of 5–9, under which
most conventional biochars exhibit negative zeta potentials [22,23]. Experimental data
showed that biochars derived from corn and poplar have zeta potentials between −25.0 and
−58.1 mV at pH 5–9, indicating overall negative surface charges and thus electrostatic
repulsion toward anionic PFAS [22,23]. To achieve effective electrostatic attraction, the
system pH must fall below the pHpzc, which requires strong acidification, a condition that
is rarely feasible in practical engineering applications [22,43–48].

Several reports of high adsorption capacities for metal-modified biochars are based on
long-chain PFAS systems and cannot be directly extrapolated to short-chain PFAS [36,37,49].
Rodrigo et al. (2022) modified Douglas fir-based biochar with Fe3O4, increasing the max-
imum PFOA adsorption capacity [35]. Zhou et al. (2021) achieved a PFOA adsorption
capacity of up to 1269 mg/g using molten alkali-activated microporous biochar [36]. These
performances were attributed to increased specific surface area, expanded pore volume,
and a greater number of positively charged surface sites [36,37]. However, parallel con-
trol experiments targeting short-chain PFAS are severely lacking, and the side effects
introduced by metal oxides and metal salts, including clogging of fine pores, are often
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overlooked [19,38,39]. Although metal loading introduces positively charged sites, it may
simultaneously disrupt the delicate pore structures that are critical for short-chain PFAS
adsorption, resulting in a trade-off whereby charge increases but the adsorption of short-
chain PFAS actually decreases (Table 1) [19,38,39]. Overall, electrostatic attraction and metal
loading can enhance adsorption of long-chain PFAS, but their benefits for short-chain PFAS
remain uncertain because the same modification may block or destroy sub-nanopores that
are critical for short-chain capture.

Table 1. Comparison of pore characteristics and short-chain PFAS adsorption/removal performance
of representative biochar-based materials.

Biochar
Feedstock Modification Sub-Nanopore

Volume/Distribution
Surface Area

(m2/g)
Short-Chain
PFAS Tested

Adsorption Capacity
or Removal
Efficiency

Key Observation Reference

Reed straw Pristine Not reported in detail;
micropores dominant — PFBA 56% removal

Short-chain
removal lower

than PFOS
[18]

Reed straw Fe/Cu-loaded Sub-nanopores
partially blocked — PFBA Limited improvement

Metal loading
increases positive

sites but may
block fine pores

[19]

Wood-based Pristine
Pores mainly <1.5 nm;

sub-nanopores
present

Up to 715 Short-chain
PFAS Low to moderate

High surface area
alone does not

guarantee good
short-chain

capture

[24,25,42–44]

Sludge-
derived Pristine Well-developed

mesopores 261 Short-chain
PFAS Moderate

Mesopores
benefit

long-chain PFAS
more than

short-chain PFAS

[42–44]

Cow dung FeCl3-activated
Metal oxide

crystallites may block
sub-nanopores

— PFOA/PFBA
PFOA increased;

PFBA improvement
smaller

Trade-off
between charge

enhancement and
pore blockage

[48]

Note: “—” indicates that the original study did not provide sufficient quantitative data. Both specific
surface area and pore size distribution are important for PFAS adsorption, but pore size distribution
appears to have a stronger influence on short-chain PFAS selectivity. Unfortunately, sub-nanopore
volume and distribution are rarely reported separately from total micropore volume, which limits
mechanistic interpretation and highlights the need for standardized pore-characterization protocols
in future studies.

2.3. Competition Between Surface Charge Enhancement and Pore Structure Integrity

A key yet underexplored trade-off has been identified in the effects of surface func-
tional groups on biochar [30,40,41]. Excessive oxygen-containing functional groups (es-
pecially COOH) on biochar surfaces can create steric hindrance and even intensify elec-
trostatic repulsion, thereby reducing adsorption capacity [30,40]. Biochars produced via
low-temperature pyrolysis typically possess abundant functional groups [30,41]. However,
these groups block pore entrances, preventing pollutant molecules from reaching internal
adsorption sites and thus offsetting any performance gains provided by the functional
groups [30,41]. All modification strategies aimed at increasing surface positive charge
carry the risk of compromising pore structure [19,36,38,39]. Although extensive studies
have been conducted on using minerals and metal salts to modify biochar for enhanced
heavy metal adsorption, mechanistic studies on polar organic pollutants and surfactants,
including PFAS, remain scarce [38,39,47]. Most reported excellent adsorption data for
metal-modified biochar have focused on long-chain PFAS such as PFOS and PFOA, which
primarily rely on mesopores and hydrophobic aromatic surfaces, and show low depen-
dence on sub-nanometer pores [42,43,49]. In contrast, short-chain PFAS strongly depend
on fine pores, and the loss of sub-nanometer pores caused by metal loading significantly
weakens the material’s ability to capture short-chain components [19,27,28]. This leads to a
common scientific misconception: high-performance modified biochar selected based on
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long-chain PFAS may not necessarily perform equally well when applied to short-chain
PFAS systems [19,27,28,49].

In summary, the two traditional classical adsorption mechanisms fail to fully ex-
plain the behavior of short-chain PFAS adsorption [18,19,27]. Modification strategies
developed for long-chain PFAS carry significant negative side effects and cannot be di-
rectly adopted [19,36,37]. Therefore, there is an urgent need to establish an indepen-
dent analytical framework tailored to the unique molecular characteristics of short-chain
PFAS [18,19,27,28,50].

3. Synergistic Mechanism of Sub-Nanopores and Surface Basic Sites
3.1. Size-Selective Capture Effect of Sub-Nanopores

Previous studies define pores larger than 2 nm as mesopores and those smaller than
2 nm collectively as micropores, assuming that a higher micropore content leads to more
adsorption sites and better adsorption performance [9,10,26]. However, several studies
emphasized that pore size distribution can be at least as important as specific surface area,
and may exert a stronger influence on PFAS adsorption selectivity [26–28]. It is important
to clarify that specific surface area and pore size distribution are not competing parameters;
both are essential for adsorption. Specific surface area reflects the total availability of ad-
sorption sites, whereas pore size distribution determines whether those sites are accessible
to molecules of a given size and shape [26–28]. For short-chain PFAS, a high specific surface
area alone may not guarantee high adsorption if the pores are predominantly too small
or too large. Conversely, a moderate surface area with well-developed sub-nanopores
may provide more effective capture. Therefore, pore size distribution may have a stronger
influence on short-chain PFAS selectivity, but it should be evaluated together with specific
surface area rather than in isolation [26–28]. For instance, wood-based biochar with a high
specific surface area of up to 715 m2/g performs worse in PFAS adsorption due to excessive
microporosity, as long-chain PFAS molecules cannot enter these tiny pores, compared
with sludge-derived biochar that has a surface area of only 261 m2/g but well-developed
mesopores [42–44]. In particular, ultramicropores below 0.7 nm are entirely incapable of
accommodating long-chain PFAS molecules, resulting in strong steric exclusion [26–28].
Short-chain PFAS molecules are significantly smaller, with their molecular dynamic diame-
ter precisely falling within the 0.56–0.85 nm range, corresponding to sub-nanopores [27,28].
These sub-nanopores neither belong to conventional mesopores nor fully fall under the
broad category of micropores [27,28]. For short-chain PFAS, efficient capture appears to
depend less on large mesopores alone and more on the availability of precisely matched
confined spaces, particularly sub-nanopores (Figure 2) [27,28]. Specific surface area remains
important because it determines the total number of potential adsorption sites, but its
contribution may be limited unless the pore size distribution is suitable for the target
molecules. Within sub-nanopores, unique adsorption potential wells form, leveraging
spatial confinement to trap small, short-chain PFAS molecules inside the pore cavities, a
pathway unavailable for long-chain PFAS [27,28].

This hypothesis explains several seemingly contradictory experimental observations
reported in the literature [18,19,27,28]. First, reducing biochar particle size does not nec-
essarily enhance short-chain PFAS adsorption [45,46]. If sub-nanopores are primarily
responsible for capturing short-chain PFAS, grinding may destroy these delicate sub-
nanopores while exposing new surfaces prone to oxidation, leading to a significant loss of
sub-nanopores [45,46]. The benefit from improved mass transfer is thus offset by structural
damage, resulting in counterintuitive outcomes in which larger particles exhibit better PFBA
adsorption [45,46]. Second, unactivated wood-based biochar generally shows poor PFAS
removal efficiency [24,25,46]. This statistical outcome reflects an average of both long-chain
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and short-chain PFAS [18,24,46]. Although wood-based biochar contains abundant pores
smaller than 1.5 nm that are too narrow for long-chain PFAS, the presence of sub-nanopores
measuring 0.56 to 0.85 nm theoretically enables the capture of short-chain PFAS [27,28].
However, few published experiments separately report results for short-chain and long-
chain PFAS, thereby masking the potential role of sub-nanopores in capturing short-chain
species [18,19,27]. Third, sub-nanopore capture is not purely a geometric sieving effect, as
the chemical properties of pore walls also play a crucial role [27,28]. Even when pore size
matches, highly hydrophilic pore walls rich in negatively charged functional groups can
repel anionic short-chain PFAS, preventing stable retention within the pores [22,23,27,28].
Therefore, for sub-nanopores to achieve selective capture, they must be paired with a
suitably alkaline surface chemistry on the pore walls [27,28,47,48]. It should be empha-
sized that the proposed role of sub-nanopores is based on a synthesis of existing evidence
rather than on a fully validated universal mechanism. Relatively few studies have directly
separated short-chain and long-chain PFAS under identical experimental conditions.

Figure 2. Matching between biochar pore-size distribution and PFAS molecular dynamic diameters.
The horizontal axis represents pore size on a logarithmic scale (0.5–50 nm), divided into four pore cate-
gories: sub-nanopores (0.56–0.85 nm), ultramicropores (<0.7 nm), micropores (<2 nm), and mesopores
(2–50 nm). Vertical markers indicate the maximum molecular diameters (Dmax) of representative
PFAS: perfluoropentanoic acid (PFPeA, 0.96 nm, short-chain), perfluorooctanoic acid (PFOA, 1.36 nm,
long-chain), perfluorodecanoic acid (PFDA, 1.54 nm, long-chain), and perfluorooctanesulfonic acid
(PFOS, 1.5–2.20 nm, long-chain) [27,28]. The molecular diameter values are derived from reported
computational and experimental estimates. Because PFAS molecules are flexible and their effective
dimensions depend on conformation, hydration, and measurement method, these values should be
regarded as approximate ranges rather than exact constants. The pore-size categories are based on
IUPAC conventions and the cited literature. Note that the Dmax of PFPeA (0.96 nm) is not directly
comparable to the sub-nanopore size range (0.56–0.85 nm), as they describe different physical quan-
tities. The figure is conceptual and is intended to illustrate size-matching trends, not to provide a
quantitative prediction for a specific biochar.

3.2. Electrostatic Anchoring Function of Surface Sites

Sub-nanopores provide spatial confinement, while alkaline sites on the pore walls
serve as electrostatic anchoring sites; together, they synergistically immobilize short-chain
PFAS [27,28]. Surface functional groups such as –OH and phenolic hydroxyl groups
on biochar can provide interaction sites for PFAS, and hydroxyl groups can also form
hydrogen bonds with the polar head groups of short-chain PFAS, with the hydrogen-
bonding contribution being significantly higher for short-chain PFAS than for long-chain
congeners [27,28,47,48]. However, not all oxygen-containing functional groups are bene-
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ficial; surface alkaline sites (which raise the pHpzc) are the key [27,28,47]. Conventional
biochars generally have low pHpzc values, and under soil and water pH conditions, their
functional groups deprotonate, rendering the surface negatively charged and repelling
anionic PFAS molecules [22,23,34,35]. Increasing the overall surface basicity of biochar and
raising its point of zero charge can weaken electrostatic repulsion, while alkaline sites on the
walls of sub-nanopores can electrostatically anchor the negatively charged sulfonate and
carboxylate head groups of short-chain PFAS, compensating for their insufficient hydropho-
bic driving force [27,28,47,48]. It is important to distinguish between the overall pHpzc of
the bulk biochar and the local basicity of pore-wall sites. Even when the bulk pHpzc remains
low, locally alkaline mineral or oxygen-containing sites within sub-nanopores can create
positively charged microenvironments that anchor anionic short-chain PFAS [27,28,47].

Native mineral phases (iron and aluminum oxides) within biochar provide positively
charged sites, allowing negatively charged PFAS head groups to bind via ionic interactions
to the positively charged mineral surfaces of iron oxides [47,48]. However, traditional
studies have primarily focused on this phenomenon with long-chain PFAS [38,39,47]. For
short-chain PFAS, alkaline mineral sites are not merely external adsorption sites [27,28,47].
When these sites are distributed along the inner walls of sub-nanopores, spatial confine-
ment combined with localized electrostatic attraction creates strong adsorption potential
wells, significantly enhancing retention capacity for short-chain PFAS [27,28,47,48]. It is
essential to distinguish between the overall pHpzc of the material and the local charge state
of pore wall sites [27,28,47]. Even if the macroscopic zeta potential of biochar indicates
negative charge, locally alkaline mineral sites within sub-nanopores can still generate mi-
croenvironments with positive charges, enabling anchoring of short-chain PFAS [27,28,47].
This explains why some macroscopically negatively charged biochars can still adsorb a
measurable amount of short-chain PFAS [18,19,27]. The distinction between the overall
pHpzc of the material and the local charge state of pore-wall sites is important. Even
when the macroscopic zeta potential of biochar is negative, locally alkaline mineral sites
within sub-nanopores may generate a microenvironment with positive charges, potentially
enabling anchoring of short-chain PFAS. However, direct evidence for such local charge
effects remains limited and should be further examined.

3.3. Design Principles for Synergistic Pore Surface Materials

Based on the synergistic mechanism of sub-nanopore surface alkalinity, modification
for short-chain PFAS should not aim solely at maximizing any single parameter but requires
a careful balance between preserving sub-nanopore structure and introducing positively
charged alkaline sites [19,27,28,49,50]. Metal-based modification is currently the most
popular approach [36–39,51]. For example, FeCl3-activated cow dung biochar (Fe@MBC)
increased PFOA adsorption capacity, attributed to multiple effects including inner-sphere
complexation, hydrophobic interactions, and chemical bonding [48,51]. However, processes
such as metal salt impregnation and high-temperature loading often lead to metal oxide
crystallites blocking sub-nanopores (Figure 3) [19,36,38,39]. While long-chain PFAS mainly
rely on mesopores and outer surface sites, making sub-pore loss less critical, short-chain
PFAS depend heavily on sub-nanopore confinement [27,28,42,43]. Once sub-nanopores
are blocked by metal particles, even an increase in surface positive charge sites may result
in reduced overall adsorption performance for short-chain PFAS [19,36,37]. Most current
modification studies report only performance against long-chain PFAS, lacking comparative
data on short-chain PFAS [19,36,37,49].

Finely grinding biochar particles does not improve, or may even reduce, short-chain
PFAS adsorption [45,46]. Modified biochars with high pHpzc but poor sub-nanopore
development still exhibit low adsorption capacity toward short-chain PFAS [19,27,52,53].
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These observations suggest that isolated optimization of surface charge or porosity may not
be sufficient for short-chain PFAS removal [19,27,28]. Future material evaluation systems
could establish a three-dimensional correlation among pore structure, surface chemistry,
and PFAS chain-length selectivity, rather than simply reporting a single adsorption capacity
value [49,50].

Figure 3. Trade-off between metal loading-induced disruption of sub-nanometer pores in biochar and
short-chain PFAS adsorption. (a) Schematic comparison of pristine biochar (left) and metal-loaded
biochar (right). Pristine biochar retains intact sub-nanometer pores (0.56–0.85 nm) that allow short-
chain PFAS to enter and be captured. Metal modification deposits metal oxide nanoparticles that
partially block these pores; despite increased surface positive charges, short-chain PFAS cannot access
the blocked pores [19,27,28]. (b) Adsorption capacities of pristine and metal-modified biochar for
long-chain PFOA and short-chain PFBA. The values are conceptually reconstructed from published
studies and are intended to illustrate the general trend rather than to represent a single experimental
dataset. The original studies used different biochar feedstocks, pyrolysis temperatures, metal loadings
(e.g., Fe3O4 or FeCl3), adsorbent doses, initial PFAS concentrations, solution pH, and contact times.
Because these experimental conditions were not identical, the comparison should be regarded as
semi-quantitative [26–28,36].

4. Integrated Adsorption-Degradation Regeneration
4.1. Competitive Displacement in Coexisting Matrices

In mixed PFAS systems, long-chain PFAS generally exhibit stronger hydrophobic-
ity and higher affinity for biochar surfaces, and may therefore occupy adsorption sites
preferentially, displacing previously adsorbed short-chain PFAS back into the aqueous
phase [31,54]. However, the magnitude of competitive displacement is highly dependent
on matrix conditions. Reported decreases in total PFAS removal efficiency in mixed sys-
tems range from 32% to 58%, but these values were obtained under different experimental
conditions, including variations in PFAS composition (e.g., PFBA, PFBS, PFHxA, PFHxS,
PFOA, and PFOS), initial concentration ratios (often from 1:1 to 1:10 for short-chain:long-
chain PFAS), adsorbent type and dose (e.g., pristine biochar, activated carbon, or modified
biochar at 0.1–1.0 g/L), solution pH (typically 6–8), ionic strength, and the presence of
dissolved organic matter (DOM) and inorganic anions [31,54]. Because competitive effects
are strongly matrix-dependent, the reported 32–58% reduction should be interpreted as a
general range rather than a universal value. In particular, DOM can block pore entrances
and compete for hydrophobic sites, while divalent cations may bridge anionic PFAS and
negatively charged biochar surfaces, partially offsetting electrostatic repulsion. There-
fore, future studies should report the full matrix composition, concentration ratios, and
adsorbent characteristics when quantifying competitive displacement.
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Traditional chemical regeneration methods use organic solvents or alkaline solutions
to desorb adsorbed contaminants [55,56]. A study conducted regeneration experiments on
Fe@MBC using a 0.1% NH4OH methanol system, which maintained nearly unchanged
adsorption capacity after four cycles [55]. In contrast, regeneration with 0.1 M NaOH
aqueous solution showed an initial efficiency of 83% but dropped sharply to 55% by
the fourth cycle [55]. However, this regeneration system was specifically developed for
long-chain PFAS such as PFOA [55,56]. Short-chain PFAS due to their weaker binding
affinity, are more easily desorbed under organic solvent conditions [18,55]. Yet, desorption
merely results in phase transfer of the pollutants without destruction, generating high-
concentration PFAS wastewater and creating secondary disposal challenges [55–57]. The
passive adsorption model of simple adsorption, desorption, and reuse is therefore poorly
suited for engineering applications involving short-chain PFAS [55–57].

4.2. Thermal Regeneration

Thermal regeneration is a well-established pathway for regenerating carbon-based
adsorbents, and it continues to offer new possibilities for PFAS treatment. It is no longer
viewed only as a process for desorbing pollutants and restoring pore structures; it may
also contribute to the thermal degradation of captured PFAS. Under a nitrogen atmosphere
at around 900 ◦C, parent PFAS molecules can undergo thermal decomposition [57,58].
However, the disappearance of parent PFAS should not be equated with complete mineral-
ization. Evidence for complete mineralization requires fluoride mass balance, quantification
of fluorinated gas-phase products, and confirmation that residual short-chain PFAS and
volatile organofluorine compounds (VOFs) have been adequately controlled. In addition,
after three cycles of adsorption and thermal regeneration, biochar has been reported to
show enhanced rather than diminished PFAS adsorption capacity [57,58]. This has been
attributed to the reconstruction of micropore and sub-nanopore structures and the renewal
of active adsorption sites [57,58]. Nevertheless, this approach also carries potential risks:
improper temperature control may generate VOFs and secondary short-chain PFAS byprod-
ucts, making integrated exhaust gas treatment necessary [57,58]. The thermal process may
also alter the physicochemical properties of the biochar itself [57,58].

These observations point to a possible closed-loop strategy [57,58]. In this concept,
biochar first uses sub-nanopores and basic surface sites to enrich short-chain PFAS from
aqueous environments [27,28]. After adsorption saturation, high-temperature thermal
regeneration is applied, potentially degrading the captured PFAS while simultaneously
restructuring fine pores and regenerating sub-nanopore capture sites, thereby enabling
material reuse [57,58]. Integrating thermal regeneration with thermal degradation shifts
the focus away from indefinite, stable adsorption of short-chain PFAS under ambient
conditions, and toward staged enrichment followed by centralized thermal treatment. This
may help overcome the weak binding affinity and facile displacement or desorption that
are often associated with short-chain PFAS [55,56]. At the same time, the practical feasibility
of this strategy will depend on energy consumption, reactor design, off-gas treatment, and
the long-term stability of the regenerated biochar.

4.3. Catalytic Biochar for in Situ Adsorption and Degradation Integration

Further advancement lies in endowing biochar with intrinsic catalytic activity, eliminat-
ing the need for offline thermal regeneration and enabling in situ integration of adsorption,
enrichment, and catalytic degradation at ambient temperatures [55,56]. This approach
directly mineralizes short-chain PFAS, achieving pollutant destruction rather than mere
phase transfer [56]. This concept aligns well with research directions in advanced oxida-
tion/reduction technologies using carbon-based materials [55,56]. For instance, curcumin-
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mediated synthesis of Fe3C/N-doped three-dimensional magnetic biochar enables PFAS
degradation through a pathway involving cleavage of long-chain PFAS into short-chain in-
termediates, which are then further mineralized and defluorinated, achieving a degradation
efficiency of 83% [55,56]. Coupling biochar with advanced reduction processes can simulta-
neously achieve PFAS adsorption and destructive degradation [55,56]. Nevertheless, most
current studies on biochar-based catalytic systems primarily target long-chain PFAS [52].
Short-chain PFAS exhibit greater chemical inertness and pose higher challenges for ring-
opening and defluorination [55,56]. Furthermore, introducing catalytic components such as
metals or nitrogen doping often damages sub-nanopores [19,52]. Thus, preserving the 0.56–
0.85 nm sub-nanopore capture domain while incorporating catalytic active sites remains
a critical gap in developing integrated adsorption-degradation materials for short-chain
PFAS [19,52].

Although integrated adsorption–degradation is a promising direction, its practical
feasibility must be evaluated beyond adsorption capacity alone. Key factors include: (i) re-
generation energy consumption, especially for thermal regeneration at high temperatures;
(ii) catalyst stability and deactivation during repeated adsorption–degradation cycles;
(iii) secondary emissions, such as volatile fluorinated byproducts, fluoride-containing
wastewater, or spent catalyst residues; and (iv) overall treatment cost, including material
synthesis, regeneration, catalyst replacement, and waste disposal. A fair comparison with
established technologies such as activated carbon adsorption, ion exchange, and membrane
separation should therefore include energy demand, chemical consumption, greenhouse
gas emissions, and long-term operational stability. Pilot-scale studies are needed to quantify
these parameters under realistic water matrices.

5. Future Research
For short-chain PFAS remediation using biochar, five research directions merit par-

ticular attention [18,19,27,28,50]. First, a theoretical framework for sub-nanopore capture
of short-chain PFAS should be further developed, with systematic investigation of the
possible synergistic mechanisms between pore size distribution in the 0.56–0.85 nm range
and alkaline surface chemistry on pore walls [27,28,49]. CO2 adsorption techniques can be
employed for more precise characterization of sub-nanopores [27,28]. Molecular dynamics
simulations may help reveal adsorption potential wells, molecular arrangements, and re-
tention mechanisms of short-chain PFAS within sub-nanopores [27,28]. It will be important
to differentiate the effects of sub-nanopores on short-chain versus long-chain PFAS, and
to quantify the relationship between sub-nanopore volume fraction and short-chain PFAS
adsorption capacity [27,28].

Second, the actual effectiveness of various modification strategies for short-chain
PFAS should be re-evaluated [19,36,37]. Most performance data from existing modifica-
tion studies are based on long-chain PFAS such as PFOS and PFOA, so parallel control
experiments with short-chain PFAS are needed [19,36,37]. Particular attention should be
paid to quantifying the extent to which modification techniques such as metal loading
and acid–base activation damage sub-nanoporous structures, to clarifying the trade-off
between enhanced surface charge and sub-nanopore loss, and to identifying modification
processes that can increase surface alkalinity while preserving sub-nanopores as much as
possible [19,27,28,36,37]. This approach challenges the conventional assumption that supe-
rior performance for long-chain PFAS guarantees satisfactory performance for short-chain
PFAS [19,27,28,49].

Third, integrated adsorption–degradation biochar-based functional materials should
be developed [50,52]. Biochar composites could be designed to combine strong sub-
nanopore enrichment capacity with catalytic degradation activity [50,52]. Catalytically
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active components such as Fe, Mn, and N doping may be introduced strategically while
avoiding blockage or destruction of sub-nanopores [52]. PFAS degradation pathways and
pore structure evolution during thermal regeneration should be systematically investigated,
the risk of volatile organofluorine byproducts in exhaust gases should be evaluated, and
coupling advanced oxidation or reduction processes with biochar should be explored to
achieve in situ defluorination and, where supported by evidence, mineralization of short-
chain PFAS, thereby mitigating secondary pollution risks associated with adsorption-phase
transfer [58].

Fourth, a three-dimensional evaluation framework for porous materials based on pore
structure, surface chemistry, and PFAS chain-length selectivity should be established [49,50].
Material evaluation should not rely solely on single adsorption capacity metrics [49,50]. In-
stead, it should comprehensively characterize fine pore structures, including sub-nanopores,
and surface chemical properties, while distinguishing adsorption selectivity toward long-
chain and short-chain PFAS [27,28,49,50]. Standardized testing methods should be devel-
oped to enable cross-study comparisons and to prevent misjudgments caused by using
only long-chain PFAS for material screening [19,49,50].

Fifth, field-scale validation for short-chain PFAS remediation should be advanced [17,21].
Most current research remains limited to laboratory batch and column simulation
tests [17,21]. Under real-world conditions, short-chain PFAS face interference from DOM,
competing ions, pH fluctuations, and aging effects [21,54]. Pilot-scale and field demonstra-
tion trials are needed to verify whether laboratory performance can be replicated under
actual environmental conditions, to assess engineering costs of integrated adsorption–
degradation processes, and to evaluate long-term material stability [21,54,57]. Attention
should also be paid to sub-nanopore collapse and loss of surface basic sites during biochar
aging, so that the risk of long-term decline in remediation efficiency can be assessed [21,54].

6. Conclusions
The proposed role of sub-nanopores and surface basic sites is consistent with a growing

body of evidence, but direct comparative studies on short-chain and long-chain PFAS
remain limited. Future experimental work should test, refine, or challenge this framework
under well-controlled conditions.

• Short-chain PFAS removal by biochar should be treated as an independent research
topic rather than a secondary issue of long-chain PFAS research.

• Classical mechanisms such as hydrophobic interactions, electrostatic attraction, and
conventional micropore filling cannot fully explain short-chain PFAS adsorption onto
biochar. Both specific surface area and pore size distribution are important for short-
chain PFAS adsorption, but pore size distribution may play a more decisive role in
determining accessibility and retention.

• Current evidence suggests that sub-nanopore confinement, combined with alkaline
surface sites on pore walls, may be a promising framework for short-chain PFAS
capture; however, relatively few studies have directly separated short-chain and
long-chain PFAS, and this mechanism requires further experimental validation.

• Metal-loading modification can increase surface positive charge but may simulta-
neously block or destroy sub-nanopores, leading to a trade-off that is particularly
detrimental to short-chain PFAS adsorption.

• Unilateral optimization of a single parameter, such as surface charge, specific surface
area, or hydrophobicity, is likely insufficient for efficient short-chain PFAS removal.

• Passive adsorption alone may not meet practical engineering requirements because
short-chain PFAS have weak binding energy and are susceptible to competitive dis-
placement by long-chain PFAS, DOM, and coexisting ions.
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• Future breakthroughs may depend on the precise, synergistic control of sub-nanometer
pores and surface basic sites, and on the development of integrated adsorption–
degradation closed-loop systems.

• Claims of complete destruction, mineralization, or defluorination should be supported
by fluoride mass balance and product-analysis evidence.

• Pilot-scale and field demonstration trials are urgently needed to verify laboratory
performance, evaluate engineering costs, and assess the long-term stability of biochar
materials under realistic environmental conditions.
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