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Exploring the initial bond activations of PFAS on
zero-valent iron

Glen R. Jenness, *a Elizabeth R. Zengelbc and Manoj K. Shukla*a

Ever since appearing in our society nearly 80 years ago, per- and polyfluoroalkyl substances (PFAS) have

become a staple chemical used in a variety of consumer medical products. Unfortunately, these

chemicals have been shown to be linked to a variety of health issues, including but not limited to,

cancers, low birth rates, and suppressed immune systems. New guidance from the United States

Environmental Protection Agency (USEPA) have given public water systems until 2029 to bring down the

concentrations of perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), two major

PFAS molecules, to concentrations below 4.0 parts per trillion. In order to meet these goals it is

imperative to develop chemical means of degrading PFAS molecules, which is hampered by the high

strength C–F bond found in these compounds. Heterogeneous catalysis offers an attractive route for

the degradation of these bonds, however progress along these lines have been hampered by a lack of

knowledge regarding PFAS interactions and reaction energetics on a variety of catalyst materials. In a

recent study (Jenness and Shukla, Env. Sci. Adv., 2024, 3, 383) we explored a set of 27 transition metals

in order to assess their ability to cleave the C–F bond and found iron (Fe) to be a promising candidate

as a PFAS degradation catalyst. Consequently, in this study we focus on the (110) surface of Fe and

explore how perfluorobutanoic acid (PFBA, a common PFAS molecule and stand-in for PFOA) can react

with the catalytic surface sites using density functional theory (DFT). Through the calculation of the

thermodynamics and kinetics of 10 reactions, we are able to build a simple kinetic model that

demonstrates that while Fe(110) has the ability to degrade the C–F bonds in PFBA the primary reaction

route is through the degradation of the carboxylic acid head group.

1 Introduction

Since their introduction in the 1940s,1 per- and polyfluoroalkyl
substances (PFAS) have found their way into a variety of con-
sumer and medical goods.1–4 Unfortunately, it has emerged in
recent years that PFAS molecules are an environmental health
threat.3–7 PFAS contamination can occur through soil and
groundwater sources8–17 (which is further compounded by the
presence of salt18,19 and organic matter content20,21). Exposure
through these environmental means results in PFAS accumula-
tion in food chains,22–24 oceans,25 and prenatally in humans.26

Cancers, low birth rates, and immune system issues have all
been related to PFAS exposure.27–29

In May 2025 it was announced that the United States
Environmental Protection Agency (EPA) will be keeping its

current maximum contaminant levels (MCL) for the prominent
PFAS molecules perfluorooctanoic acid (PFOA) and perfluoro-
octanesulfonic acid (PFOS).6 This enforces the 2024 MCL guidance
of 4.0 parts per trillion (ppt) for PFOA and PFOS, in addition to
giving public water systems to 2029 to implement solutions to
the PFAS problem if detected levels are above the cited MCLs.7

However remediation is hampered by their use and ubiquitous
nature in modern society, which is owed to the presence of
multiple C–F bonds. These bonds are notoriously strong, with a
bond dissociation energy of B115–127 kcal mol�1.30–34 In order
to contextualize this value, the carbon–hydrogen bond has a
dissociation energy of 90–105 kcal mol�1,31,33 the carbon–carbon
bond 85–104 kcal mol�1,31,35 and the carbon–oxygen bond
80–110 kcal mol�1.31 This is the reason PFAS molecules are
referred to as ‘‘forever chemicals’’ in our common lexicon; the
C–F bonds form a protective chemical sleeve that shields the
more fragile bonds of the molecule and gives these molecules
their unique physico-chemical properties.

There have been many reviews on the subject of PFAS
remediation,36–45 and remediation of PFAS saturated environs
falls under two broad categories: capture and degradation. For
the capture of PFAS, filtrants comprised of carbonaceous
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material46–55 and polymers56–58 are popular choices. Additional
materials and techniques, such as nanomaterials,59–62 thermal
desorption,63 stabilization and solidification (S/S),64,65 mechan-
ical manipulation,66 adsorption onto clays67–70 and fluorinated
hydrogels71,72 have been proposed. Our group in particular has
previously published in this area, with prior studies looking at
clays,69 nanomaterials,60,61 functionalized graphene,52,53 and
biomolecules.48,73

Alternatively, one can seek to destroy or chemically transform
PFAS molecules. This not only allows us to prevent the re-release
of toxic chemicals from a sorptive material,74,75 but it also allows
us to safely destroy existing stocks through their conversion to
value-added chemicals. Degradation methods have included elec-
trochemical methods,32,76–84 sonochemically,85–89 photochemical
reduction,90–92 thermal,93 oxidation via activated persulfate,89,94–96

plasma treatment,97–99 microbial degradation,100–102 chemically
assisted degradations,103–107 hydrothermal liquefaction,75 low-
temperature hydroxide-mediated decarboxylation and
defluorination,108,109 supercritical water oxidation,110,111 metal
catalysis,30,112–122 ferrihydrate,123 and treatment with zero-valent
iron.55,95,96,109,124–129

It is this last degradation route that is of interest to the
current study. Zero-valent iron (also known as Fe0 or ZVI) is an
iron-based catalyst in which non-oxidized iron donates elec-
trons to the contaminant of interest. A long standing favorite in
the remediation community, it has been a subject of numerous
studies and reviews.130–137 In a recent manuscript our group
studied a set of 27 transition metals and examined their ability
to donate electrons from the metal surface to the lowest-
unoccupied molecular orbital (LUMO) of perfluorobutanoic
acid (PFBA) through the Blyholder mechanism.112 Detailed
analysis of the electronic structure of the transition metal-
PFBA complex revealed that bcc metals (like iron) transfer
electrons more readily to the C–F bonds in PFBA than non-
bcc metals. This facilitates the weakening of these bonds (as
the LUMO has an anti-bonding character), and makes the
cleavage of C–F bonds more energetically favorable. However,
in that study we only considered the thermodynamics of the
C–F bond, and as a consequence did not explore the kinetics or
other reactions. Given the interest in utilizing iron (especially in
its zero-valent form) in PFAS remediation, it is prudent to
expand on this study by examining these factors and provide
a detailed analysis on the early reaction steps of PFBA
degradation.

This leads us to the focus of the current study. Here, we
consider the low-index (110) surface of bcc-iron and its inter-
action with PFBA. The choice of PFBA is two-fold: firstly, in our
prior work on metal surfaces we examined the molecular
orbitals and electronic structure of PFBA and its larger cousin
perfluorooctanoic acid (PFOA), and comparison of our results
indicate that general trends in reactivity for PFBA can be
transferred to PFOA. Secondly while a lot of the focus on PFAS
involves PFOA, PFBA still is a PFAS of concern (in April 2025,
the Illinois Environmental Protection Agency announced a
health advisory limit of 0.0038 mg L�1).138 Additionally as PFBA
is a four carbon chain (compared to PFOA’s 8 carbons), it

naturally lends itself to computational studies as it is large
enough to catch the salient features whilst still be computa-
tionally tractable with ab initio methods.112 In contrast to our
prior work, we consider a set of 6 primary reactions and 4
secondary reactions (including, but not limited to, C–F scission
from a- and b-carbons, decarboxylation, and deprotonation). In
addition to the thermodynamics, we also calculated kinetic
factors by consideration of the transition state energy and
construction of a microkinetic model. Ultimately we find that
while iron is capable of cleaving C–F bonds the majority of the
first steps in PFBA degradation occurs through degradation of
the head-group, which would result in oxidation of the iron
surface. This indicates that the observed C–F scission products
from experimental methods would ultimately come after and
would appear later in the degradation process. Our results are,
in part, supported by experimental results96,109,125,128,129 and
demonstrate why C–F scission products are observed the way they
are. This paper is organized as follows: we begin with a discussion
of our choice of reactions, then a discussion of our transition
states and their associated energetics, followed by a discussion of
the results of our microkinetic model and how we can relate our
results to prior experimental studies. For those interested in the
technical details a section on our computational methods is
presented at the end of this paper in order to draw the attention
more to our results rather than the techniques used.

2 Results and discussion

In the current study we consider six different elementary
reactions for PFAS on a Fe(110) surface (in addition to a
adsorption step); these reactions are shown in Table 1. R0 is
the adsorption of PFBA onto the Fe(110) surface; we use the two
lowest energy conformers of PFBA on Fe(110) that we derived in
our prior work (see Jenness and Shukla112 for details). We begin
by neglecting the presence of a solvent as our calculations will
correspond more with bulk PFAS which is known to have a low
dielectric constant due to the nonpolar nature of the fluori-
nated carbon chain (1.99–9.99) and as a consequence will have
a negligible impact on reaction energetics and trends.139 More-
over, we begin with PFBA in its neutral, protonated state as
transition metals have been shown to adsorb carboxylic acids
and alcohols in the protonated state with a subsequent depro-
tonationation step under ambient conditions (see Fig. 1).140–147

This leads us to R1, which is a deprotonation reaction. R2 and
R3 are fluorine removal reactions, either from the a- or b-
carbon (respectively). For the carbo binding mode (as shown in
Fig. 2a), we did not consider R3 as this process would occur
over a rather large distance from the Fe(110) surface, and
consequently would resemble more of a gas-phase fluorine
removal reaction. R4 is the removal of the –COOH group, whilst
R5 and R6 is its decomposition via either removal of the
carbonyl oxygen (QO) or or the hydroxyl (–OH). Gao et al.77

observed little-to-no C–C bond breaking products, which is
supported by our prior observation112 that the carbon backbone
atoms have a low Fukui index indicating a low probability of
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reactivity. Consequently we do not consider any C–C bond
breaking reactions outside of R4 and R9, which has been
observed by Gao et al.77 R7–R10 represent R2–R5 following
deprotonation of the PFBA. Even though not present in the
equations of Table 1, R7–R10 featured the presence of a surface
bound hydrogen in order to ensure charge neutrality on the
unit cell. We kept the surface bound hydrogen in the same
position that was found for the final state of R1 as we wish to

capture the effect of the reverse reaction in our kinetic model
shown below (see Section 4.2).

2.1 Primary reactions

In Table 2 we present the activation (Ea) and reaction (Erxn)
energies for the reactions in Table 1 for the binding modes in
Fig. 2. We start our discussion with R0, which is the initial
adsorbtion of PFAS onto the Fe(110) surface. Note that in

Table 1 Reactions considered in the current study

Label Reactiona Description

R0b

CF3CbF2CaF2COOHþ Feð110Þ Ð
kads

kdes
CF3CbF2CaF2COOH
� �� Binding of PFBA to the Fe(110) surface

R1
CF3CbF2CaF2COOHÐ

k1

k�1
CF3CbF2CaF2COO� þHþ

Deprotonation of PFBA

R2
CF3CbF2CaF2COOHÐ

k2

k�2
CF3CbF2CaFCOOHþ þ F�

Removal of a –F from the Ca position

R3
CF3CbF2CaF2COOHÐ

k3

k�3
CF3CbFCaF2COOHþ þ F�

Removal of a –F from the Cb position

R4c

CF3CbF2CaF2COOHÐ
k4

k�4
CF3CbF2CaF2

� þ COOH�
Removal of the –COOH group from the Ca position

R5
CF3CbF2CaF2COOHÐ

k5

k�5
CF3CbFCaF2COH2þ þO2� Removal of a oxygen from the carboxylic acid group

R6
CF3CbF2CaF2COOHÐ

k6

k�6
CF3CbF2CaF2CO

þ þOH�
Removal of a hydroxyl (OH) from the carboxylic acid group

R7d

CF3CbF2CaF2COOHÐ
k7

k�7
CF3CbF2CaFCOOþ F�

Removal of a –F from Ca following deprotonation

R8
CF3CbF2CaF2COOHÐ

k8

k�8
CF3CbFCaF2COOHþ F�

Removal of a –F from Cb following deprotonation

R9
CF3CbF2CaF2COOHÐ

k9

k�9
CF3CbFCaF2

� þ CO2

Removal of a CO2 following deprotonation

R10
CF3CbF2CaF2COOHÐ

k10

k�10
CF3CbF2CaF2CO

þ þO2� Removal of an oxygen following deprotonation

a In R1–R10 we use a notation that implies the assignment of a formal molecular charge to either the product(s) or reactant(s). We would like to
note that usage of such a notation is due to pedagogical reasons and is designed to aid the reader in thinking about how the molecular fragments
break apart. We also need to emphasis that the total charge in our calculations is zero (see Section 4.1 for the full computational details). b For R0, an
asterisk (*) denotes a surface bound species. c The ‘‘charge assignment’’ for the product species is ambiguous; however the two products would have
the opposite charge from them in order to maintain overall charge neutrality. d While we show the reactants to be a single PFBA anion as the result of
the deproationation in R1, there is a counter proton on the Fe(110) surface in order to maintain charge neutrality. See Section 4.1 for more details.

Fig. 1 Perfluorobutanoic acid (PFBA) and its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). (a) shows
the carbon labeling scheme used in the current study, where in (b) and (c) we show the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of PFBA.
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adsorption reactions the binding energy is equivalent with the
reaction energy. From Table 2, we can see that the carbo mode
has a binding energy of �1.43 eV whilst the flat binding mode
has a binding energy of �1.36 eV; a difference of 0.07 eV. In
order to ascertain how such a small difference in binding
energies can influence the initial surface concentrations, we
turn to the thermodynamic binding states model of Jenness
and co-workers.148–150 This technique modifies the Gibbs free
energy of adsorption (Gads) in the following fashion,

DGads ¼ G�adsðTÞ þ kBT ln
C

H � P�

� �
; (1)

where G�adsðTÞ is the Gibbs free energy of adsorption referenced
to atmospheric pressure, C is the concentration, H is the
Henry’s law constant of PFBA (we use the value of 1.24 Pa m3

mol�1 from Kwan151), and P1 is the reference pressure (1
atmosphere). For the concentration in eqn (1) we take it to be
equal to one-half of the solubility limit (we use the solubility
limit from Kwan151) of (3.15 mol m�3). For the temperature we
assume room temperature (25 1C).

Inclusion of the concentration term in eqn (1) shifts the
binding energy for the flat binding mode from �1.36 eV to
�1.29 eV. However for the carbo mode inclusion of the thermal
corrections plus the concentration adjustment is nearly equal
to the difference between the 0 K electronic energy of the PFBA-
Fe(110) system and its thermal correction. This results in the
terms canceling and as a result the binding energy is
unchanged from the �1.43 eV value. Thus by including thermal
and concentration corrections, the difference in the binding
energies between the two binding modes increases to 0.14 eV,
which is double of what we saw sans thermodynamics. If we
insert the Gibbs free energy of binding into a Boltzmann
distribution,

Probability ¼ e�DGads;i=kBT

Pmodes

i

e�DGads;i=kBT
� 100; (2)

we can determine the probability of which binding mode is
dominant. In doing so, we find the carbo binding mode has a
probability of being favored of 99.6%, whereas the flat binding
is only 0.4%. However we would like to emphasize that this
result is mainly to demonstrate how such a small change in the
binding energy can result in a drastic change in the concen-
tration of either binding mode, and in order to ascertain which
mode is more preferred from a thermodynamic perspective one
would need to include more binding states featuring things like
the presence of solvent (either implicit or explicit). Thus we will
treat the initial concentrations the same for both modes when
we construct our kinetic model (eqn (5)).

Moving on to the deprotonation reaction in R1, the O–H
bond length (rO–H) starts with a value of 0.98 Å and 1.03 Å for
the carbo and flat modes, respectively. In both binding modes
the +COH becomes more obtuse which results in the H atom
being oriented towards the Fe(110) surface at a bcc-hollow site.
Comparison with the gas-phase value of 0.98 Å reveals that the
flat mode has a slightly more ‘‘activated’’ O–H bond as denoted

Fig. 2 The two binding modes of PFBA on Fe(110) using the geometries from Jenness and Shukla112 optimized with the PBE functional. Solid black
vertical lines denote the periodic boundary conditions in the xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green
fluorine. In (a) the carbo binding mode is shown whilst in (b) the flat binding mode is shown.

Table 2 Reaction energetics for the binding modes of PFBA on Fe(110) as
shown in Fig. 2. Units are in electron volts (eV)

Reaction

Carbo mode Flat mode

Ea Erxn Ea Erxn

R0 �1.43 �1.36
R1 0.47 �0.85 0.07 �1.40
R2 0.90 �0.99 0.60 �1.18
R3 Not applicable 0.70 �0.88
R4 0.86 �0.42 2.80 +1.87
R5 0.86 �0.26 0.37 �0.60
R6 0.25 �1.41 1.18 �0.78
R7 0.78 �0.92 1.05 �0.44
R8 Not applicable 1.03 �0.87
R9 1.73 +0.13 2.04 +1.15
R10 0.89 �0.65 0.81 �0.31
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by its slightly increased bond length. Moving along the reaction
coordinate, we find that the rO–H at the transition state elon-
gates to 1.28 Å and 1.19 Å for the carbo and flat modes,
respectively, with the hydrogen atom coming to rest in a bcc-
hollow site in the final state (see Fig. 3). In terms of energetics,
we find that the carbo mode has a significantly weaker reaction
energy and higher activation barrier than the flat mode. While
this might seem counter-intuitive at first (recall the carbo mode
has a greater degree of contact with the head group to the
Fe(110) surface, and therefore we would expect a lower barrier
and a more exothermic reaction energy), we attribute the
difference to geometrical effects. Consideration of the reaction
pathways shown in Fig. 3 shows that as the flat mode under-
goes deprotonation the resulting –COO* head group forms a
closer assocation to the Fe(110) surface, which results in an
increased stabilization of the deprotonated PFBA. Conse-
quently it is this enhanced stability that results in a lower
activation barrier and reaction energy. In Tables S2 and S10 we
show the Bader charges152–155 for the initial, transition, and
final states of R1. For clarity, we only show the Bader charges of
the PFBA and related atoms as the opposite (but equal) charge
is distributed all throughout the Fe(110) surface. The majority
of the atomic charges are consistent across all three states, with
the exception of the acid C and the hydrogen; here we see that
the acid C accumulates a positive charge whereas the hydrogen
goes from positive to negative.

In R2 and R3 we have a C–F bond breaking at the alpha and
beta carbon positions, respectively. For R2, the fluorine is
bound to a Fe–Fe bridge on the Fe(110) surface. The Ca–F bond
in the gas-phase has a length of 1.36 Å; in the flat binding mode

this increases slightly to a bond length of 1.38 Å and for the carbo
binding mode it is relatively unchanged from the gas-phase value.
In the transition state the Ca–F bond elongates to a value of 1.88 Å
and 1.66 Å for the carbo and flat modes, respectively. The initial,
transition, and final states for both modes are shown in Fig. 4.
From Table 2 the reaction energies (Erxn) are �0.99 eV and
�1.18 eV for carbo and flat binding modes, respectively. These
values are lower in magnitude from our prior study112 of�1.64 eV
and �1.96 eV. This is due our current study using the PBE
functional as opposed to the optPBE-vdW functional of our prior
work, as discussed in Section 4.1. In terms of kinetics, the
activation barriers (Ea) are 0.90 eV and 0.60 eV for carbo and for
flat binding mode, respectively. This is a rather curious result as
the carbo mode has a Ca–F bond that is closer to the surface than
the flat mode and as a consequence, we would expect that mode to
be more energetically favored. It is plausible that the geometry of
the transition state complex for the flat mode provides a stabaliz-
ing effect, which would lower the barrier.

For R3 (see Fig. 5), we could not locate a reaction in which
only a Fb is removed for the carbo mode; in all attempts Cb–F
scission was accompanied with a simultaneous Ca–F scission
reaction. As such we only considered Cb–F scission for the flat
binding mode. Similar to the Ca–F bond, the Cb–F bond has a
length of 1.36 Å in the gas-phase. Upon adsorption to the
Fe(110) surface, this lengthens a negligible amount to 1.37 Å.
In the transition state the Cb–F bond becomes 1.49 Å, indicat-
ing an early transition state. Energetically, this reaction has a
Erxn of �0.88 eV and an Ea of 0.70 eV.

In Table S3 we report the Bader charges for R2 in the carbo
mode; here we can readily see that as the reaction proceeds the Ca

Fig. 3 Initial, transition (TS), and final states for R1 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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atom gains a negative charge (with the Fa) atom gaining a
negligible charge (DQ o 0.1). A similar trend is observed for R2
and R3 for the flat mode; from Tables S11 and S12 the Ca and Cb

atoms both aquire a negative charge indicating a donation of
electron density from the Fe(110) surface to the C–F bonds. This
supports our earlier assertion that the chemistry of PFAS degrada-
tion occurs through a Blyholder back-bonding mechanism.112

R4 is the first of three reactions that concerns the carboxylic
head group (–COOH). In this reaction, the C–C bond between
the Ca and the carbon in the acid head group undergoes
scission. In both binding modes, the CF3CF2CF2 moiety is
bound to a nearby Fe atom; however the fate of the –COOH is
different between the two modes. For the carbo mode, the
–COOH has the carbon atom bound to the surface through a
bridge site with the carbonyl oxygen laying in a bcc-hollow site
with the CQO bond being parallel to the Fe(110) surface (see
Fig. 6a). The final state for the flat mode has the oxygens

pointed towards the surface, with the carbonyl oxygen centered
above a bcc-hollow site (see Fig. 6b). Geometrically speaking,
the gas-phase Ca�COOH bond has a length of 1.57 Å; upon
adsorbtion this bond contracts slightly to 1.55 Å and 1.53 Å for
the carbo and flat modes, respectively. In the carbo binding
mode, this bond elongates to 2.01 Å in the transition state and
has an exothermic Erxn of �0.42 eV and an Ea of 0.86 eV. In
contrast the flat binding mode has a Ca�COOH bond of 2.59 Å
in the transition state and an endothermic Erxn of 1.87 eV (with
an Ea of 2.80 eV). This is a significant change from the carbo
binding mode and comparison of these values with the other
reaction energetics in Table 2 reveals that scission of the
Ca�COOH for the flat binding mode is heavily disfavored and
therefore unlikely to occur. It is plausible that the final state
reported here is due to a meta-stable local minima; therefore we
perturbed the final state geometry and reoptimize. However,
this resulted in a minor change in the reaction energy of less

Fig. 4 Initial, transition (TS), and final states for R2 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.

Fig. 5 Initial, transition (TS), and final states for R3 for the flat binding mode. Solid black vertical lines denote the periodic boundary conditions in the xy-
plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine.
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than 0.05 eV. Therefore we conclude that this reaction energy is
due to a stable final state and is physically motivated.

In Tables S4 and S13 we report the Bader charges for the
three reaction states for R4. As we break a C–Ca bond, we find
that the Fe(110) surface donates electrons to this bond result-
ing in an accumulation of electron charge on both atoms as the
reaction proceeds. For the carbo mode, we find that a small
amount of charge is added to the Ca position in the transition
state with the final state accumulating the most charge. Con-
versely, the acidic C has a negligible change in the charge
(DQ o 0.1). For the flat binding mode while the overall net
charge transfered to the Ca position is the same as we observed
in the carbo binding mode (B0.4), we find that the charge is
primarily transferred to the transition state. This is rather
curious given the anti bonding nature of the LUMO of PFBA
(see Fig. S2 from Jenness and Shukla112) as we would expect
adding electron charge would occupy this LUMO leading to a
greater anti bonding character of this bond. However, as the
degree of charge transfer between the surface and an adsorbate
is orientation dependent156,157 we conclude that the increase in
Erxn and Ea is due to a disfavorable orientation of the PFBA
LUMO in the region of the C–Ca bond and the Fe(110) surface.

In the second head group reaction we consider the scission
of the CQO bond in R5. In the gas-phase this bond has a length
of 1.20 Å which lengthens to 1.37 Å in the carbo binding mode
and 1.25 Å in the flat bonding mode. The fact that the CQO
bond is longer in the carbo mode than the flat is due to the
stronger surface interactions between the carboxylic acid head
group and the Fe(110) surface. Following dissociation the
carbonyl oxygen is found in a bcc-hollow site, as shown in

Fig. 7. As the reaction proceeds, the CQO bond length
increases to 2.00 Å for the carbo mode and 1.98 Å for the flat
binding mode. This gives us barriers of 0.86 eV and 0.37 eV,
and reaction energies of �0.26 eV and �0.60 eV for the carbo
and flat modes, respectively. From Fig. 7b we can see that as the
carbonyl oxygen is removed from the acid head group the
number of interactions between the Fe(110) surface and PFBA
increases and therefore results in a more stable complex.

Comparison of the Bader atomic charges explain this trend.
From Tables S5 and S14 we can see that the carbon atom of the
carbonyl acid group gains whilst the oxygen atom loses elec-
trons. Interestingly, it is the flat bind mode that has the largest
change in charge with the carbon atom gains B2� as much
electrons as we saw for the carbo mode. Therefore we attribute
the increased exothermicity and lower barrier of the flat mode
to the enhanced stability of this complex, which results in a
greater degree of electron charge being donated from the
surface to the PFAS.

The last reaction we considered as part of the primary
reaction series is the dehydroxylation of the carboxylic acid
group. Gas-phase PFBA has a C–OH bond length of 1.35 Å; this
bond lengthens to 1.46 Å in the carbo binding mode and
contracts slightly to 1.31 Å in the flat binding mode. At the
transition state, these bonds elongate to 1.83 Å and 1.75 Å,
respectively. In the final state the abstracted –OH species lies in
a bcc-hollow binding site. From Table 2 we can see that the
carbo binding mode has a reaction energy of �1.41 eV with a
barrier of 0.25 eV; conversely, the flat mode has a reaction
energy of �0.78 eV and a barrier of 1.18 eV. Given the oxyo-
phillic nature of iron and the s-bond nature of the C–OH bond,

Fig. 6 Initial, transition (TS), and final states for R4 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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it is unsurprising the dehydroxylation of PFBA is exothermic.
Moreover, the lower barrier and more exothermic reaction
energy for the carbo mode can be explained in terms of
geometry (see Fig. 8); as the carbo mode is closer to the surface,
it is more acceptable to be activated by the Fe(110) surface.
Consequently, the C–OH bond ends up being longer (as seen in
the B0.10 Å increase in the bond length for the adsorbed
complex) and as a result carries a significantly lower barrier and
reaction energy. Analysis of the Bader charges in Tables S5 and
S14 also gives further support for the geometric factors govern-
ing the above trend. From Table S1 we find that the charge on
the carboxylic acid carbon change from 1.6e� to 0.8e� for the
carbo binding mode, and 1.5e� for the flat binding mode. This
loss of positive charge denotes that this carbon atom gained
electron density, which according to the Blyholder process
would weaken the associated bonds (in this case the C–OH
bond). As the carbo mode has a greater degree of charge
transfer, it would be logical to associate this change in charge
with the enhanced exothermicity of this reaction. Finally we
wish to point out that in the final state of the flat mode for R6
as the hydroxyl separates from the PFBA following the transi-
tion state that the hydrogen is pulled off the –OH moiety and
onto the carbon atom of the former caboxylic acid group (see
Fig. 8b). In looking at the reaction pathway there is no barrier
associated with this process.

2.2 Secondary reactions following deprotonation

It has been known for a few decades that iron surfaces can
deprotonate alcohols and carboyxlic acids, leading to the
formation of surface bound alkoxy and carboxy species140–144

that can undergo further degradation or reaction. As disccussed

above for R1, Fe(110) can deprotonate the carboxylic acid group
of PFBA in an exothermic fashion with a very low activation
barrier (o0.5 eV). Consequently, we explored R2–R5 with a
deprotonated PFBA in order to ascertain how deprotonation
affects the degradation of PFAS. In order to maintain charge
neutrality in the following calculations, the proton is located on
the surface in a nearby bcc-hollow site.

R7 is the removal of a fluorine atom from the Ca position
and is shown in Fig. 9 for both binding modes. In the gas-phase
the Ca–F bond is 1.39 Å; upon deprotonation of the –COOH
group of PFBA this bond contracts slightly to 1.37 Å and 1.36 Å
for carbo and flat modes, respectively. In the transition state
these bond lengths lenghten to [1.71 Å] and 1.77 Å, respectively.
As disccussed earlier for R2 molecular PFBA had transition
state Ca–F bonds of 1.88 Å and 1.66 Å for carbo and flat,
respectively. Unlike what we observed for molecular PFBA, the
fluorine ends up in a bcc-hollow instead of a Fe-Fe bridge.
Energetically, deprotonation of the PFBA molecule in the carbo
binding mode leads to an Ea of 0.78 eV with an Erxn of �0.92 eV;
contrast these values with the molecular PFBA of Ea of 0.90 eV
and an Erxn of �0.99 eV. The deprotonated flat binding mode
carries an Ea of 1.05 eV (compared to 0.60 eV) and an Erxn of
�0.44 eV (compared to �1.18 eV). Comparison of Tables S3–S7
for the carbo mode shows that the Bader charges on the Ca

carbon of PFBA changes negligibly following deprotonation.
Examination of the final state Bader charges also reveals
deprotonation has a negligible effect on the thermodynamics
(which is further validated by the less than 0.1 eV change in the
Erxn between R2 and R7). In the transition state, we observe a
0.15e� charge difference between R2 and R7. A similar compar-
ison of Tables S11 and S16 for the flat mode can also be made,

Fig. 7 Initial, transition (TS), and final states for R5 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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and reveal a similar trend to the carbo mode. Thus we conclude
that the changes in the reaction energetics upon deprotonation
of PFBA cannot be explained purely in terms of a Bader charge
analysis.

Fig. 10 shows the initial, transition, and final states for R8,
which deals with the removal of a fluorine from the Cb position
of PFBA. Similar to what we observed for molecular PFBA the
Cb–F bond in the deprotonated PFBA is unchanged from its gas-

Fig. 8 Initial, transition (TS), and final states for R6 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.

Fig. 9 Initial, transition (TS), and final states for R7 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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phase value (with a bond length of 1.38 Å for the adsorbed
state, which is the same as the gas-phase value for this bond).
In the transition state this bond lengthens to 1.82 Å, which is
significantly longer than the transition state for molecular
PFBA (1.49 Å). This increased bond length at the transition
state leads to Ea changing from 0.70 eV for molecular PFBA to
1.03 eV for the deprotonated PFBA. Curiously enough however,
the reaction energy remains relatively unchanged (�0.88 eV vs.
�0.87 eV for molecular and deprotonated PFBA, respectively).
Similar to what we observed for the carbo mode of R3, we could
not locate a stable transition state for the removal of fluorine
from the Cb position. Examination of the Bader charges in
Tables S12 and S17 shows that the transition state for R8 the Cb

position accumulates more electron density than in R3, which
provides an explanation for the changes in the reaction ener-
getics discussed above.

R9 is the removal of a CO2 from deprotonated PFBA. The Ca–
COO bond is 1.61 Å in the gas-phase and upon adsorption and

deprotonation of PFBA it assumes a bond length of 1.54 Å for
both the carbo and flat modes; this is due to the similarity in
the –COO binding motiff to the Fe(110) surface for the two
modes (see Fig. 11). For the carbo mode the Ca–COO bond
becomes 1.97 Å in the transition state and has an Ea of 1.73 eV
and an Erxn of +0.13 eV. While this reaction has a C–Ca bond
that is shorter than what is observed for molecular PFBA, the
reaction energetics are far less favorable when we consider
deprotonated PFBA (recall molecular PFBA had an Ea of 0.86 eV
and an Erxn of �0.41, see Table 2). Examination of the flat mode
shows a very similar result as molecular PFBA in the same
binding mode; the transition state is 2.60 Å for deprotonated
PFBA, with an Ea of 2.04 eV and an Erxn of +1.87 eV. These
results indicate that deprotonation of PFBA would result in a
decrease of CO2 formation. From Tables S4 and S8 for the carbo
mode we can see that while the Bader charges for the Ca

position are relatively unchanged for the final state, in the
transition state R9 results in a greater accumulation of electron

Fig. 10 Initial, transition (TS), and final states for R8 for the flat binding mode. Solid black vertical lines denote the periodic boundary conditions in the xy-
plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine.

Fig. 11 Initial, transition (TS), and final states for R9 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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density than what we observed in R4. In addition, the acid
carbon also accumulates more negative charge than what we
saw in R4. For the flat mode, the Bader charges in Tables S13
and S18 show a similar trend for the Ca position as we observed
for the carbo binding mode; however when we examine the
charges for the acid carbon we find that deprotonation leads to
a greater accumulation of electron charge in both the transition
and final state.

Our final reaction considered is R10 in which an oxygen
atom is removed from the –COO head group (Fig. 12). In the
gas-phase, the –COO group has a C–O bond length of
1.25 (which is slightly longer than the carbonyl bond length
of 1.20 Å for molecular PFBA). In the gas-phase we expect the
two C–O bonds to be equivalent; however on the surface one
C–O bond lengthens to 1.37 Å and the second C–O bond
lengthens to 1.31 Å upon adsorbtion for the carbo binding
mode. The Bader charges in Table S9 show that in the initial
state both oxygens have a similar charge, indicating that both
oxygens are approximately equivalent. In choosing which C–O
bond to break for this reaction, we opted for the one that was
longer (i.e., the C–O bond furthest from the surface hydrogen).
At the transition state the C–O bond becomes 1.72 Å and has an
Ea of 0.98 eV with an Erxn of �0.65 eV; this is certainly more
kinetically favorable than the CQO scission in R5, but is not as
energetically favorable as the C–OH scission of R6. Turning
back to Table S9 we can see that the Bader charges for the acid
carbon gain a slight electron charge at the transition state with
the final state accumulating the majority. Similar to R5 (see
Table S5) the oxygen atom being moved gains a slight positive
charge, indicating a loss of electron density.

In contrast the flat binding mode as an adsorbed C–O bond
length of 1.27 Å for both, which is not appreciably different
from the gas-phase value. As both bonds are equivalent, we
chose to split the C–O bond that is furtherest from the surface
hydrogen in order to remain consistent with the carbo mode.
Similar to the carbo binding mode the C–O transtion state bond
length is 1.75 Å with an Ea of 0.81 eV and an Erxn of �0.31 eV.
While R5 is more energetically favored, R10 for the flat mode is
more kinetically favored than R6 (albeit it is not as thermo-
dynamically favored). Regardless, both binding modes have a
similar final state wherein the oxygen is located at a bcc-hollow
and the CF3CF2CF2CO fragment is bound to an iron top site.
From Table S19 we can see that the amount of electron density
transfered to the PFBA in the flat mode is greater than what we
observed for the carbo mode (Table S9). This provides a partial
explanation as to why there is a decrease in the Ea for the
two modes.

2.3 Kinetic model

Using the activation barriers and energies in Table 2 we ran the
kinetic model discussed in Section 4.2 at temperatures of 25 1C
and 100 1C with run times of a nanosecond (ns), a microsecond
(ms) and a full second (s). We set the molecular concentration of
PFBA to be equal to unity in order to better determine relative
concentrations and percentages and the results are shown in
Tables 3 and 4.

Starting with a temperature of 25 1C and the carbo binding
mode the PFBA concentration decreases to 93.70% after 1 ns of
runtime (see Table 3); the major products observed are
CF3CF2CF2CO/OH with a trace of CF3CF2CF2COO/H. This

Fig. 12 Initial, transition (TS), and final states for R10 for the two binding modes. Solid black vertical lines denote the periodic boundary conditions in the
xy-plane. Orange spheres are iron, grey carbon, red oxygen, white hydrogen, and green fluorine. In (a) the initial, transition (TS), and final state for the
carbo mode is shown, whilst in (b) the same for the flat mode is shown.
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indicates that the reaction starts with either deprotonation or
dehydroxylation reaction. At 1 ms we find the PFBA has been
completely converted to CF3CF2CF2CO with no appreciable
change in concentrations occurring between 1 ms and 1 s. While
[CF3CF2CF2CO] is 100%, we note that the concentration of
surface bound OH is only 99.49% with the missing 0.51%
being due to the formation of surface bound oxygen and
hydrogen. These results indicate that while the dominate initial
reaction of PFBA in the carbo binding mode is R6, we do
observe R1 and R10 also occur (albeit as a minor side reaction)

and that further degradation of PFBA would occur through a
CF3CF2CF2CO surface species. At T = 1001 the distribution of
products changes; however the overall reaction pathway
remains the same. Essentially we see more conversion of PFBA
to CF3CF2CF2CO through R6, with some (B1.3%) of it coming
from deprotonation in R1 followed by the deoyxgenation R10.

If we go through the flat binding mode PFBA (see Table 4) is
fully consumed at 1 ns at T = 251; the majority of the reaction
starts with deprotonation (R1). However, this only accounts for
99.47% of the initial PFBA concentration. We find that by 1 ns
PFBA has been partially converted into CF3CFCF2COOH as the
Cb–F scission of R3 occurs. Between 1 ms and 1 s we also
observed a decreased concentration of CF3CF2CF2COO as the
deprotonated PFBA product is converted into CF3CF2CF2CO,
CF3CFCF2COO, and CF3CF2CFCOO (it should be noted however
the majority of the conversion results in the formation of
CF3CF2CF2CO). Increasing the temperature to 1001 results in
B4� increase in [CF3CFCF2OOH]; moreover, we also observe a
greater concentration of the CF3CFCF2COO and CF3CF2CFCOO
species from R7 and R8. Curiously, at 1001 we also start to
observe small formations of CF3CF2CF2COH that result from
the decarbonylation reaction in R5.

In summary the simplified kinetic model of eqn (5) shows us
that while the carbo binding mode is more favored, PFBA is
most likely to undergo dehydroxylation followed by decarbony-
lation (i.e., R6 - R10). It should also be mentioned that small
amounts of products from deprotonation with a subequent
decarbonylation was also detected; however the precent
concentration was nearly half a percent. The flat binding mode
changes this pattern; whereas no surface bound fluorine was
predicted with the carbo binding mode, nearly 3% of PFBA was
able to be converted to a defluorinated product. Overall our
results indicate that a Fe(110) surface is capable of directly
cleaving a C–F bond in PFBA as an initial reaction step.

2.4 Connection with prior experiments

While a direct comparison between the results presented above
and those reported in the experimental literature is not possi-
ble owing to the complexity of the experimental systems used,
we can summarize some key conclusions from the literature
and from there extrapolate how our results can provide insights
into these studies. We first consider the formation of F� (or in
our case, the formation of surface bound fluorine).

Liu et al.125 reported using a combination of ZVI and biochar
the presence of F� with their analysis showing for PFOA B10%
undergoes defluorination. Yan et al.109 reported that ZVI under
acidic conditions (pH = 3) B1.5% of PFOA was defluorinated.
Addition of layered double hydroxide materials and persulfate
increased the defluorination process by B0.5%. de Souza96 also
reported relatively low formation of defluorination products
(0.1–2%) starting from PFOA. de Souza et al.96 also reported the
presence of short-chain PFAS molecules formed from the
cleavage of the C–C bonds in PFOA; they hypothesize that the
reaction proceeds through decarboyxlation, –CF2– removal,
then re-addition of the carboxyl group. Yang et al.129 also
reported defluorination; however in their study they also

Table 3 Percent concentrations of the species in Table 5 resulting from
the kinetic model in eqn (5) as a function of time scale for the carbo
binding mode

Speciesa

Time scale

1 ns 1 ms 1 s

T = 25 1C
PFBA 93.70 0.00 0.00
CF3CF2CF2CO 6.27 100.00 100.00
CF3CF2CF2COO 0.03 0.00 0.00
OH 6.27 99.49 99.49
O 0.00 0.51 0.51
H 0.03 0.51 0.51

T = 100 1C
PFBA 57.64 0.00 0.00
CF3CF2CF2CO 42.00 100.00 100.00
CF3CF2CF2COO 0.36 0.00 0.00
OH 41.81 98.71 98.71
O 0.19 1.29 1.29
H 0.55 1.29 1.29

a Only species with a precent concentration greater than 1 � 10�2% are
shown.

Table 4 Percent concentrations of the species in Table 5 resulting from
the kinetic model in eqn (5) as a function of time scale for the flat binding
mode

Speciesa

Time scale

1 ns 1 ms 1 s

T = 25 1C
CF3CFCF2COOH 0.52 0.52 0.52
CF3CF2CF2CO 0.00 0.00 68.31
CF3CF2CF2COO 99.47 99.47 31.31
CF3CF2CFCOO 0.00 0.00 0.09
CF3CFCF2COO 0.00 0.00 0.06
F 0.52 0.52 0.67
O 0.00 0.01 68.31
H 99.47 99.47 99.47

T = 100 1C
CF3CFCF2COOH 1.90 1.90 1.90
CF3CF2CF2COH 0.04 0.04 0.03
CF3CF2CF2CO 0.00 0.05 99.42
CF3CF2CF2COO 98.06 98.01 0.00
CF3CF2CFCOO 0.00 0.00 0.81
CF3CFCF2COO 0.00 0.00 0.54
F 1.90 1.90 3.25
O 0.04 0.09 99.45
H 98.06 98.06 98.07

a Only species with a precent concentration greater than 1 � 10�2% are
shown.
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treated the reaction slurry with a high concentration of NaOH.
Variation of the NaOH concentration did result in lower
defluorination products, indicating that the complete defluor-
ination of PFOA reported in their paper is largely due to the
presence of NaOH rather than ZVI. These experiments are
(mostly) in agreement with ours: while Fe(110) can degrade
the C–F bond, it does so slowly and with a low percentage of the
overall PFAS. Moreover, Yan et al.,109 de Souza et al.,96 and
Baldwin128 all conclude that F� removal is not the first step in
the reaction pathway, in agreement with our observations. In
contrast, Liu et al.125 hypothesizes that ZVI can directly cleave
the C–F bond, which contradicts our results as well as those
discussed above.

While not featuring an iron surface, we wish to draw the
attention of the reader to studies by Yuan et al.158 and Wong
and coworkers159,160 due to the similarity in with our results.
Yuan et al.158 is a combined experimental/computational paper
regarding PFOA degradation on In2O3 in the presence of a
reducing agent. They demonstrate that PFOA binds to the In2O3

surface in a similar fashion to one we report here, i.e. through
the carboxylic acid group. They also note that PFOA undergoes
deprotonation followed by CO2 removal arising from C–Ca

cleavage. While we found this reaction to be unfavorable on
the Fe(110) surface (see R9 in Table 2), it is interesting that both
our study and theirs demonstrate that C–F cleavage is not the
first reaction step. In Biswas and Wong159 used ab initio
molecular dynamics with DFT to look at PFOA on g-Al2O3

surfaces and observed that for g-Al2O3(110) that the dominant
pathway was through a Ca–C cleavage. In Sharkas and Wong160

the Cu(111) surface in conjunction with a constant-electrode
potential was used to break the C–F bonds in PFOA. With a
potential of �3 V they show that Ca position gains a more
negative charge, which in turn facilitates the removal of F from
the carbon backbone with no degradation of the head-group.

Next, we wish to address the results of Yang et al.,129 Yan
et al.,109 de Souza et al.,96 and Baldwin,128 who all reported the
formation of iron oxides (e.g. magnetite, hematite, FeOOH) on
the surface of the ZVI catalyst. These studies suggested that
oxide formation is a byproduct of the reaction conditions;
however, we would like to posit that it is possible that the iron
oxides result from degradation of the –COOH head-group on
the iron surface. In Tables 3 and 4 our kinetic model demon-
strates that PFBA can undergo C–O scission. For the carbo
binding mode this was achieved through the cleavage of the C–
OH bond; for the flat binding mode it was through a C–O bond
following deprotonation. We conjecture that it is the resulting
surface bond oxygen species that contribute to the formation of
iron oxides coupled with iron reacting with aqueous phase
species. It should be noted that while the experiments cited
here do not report the formation of a deoxygenated product,
neither do they provide a full analysis of the decomposition
products outside of whether or not it is a PFAS or a F�.

During the review process of the current manuscript, it was
brought to our attention that X-ray adsorption spectra (XAS)
could be used as an analytical device for PFAS (see the work of
Vo et al.161 and Roesch et al.162). As this is an emerging area of

research for PFAS, we utilized the GPAW implementation of
Nilsson and Pettersson XAS simulation method.163 Using a DKS
approach we determined the core excitation of PFAS along the
fluorine K-edge to be 687.50 eV, in agreement with the results
from the literature.161,162 The resulting XAS spectra for our
reactions (including the initial, transition, and final states) can
be found in Fig. S17—S34, in addition the vibrational density-
of-states used in our thermochemical calculations are also
included (see Fig. S1—S16). While a full analysis of this data
is beyond the scope of the current work, it is our hope that this
computational data can be used in future studies.

3 Conclusions

PFBA is a particularly harmful chemical belonging to the PFAS
family of fluorocarbons. Its presence has been linked to a variety
of adverse health conditions, including but not limited to, cancer
and birth defects. There is a clear and present need for the
design of catalytic systems that can safely and efficiently degrade
PFBA and other PFAS molecules. Based on an earlier study from
our group, we have identified iron as an ideal candidate for
further study (and in fact, there have been several experimental
papers demonstrating irons efficacy). In the current study, we
expanded on our prior work by considering not only the reaction
kinetics (whereas prior we were only concerned with the thermo-
dynamics) but also included in our study several reactions
besides C–F scission. In addition to the adsorption of PFBA on
the Fe(110) surface, we considered a set of 10 reactions that
would be primary reactions for both molecular PFBA and a its
deprotonated variant. These reactions include fluorine abstrac-
tion from both the a- and b-carbon positions, as well as degrada-
tion and scission of the carboxylic acid head group.

Calculation of the requisite activation barriers and energies
were then used to build a preliminary kinetic model whose
primary purpose is to determine which reaction would be
dominant in the initial steps of PFBA degradation on a Fe(110)
surface. Our starting structures were the two binding modes
(carbo and flat) that we had located in a prior study.112 While the
binding energies for both modes were within 0.1 eV of each
other, the thermodynamic binding site model148–150 shows that
the carbo mode is preferred 99.6% over the flat mode. In running
the kinetic model we observed that the carbo mode had no C–F
scission occurring as the first step; rather the reaction would
proceed through dehydroxylation/decarbonylation reactions.
These reactions were also observed to be the dominant reactions
for the flat mode; however we predict that 3% of the products
would come from a defluorinated intermediate.

The presence of F� in reaction media in the presence of ZVI
has been reported previously. In line with our results PFAS
undergoes C–F scission not as a primary reaction, but rather as
a secondary reaction with a low concentration. Moreover
experimental studies also indicate the presence of iron oxides;
while attributed to the presence of reactive species in the
reaction media, we hypothesize that iron oxide formation can
occur as a result of dehydroxylation/deoxygenation of PFAS as well.
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4 Computational methods
4.1 Density functional theory

The computational setup in the current study is similar to that
used previously by Jenness and Shukla,112 with a small mod-
ification. In short, GPAW164 and the atomic simulation environ-
ment (ASE)165 were used to performed periodic density
functional theory (DFT) calculations. A three step optimization
procedure with different basis sets was adopted:

1. Initial optimization performed with a linear-combination
of atomic orbital (LCAO) double-z basis set166

2. Intermediate optimization with a finite-difference basis
set167,168 (grid spacing of 0.2 Å, corresponding to a kinetic
energy cutoff of B900 eV167) at the G-point

3. Final optimization with finite-difference and a (3 � 3 � 1)
Monkhorst–Pack k-point mesh.169

All optimization steps were performed until the atomic forces
were converged to 0.05 eV Å�1. Periodicity was enforced in the x-
and y-directions, with nonperiodicity in the z. The limited-
memory Broyden–Fletcher–Goldfarb–Shanno (LBFGS)170 and
fast inertial relaxation engine (FIRE)171 optimization methods
were used as implemented in ASE. The core electrons were
treated with the projector augmented wavefunction (PAW)
method.168,172,173 In all calculations, the Perdew–Burke–Ernzer-
hof (PBE) exchange–correlation functional174 was utilized. The
SCF procedure was converged to an energy tolerance of 1 � 10�6

eV. This is in contrast with our earlier study where we used the
optPBE-vdW functional;175,176 the reason for the switch is that we
found PBE to represent the lattice parameters of iron better than
the optPBE-vdW whereas in our prior study we found optPBE-
vdW represented the lattice parameters of a large swath of metals
better.112 However as we are only looking at the one type of metal
in this study we opted for PBE. The Fe(110) surface considered
here is shown in Fig. 13 with the bcc-hollow site defined. For
further details on the binding of PFBA to the Fe(110) surface we
refer the reader to our previous paper,112 and for further details
on the Fe(110) surface we refer the reader to the excellent study
of Błońksi et al.177

Transition states were calculated using a double-constrained
minimization procedure.107 In the first step we select our
reaction coordinate, typically a bond that is being broken.
Initial and final states are constructed in the typical fashion.

Once these two states are found, a linear interpolation between
the initial and final state is done with the reaction coordinate
treated as a fixed bond constraint. Each image is then minimized
using the methodology laid out in the previous paragraph. When
all 8 images have been minimized to a force convergence thresh-
old of 0.05 eV Å�1, the highest point is located and images on
either side of it are then used as a new initial and final state.
Another constrained minimization occurs and the highest
energy image was selected to be the transition state. This method
allows us to calculate the activation barriers efficiently and takes
advantage of high-throughput computing systems. Using Hess’
Law we can write the reaction energies (DErxn) as

DErxn = EDFT
final state � EDFT

initial state, (3)

where EDFT denotes the electronic energy from our DFT calcula-
tions. With this sign convention, an exothermic reaction is one
with a negative DErxn. The activation energy is defined as

Ea = EDFT
transition state � EDFT

initial state. (4)

4.2 Reaction modeling

In Table 1 we list a set of ten reactions that our model is based
on. Based on this set of reactions a total of fifteen intermediates
can be identified (as shown in Table 5). This gives rise to the
following set of coupled differential equations to be solved for,

5
d CF3CF2CF2COOH½ �

dt
¼ k�1 CF3CF2CF2COO½ �½H�

� k1½CF3CF2CF2COOH�

þ k�2 CF3CF2CFCOOH½ �½F�

� k2 CF3CF2CF2COOH½ �

þ k�3 CF3CFCF2COOH½ �½F�

� k3 CF3CF2CF2COOH½ �

þ k�4 CF3CF2CF2½ �½COOH�

� k4 CF3CF2CF2COOH½ �

þ k�5 CF3CF2CF2COH½ �½O�

� k5 CF3CF2CF2COOH½ �

þ k�6 CF3CF2CF2OH½ �½O�

� k6 CF3CF2CF2COOH½ �
(5a)

Fig. 13 Pictorial representation of the Fe(110) surface. A bcc-hollow site is
defined by the blue diamond wherein the vertices are four Fe atoms.

Table 5 Reactive species from the reactions in Table 1 used in the
creation of the kinetic model shown in eqn (5). All species are assumed
to be surface bound

CF3CF2CF2COOH CF3CF2CF2COO OH
CF3CF2CFCOOH CF3CF2CFCOO F
CF3CFCF2COOH CF3CFCF2COO O
CF3CF2CF2 CF3CF2CF2CO CO2

CF3CF2CF2COH H COOH
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d CF3CF2CFCOOH½ �
dt

¼ k2 CF3CF2CF2COOH½ �

� k�2 CF3CF2CFCOOH½ �½F�
(5b)

d CF3CFCF2COOH½ �
dt

¼ k3 CF3CF2CF2COOH½ �

� k�3 CF3CFCF2COOH½ �½F�
(5c)

d CF3CF2CF2½ �
dt

¼ k4 CF3CF2CF2COOH½ �

� k�4 CF3CF2CF2½ �½COOH�

þ k9 CF3CF2CF2COO½ �

� k�9 CF3CF2CF2½ �½COO�

(5d)

d CF3CF2CF2COH½ �
dt

¼ k5 CF3CF2CF2COOH½ �

� k�5 CF3CF2CF2COH½ �½O�
(5e)

d CF3CF2CF2CO½ �
dt

¼ k6 CF3CF2CF2COOH½ �

� k�6 CF3CF2CF2CO½ �½OH�

þ k10 CF3CF2CF2COO½ �

� k�10 CF3CF2CF2CO½ �½O�

(5f)

d CF3CF2CF2COO½ �
dt

¼ k1 CF3CF2CF2COOH½ �

� k�1 CF3CF2CF2COO½ �½H�

þ k7 CF3CF2CFCOO½ �½F�

� k�7 CF3CF2CF2COO½ �

þ k8 CF3CFCF2COO½ �½F�

� k�8 CF3CF2CF2COO½ �

þ k�9 CF3CF2CF2½ � CO2½ �

� k9 CF3CF2CF2COO½ �

þ k�10 CF3CF2CF2CO½ �½O�

� k10 CF3CF2CF2COO½ �

(5g)

d CF3CF2CFCOO½ �
dt

¼ k7 CF3CF2CF2COO½ �

� k�7 CF3CF2CFCOO½ �½F�
(5h)

d CF3CFCF2COO½ �
dt

¼ k8 CF3CF2CF2COO½ �

� k�8 CF3CFCF2COO½ �½F�
(5i)

d½COOH�
dt

¼ k4 CF3CF2CF2COOH½ �

� k�4 CF3CF2CF2½ �½COOH�
(5j)

d CO2½ �
dt

¼ k9 CF3CF2CF2COO½ �

� k�9 CF3CF2CF2½ � CO2½ �
(5k)

d½OH�
dt

¼ k6 CF3CF2CF2COOH½ �

� k�6 CF3CF2CF2CO½ �½OH�
(5l)

d½F�
dt
¼ k2 CF3CF2CF2COOH½ �

� k�2 CF3CF2CFCOOH½ �½F�

þ k3 CF3CF2CF2COOH½ �

� k�3 CF3CFCF2COOH½ �½F�

þ k7 CF3CF2CF2COO½ �

� k�7 CF3CF2CFCOO½ �½F�

þ k8 CF3CF2CF2COO½ �

� k�8 CF3CFCF2COO½ �½F�

(5m)

d½O�
dt
¼ k5 CF3CF2CF2COOH½ �

� k�5 CF3CF2CF2COH½ �½O�

þ k10 CF3CF2CF2COO½ �

� k�10 CF3CF2CF2CO½ �½O�

(5n)

d½H�
dt

¼ k1 CF3CF2CF2COOH½ �

� k�1 CF3CF2CF2COO½ �½H�:
(5o)

where kx denotes a forward rate constant and k�x denotes a
reverse rate constant. Solving for the concentrations of the
intermediates in Table 5 was done using the odeint module
found in scipy.integrate module of the SciPy python library.178

In eqn (5) we make two key approximations: in the first, we
assume there is no desorption events. This is done so as to
simplify and bring a greater degree of numerical stability to the
model. In our second approximation, we assume that reactive
iron sites are in excess and as a consequence we do not
consider the availability of iron sites in the model. We made
this approximation as PFBA has a low solubility of 304 � 69 g
L�1 (ref. 151) and given that experiments involving Fe0 typically
involve iron concentrations in excess of those found for PFAS
molecules.125 For the calculation of the rate constants k we
employed the Eyring–Evans–Polanyi equation,179,180

k ¼ kkBT
h

e
�DG

z
kBT ; (6)
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where k is a transmission coefficient (taken here to be unity)
and DG‡ is the Gibbs free energy of activation. All other
variables in eqn (6) have their usual thermodynamic and
quantum meanings. We define DG‡ as

DG‡ = GTS � GIS, (7)

where G denotes the Gibbs free energy calculated in the
harmonic approximation of either the transition state (TS) or
initial state (IS). For the calculation of the reverse rate constant,
we replace the initial state Gibbs energy with the final state
Gibbs energy in eqn (7). Calculation of the vibrational frequen-
cies required to calculate the Gibbs energy terms in eqn (7) (in
addition to eqn (1)) was done through numerical differentiation
of the atomic forces through the Infrared class in ASE; these
frequencies where then used in the HarmonicThermo class in
ASE to calculate the Gibbs free energy. In order to ensure
accurate forces for the construction of the numerical Hessian,
we converged the energy in the SCF procedure to 1 � 10�8 eV
instead of 1 � 10�6 eV as described in Section 4.1.
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13 A. Möller, L. Ahrens, R. Surm, J. Westerveld, F. V. D.
Wielen, R. Ebinghaus and P. D. Voogt, Distribution and
Sources of Poly-Fluoroalkyl Substances (PFAS) in the River
Rhine Watershed, Environ. Pollut., 2010, 158, 3243–3250.

Paper PCCP

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 5

:1
5:

39
 P

M
. 

View Article Online

https://doi.org/10.1039/d5cp02901e
https://www.epa.gov/newsreleases/epa-announces-it-will-keep-maximum-contaminant-levels-pfoa-pfos
https://www.epa.gov/newsreleases/epa-announces-it-will-keep-maximum-contaminant-levels-pfoa-pfos
https://www.epa.gov/newsreleases/epa-announces-it-will-keep-maximum-contaminant-levels-pfoa-pfos
https://www.epa.gov/sdwa/and-polyfluoroalkyl-substances-pfas
https://doi.org/10.1039/d5cp02901e


136 |  Phys. Chem. Chem. Phys., 2026, 28, 120–142 This journal is © the Owner Societies 2026

14 F. Li, C. Zhang, Y. Qu, J. Chen, L. Chen, Y. Liu and Q. Zhou,
Quantitative Characterization of Short-and Long-Chain
Perfluorinated Acids in Solid Matrices in Shanghai, China,
Sci. Total Environ., 2010, 408, 617–623.

15 K. Y. Kwok, E. Yamazaki, N. Yamashita, S. Taniyasu,
M. B. Murphy, Y. Horii, G. Petrick, R. Kallerborn,
K. Kannan, K. Murano and P. K. S. Lam, Transport of
Perfluoroalkyl Substances (PFAS) From an Arctic Glacier to
Downstream Locations: Implications for Sources, Sci. Total
Environ., 2013, 447, 46–55.

16 H. N. P. Vo, H. H. Ngo, W. Guo, T. M. H. Nguyen, J. Li,
H. Liang, L. Deng, Z. Chen and T. A. H. Nguyen, Poly-and
Perfluoroalkyl Substances in Water and Wastewater: A
Comprehensive Review From Sources to Remediation,
J. Water Proc. Eng., 2020, 36, 101393.

17 B. Xu, S. Liu, J. L. Zhou, C. Zheng, J. Weifeng, B. Chen,
T. Zhang and W. Qiu, PFAS and Their Substitutes in
Groundwater: Occurrence, Transformation and Remedia-
tion, J. Hazard. Mater., 2021, 412, 125159.

18 Y. H. Aly, C. Liu, D. P. McInnis, B. A. Lyon, J. Hatton,
M. McCarty, W. A. Arnold, K. D. Pennell and M. F. Simcik,
In Situ Remediation Method for Enhanced Sorption of
Perfluoro-Alkyl Substances Onto Ottawa Sand, J. Environ.
Eng., 2018, 144, 04018086.

19 Y. H. Aly, D. P. McInnis, S. M. Lombardo, W. A. Arnold,
K. D. Pennell, J. Hatton and M. F. Simcik, Enhanced Adsorp-
tion of Perfluoroalkyl Substances for In Situ Remediation,
Environ. Sci.: Water Res. Technol., 2019, 5, 1867–1875.

20 E. R. McKenzie, R. L. Siegrist, J. E. McCray and
C. P. Higgins, Effects of Chemical Oxidants on Perfluoro-
alkyl Acid Transport in One-Dimensional Porous Media
Columns, Environ. Sci. Technol., 2015, 49, 1681–1689.

21 J. Jeon, K. Kannan, B. J. Lim, K. G. An and S. D. Kim, Effects
of Salinity and Organic Matter on the Partitioning of
Perfluoroalkyl Acid (PFAS) to Clay Particles, J. Environ.
Monit., 2011, 13, 1803–1810.

22 M. Haukås, U. Berger, H. Hop, B. Gulliksen and
G. W. Gabrielsen, Bioaccumulation of Per-and Polyfluori-
nated Alkyl Substances (PFAS) in Selected Species From the
Barents Sea Food Web, Environ. Pollut., 2007, 148, 360–371.

23 B. C. Kelly, M. G. Ikonomou, J. D. Blair, D. Hoover, R. Grace,
F. A. P. C. Gobas and B. Surridge, Perfluoroalkyl Contami-
nants in an Arctic Marine Food Web:Trophic Magnification
and Wildlife Exposure Perfluoroalkyl Contaminants in an
Arctic Marine Food Web:Trophic Magnification and Wild-
life Exposure, Environ. Sci. Technol., 2009, 4037–4043.

24 S. Dasgupta, A. Reddam, Z. Liu, J. Liu and D. C. Volz, High-
Content Screening in Zebrafish Identifies Perfluorooctane-
sulfonamide as a Potent Developmental Toxicant, Environ.
Pollut., 2020, 256, 113550.
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