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ABSTRACT: In this study, dispersion-corrected density func-
tional theory (DFT) calculations were employed to investigate the
adsorption of per- and poly-fluoroalkyl substances (PFAS) onto
zerovalent iron (Fe”). The main objective of this investigation was
to shed light on the adsorption properties, including adsorption
energies, geometries, and charge transfer mechanisms, for four
PFAS molecules, namely, perfluorooctanesulfonic acid (PFOS),
perfluorobutanesulfonic acid (PFBS), perfluorooctanoic acid
(PFOA), and perfluorobutanoic acid (PFBA), on the most
thermodynamically accessible Fe’ surface facets. Additionally, the
DFT investigation examined the role of PFAS chain length,
functional group, protonation/deprotonation state, and solvation
in water in their adsorption to Fe’.
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Overall, the adsorption of the four PFAS molecules on various Fe’ surfaces exhibited

thermodynamically favorable energetics. Nevertheless, solvation in water resulted in less exothermic adsorption energies, and the
presence of preadsorbed oxygen blocked the Fe® surface, preventing PFAS adsorption. Additionally, the inclusion of a monolayer of

Ni on top of the Fe® surface reduced the stability of PFAS adsorption compared to pristine Fe’.

Results of the computational

investigation were compared to experimental results from the literature for qualitative validation.

1. INTRODUCTION

Due to their unique properties, such as water, fire, and grease
resistance, per- and poly fluoroalkyl substances (PFAS) have
been widely used in various industries, including coatings for
textiles, food packaging, paper products, cookware, aerospace,
photographic imaging, semlconductors, construction, elec-
tronics, and automotive.' The persistence of PFAS in the
environment and their bioaccumulation potential pose
significant concerns for human health and the environment.'~
The high stability of the C—F bond makes it very challenging
to degrade PFAS Vla conventional water and wastewater
treatment processes,” which led to their ubiquitous presence in
various water sources.”

A treatment train approach is typically required to eliminate
PFAS from water.” Although various technologies have been
developed for PFAS destruction, including electrochemical
degradation, plasma discharge, and photocatalytic degradation,
the deployment of such technologies in the field has been
limited, with the exception of incineration/thermal degrada-
tion.” Additionally, separation-based techniques have been
commonly used for PFAS removal during water treatment,’
often as a first step to their degradation.” Among the various
adsorbents used to adsorb and destroy PFAS, zerovalent metals
(ZVMs), mcludlng Al, Cu, Zn, and Fe, exhibited exceptional
performance.'® For instance, adding Fe’ powder to an aqueous
solution was shown to reduce the concentration of PFOS at
room temperature.10 Furthermore, increasing the temperature
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to 350 °C led to the thermal degradation of PFOS and the
formation of fluorine ions."’

Despite the fact that numerous approaches for the
adsorption and destruction of PFAS have been thoroughly
investigated experimentally,''~'® few studies have attempted to
explore the mechanisms of PFAS adsorption on various
catalytic surfaces using computational approaches, such as
density functional theory (DFT).""~*' DFT calculations can
complement experimental investigations by providing insights
to help explain experimental observations and/or guide the
experimental design for screening different catalysts, crystal
facets, and surface conditions. DFT calculations are frequently
used in the literature to provide mechanistic insights into the
adsorbent—adsorbate interactions.”” >° This study presents
the first DFT investigation into the adsorption mechanisms of
PFAS on Fe’, qualitatively validated by experimental data from
the literature.

Fe® has been extensively used as a catalyst/electrocatalyst in
various applications,”” and has demonstrated the capability to
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degrade different compound classes.”® Despite its widespread
use as a low-toxicity and cost-effective remediation material,
Fe® is easily oxidized into iron oxide in agueous solutions,”
which compromises its catalytic properties.”” The onset of iron
oxide formation is known to commence with the increased
coverage of oxygen atoms over the Fe’ surface.”” Previous
studies have shown that oxygen atoms preferentially adsorb at
the long-bridge sites on the Fe (110) surface; however,
Ossowski et al. confirmed that at high oxygen coverage, higher
stability of superstructures with oxygen atoms in the 3-fold
coordinated sites is observed.”” Taken together, previous
studies highlighted the potential for preadsorbed oxygen to
passivate Fe’ surfaces, warranting further investigation into
their impact on adsorption mechanisms on Fe’.

To address the challenge of iron oxidation, adding a coating
layer on the Fe® surface has been explored as a solution to
provide partial protection to Fe’ from passivation.”’ Ni
emerged as a promising coating material due to its cost-
effectiveness and high catalytic activity, which can primarily be
attributed to its broad spectrum of stable oxidation states, as
outlined by Ananikov et al.’* Additionally, studies have
demonstrated that Ni contributes to the increased stability of
Fe’’ Recently, Gharehveran et al. deposited Ni°® on Fe’ to
study the interaction of nNiFe-AC nanocomposite with
PFAS.” Their results showed that the transformation and
defluorination of PFOS were accompanied by the formation of
iron/nickel oxides, signifying the need for a deeper under-
standing of the interaction mechanisms between PFAS and
Ni—Fe composites.

Adsorption mechanisms are known to be dependent on the
exposed crystal facets of the adsorbent. The low-index surface
facets of Fe” have been frequently investigated by DFT studies
since they are the most thermodynamically favorable. For
instance, Wang et al. investigated the adsorption, dissociation,
and hydrogenation of CO, on various Fe’ low-index facets,
namely (100), (110), and (111).” According to their findings,
the exothermic adsorption energies of CO, on Fe’ increased in
the order of (110) < (100) < (111). Their findings highlighted
the importance of investigating the adsorption mechanisms on
various low-index surface facets of Fe® to reveal which facet
offers the most favorable sites for adsorption.

Long-chain perfluoroalkyl acids (PFAAs), notably carbox-
ylates (PFCAs, —COOH) and sulfonates (PFSAs, —SO;H),
are the most frequently detected classes of PFAS in the
environment.”* The ubiquitous presence of long-chain PFAAs,
including per-fluorooctanesulfonic acid (PFOS) and per-
fluorooctanoic acid (PFOA),* led to global efforts to regulate
their production and establish standards to limit their
concentrations in drinking water. Consequently, manufacturers
shifted toward producing short-chain PFAS compounds (<7
carbon atoms), such as per-fluorobutanoic acid (PFBA) and
per-fluorobutanesulfonic acid (PFBS).*® Shorter chain PFAS
generally demonstrate a weak affinity for adsorption on various
media, presenting challenges for separation-based water
treatment technologies. For instance, PFBS and PFBA showed
weaker adsorption on activated carbon than longer-chain PFAS
with similar functional head groups.”” Hence, it is crucial to
examine the effect of PFAS chain length on their adsorption
characteristics on various materials.

In addition to PFAS chain length, the functional group and
protonation state may play a role in PFAS adsorption. Liu et al.
and Chen et al. studied the adsorption characteristics of three
configurations of PFOS and PFOA on 2-D phosphorene and

Pt-doped La,Ti,0,, respectively.””*" Their results showed that
PFAS adsorption on both surfaces is mainly driven by the
functional head groups (i.e., carboxylic and sulfonic). However,
these studies came short of revealing the effects of PFAS
deprotonation on adsorption mechanisms. The protonation
state is expected to play a role in PFAS adsorption since it
alters the charge distribution on the PFAS molecule, affecting
its electrostatic interactions and, thus, adsorption properties.

The overarching objective of this study is to reveal the
adsorption mechanisms of PFAS with different chain lengths
and functional head groups on various low-index facets of Fe’.
Additionally, this study aims to highlight the challenges facing
the application of Fe’ for PFAS adsorption and provide
insights for future work to enhance the performance of Fe’ for
PFAS remediation. To that end, we investigated the adsorption
mechanisms of four different PFAS molecules, namely PFOS,
PFOA, PFBS, and PFBA, on three Fe® surface facets, namely
(001), (110), and (111). The effects of PFAS functional
headgroup (i.e., sulfonic vs carboxylic), chain length (long vs
short), and protonation state (protonated vs deprotonated) on
the adsorption properties were considered. Additionally, the
effect of solvation in water was investigated by means of an
implicit solvation model. Finally, the influence of Fe’ surface
passivation by preabsorbed oxygen and the deposition of a Ni
layer onto the Fe’ surface on PFAS adsorption mechanisms
were studied.

2. METHODOLOGY

2.1. Ab Initio Methods. The Vienna ab initio simulation
package (VASP 6.1.0) was used to conduct the spin-polarized
DFT calculations.”*™*° The projector augmented wave (PAW)
method, employing the frozen-core approximation, was utilized
to represent valence wave functions near atomic cores with a
480 eV energy cutoff. Valence states included the Fe’ 3d and
4s states. The generalized gradient approximation (GGA) with
the Perdew Burke Ernzerhof (PBE) formulation was chosen
for the exchange-correlation functional, particularly during
geometry optimization calculations aimed at determining the
optimized adsorption configurations.”' Electronic density of
states (DOS) calculations were conducted using the linear
tetrahedron method with Blochl corrections to ascertain partial
occupancies for each orbital. Additionally, Bader charge
analysis was carried out to examine the charge transfer
between the PFAS molecules and the surface.

2.2. Dispersion and Solvation. Since the van der Waals
(vdW) interactions were expected to play an essential role in
adsorption, the emzpirical vdW corrections, as prescribed by
Grimme DFT-D3* were used in all calculations. Including
these forces from first-principles is very challenging, and DFT
calculations fail to describe them properly.”” The DFT-D
schemes are capable of describing the vdW interactions
without significantly increasing the computational cost relative
to the standard DFT calculations.”* The conjugate gradient
algorithm was implemented to optimize the geometry and
atomic positions to have the total forces on each atom <0.02
eV/A. The criterion of convergence for the electronic self-
consistency cycle was determined to be 107 eV per cell. An
implicit solvation model was employed to investigate the PFAS
adsorption properties in water using VASPsol.> We should
note that implicit solvation models are computationally less
expensive than explicitly simulating water molecules; however,
they fail to capture the hydrogen bond interactions.”® The
default parameters were set as follows: the bulk dielectric
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constant &, = 78.4, the width of dielectric cavity ¢ = 0.6, the
cutoff charge density p,,, = 0.0025 A~ and a surface tension
parameter of 0.525 meV/A2*®

2.3. Adsorption Energy. We computed the adsorption

energy both in a vacuum (eq 1) and with implicit solvation (eq
2).%

Eads = E(surf+molecule) - E(surf) - E(molecule) (1)

sol __ psol sol sol
Euds - E(su(f+molecule) - E(swf) - E(malecule) (2)

Where, E(ufimoiecute) 18 the optimized total energy of the
molecule adsorbed on the surface in vacuum. Similarly, E(,
and E(,,pcute) are the optimized energies of the surface and the
molecule individually in vacuum, respectively. The “sol”
superscript signifies that the energies were computed with
the solvation model. As per this definition, a negative value for
the adsorption energy denotes an exothermic reaction,
indicating that the adsorption was thermodynamically
favorable.

2.4. Fe® Surface Facets. Three low-index facets of Fe’
(ie, 001, 110, and 111) were considered because they are the
most thermodynamically favorable facets, and hence are
expected to be the most exposed to PFAS interaction on the
surface. The (001), (110), and (111) facets were modeled as
p(4 X 4), p(3 X 3), and p(2 X 2) surface slabs, respectively.
The surface slabs (001), (110), and (111) were cleaved from a
relaxed bulk constant of 2.81 A with imposing a vacuum layer
of 20 A to prevent periodic effects. The slabs consist of 4, 5,
and 6 layers, with a total of 64, 90, and 48 atoms, respectively.
During all geometry optimization calculations, relaxation was
permitted for the top two layers while the bottom layers were
fixed to represent the bulk material. Brillouin zone integration
utilized automatically generated k-meshes through the
Monkhorst—Pack (MP) method with (3 X 3 X 1) k-point
meshes for all facets as they provided the optimum energy
convergence.

2.5. Adsorption Sites and Configurations. In the
adsorption calculations, PFAS molecules were positioned on
one side of the slab, and dipole corrections were implemented
to ensure precise determination of adsorption energies. The
adsorption sites investigated in this study were consistent with
previous literature (Figure 1).”* The Fe® (100) crystal facet has
a top (A) adsorption site beside the bridge (B) and 4-fold (C)
sites. The four adsorption sites considered for Fe’ (110) were
the top site (A), a long bridge (D) site, a short bridge (F) site,
and a 3-fold hollow (E) site. Six adsorption sites exist on the
Fe® (111) crystal surface: the top (A) site, the hcp (H) site, the
fcc (G) site, the hollow (K) site, the top-hcp (J) site, and the
top-fce (I) site. Various studies showed that PFAS adsorb on
different surfaces by their functional groups, whereas
adsorption by the tail/layered configurations is typically the
result of weak vdW interactions (i.e., physisorption) that are
significantly weaker than chemisorption by the headgroup'’ ™'
Hence, the analysis presented herein was limited to the head
adsorption configuration.

3. RESULTS AND DISCUSSION

First, to reveal the most stable configurations for PFAS
adsorption, adsorption energies were calculated for each of the
three surface facets, namely (001), (111), and (110). Different
adsorption sites were investigated for each PFAS molecule-Fe’
facet pair as shown in Figure 1 (i.e., 4-fold, bridge, top, fcc,

(001) (110) (111)

N

ADE F

A B C AGHI JK

Figure 1. Different adsorption sites on the Fe®(001), Fe®(110) and
Fe®(111) crystal surfaces. A is a top site, B is a bridge site, C is a 4-fold
hollow site, D is a long bridge site, E is a 3-fold hollow site, F is a short
bridge site, G is an fcc site, H is an hcp site, I is a top-fcc site, J is a
top-hcp site, and K is a hollow site.

hep). As explained in the following sections, the results
revealed that the 001 facet provided the most stable adsorption
for PFAS on the Fe® surface, while the 110 and 111 showed
comparable adsorption stability.

3.1. Adsorption on Fe® (001). Table 1 shows the
calculated adsorption energies for the four PFAS molecules

Table 1. Adsorption Energies for Different Configurations
of PFAS on Different Sites on Fe’ (001)

molecule site adsorption energy (Eads.) (eV)
PFBA 4-fold -2.99
bridge -0.97
top —0.42
PFBS 4-fold —-2.31
bridge -3.99
top —4.19
PFOA 4-fold —-2.83
bridge -1.10
top —1.00
PFOS 4-fold -3.09
bridge —4.07
top —3.98

on the Fe® (001) facet. The results indicated that PFAS
adsorption on Fe (001) was thermodynamically favorable for
all adsorption sites. On average, the exothermic adsorption
energies for the studied molecules increased in the order of
PFOA < PFBA < PFOS < PFBS.

3.1.1. Adsorption of Short-Chain PFAS. In the case of
PFBA adsorption on Fe® (001), the most favorable adsorption
configuration was at the 4-fold site (Figure 2a), with a highly
exothermic adsorption energy of —2.99 eV. In this adsorption
configuration, the surficial Fe® atoms attach to each of the
oxygen atoms in the carboxylic headgroup, and the hydrogen
atom separates from the headgroup. Moreover, the PFBA
adsorption by the functional headgroup on Fe’ (001) resulted
in other stable configurations on the bridge and top sites, yet
with significantly less exothermic adsorption energies of —0.97
eV and —0.42 eV, respectively.

https://doi.org/10.1021/acsomega.4c06612
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(b)

Figure 2. Final adsorption configuration on Fe® (001) (a) PFBA on 4-
fold, (b) PFBS on the top site, (c) PFOA on 4-fold, and (d) PFOS on
bridge site (light brown = iron; brown = carbon; blue = fluorine; red

= oxygen; pink = hydrogen).

Similarly, the PFBS adsorption was the most favorable on
the (001) facet, with the top site providing the most favorable
adsorption configuration (Figure 2b). The PFBS adsorption
energy for the most stable configuration was significantly more
exothermic than that for PFBA (—4.19 eV vs —2.99 eV). In
this configuration, the sulfonic group separates from the
molecule and dissociates into —SO, and —OH groups, while
the O and S atoms in both of these groups attach to the
surficial Fe atoms. This finding is quite interesting because it
shows that Fe’ could initiate the first steps in the degradation
pathway of sulfonic PFAS that was suggested by previous
studies.”” PFBS adsorption at the bridge and 4-fold sites also
resulted in stable final configurations, but with less exothermic
adsorption energies of —3.99 eV and —2.31 eV, respectively.

3.1.2. Adsorption of Long-Chain PFAS. For PFOA, the
most thermodynamically favorable adsorption site on Fe’
(001) was at the 4-fold site, similar to PFBA, with an
adsorption energy of approximately —2.83 eV, which is slightly
less exothermic than PFBA (—2.99 eV). Besides, the optimized
geometry for PFOA (Figure 2c) showed a comparable
configuration to that of PFBA (Figure 2a), where the surficial
Fe’ atoms attach to each of the oxygen atoms in the carboxylic
headgroup, and the hydrogen atom separates from the
headgroup. Additionally, the adsorption of PFOA resulted in
stable configurations on the bridge and top sites but with less
exothermic adsorption energies of —1.10 eV and —1.00 eV,
respectively.

In the case of PFOS, the most favorable adsorption
configuration was found on the bridge site of Fe’ (001)
(Figure 2d), which was different from that of PFBS (top)
(Figure 2b). The adsorption energy for PFOS was —4.07 €V,
significantly more exothermic than PFOA (—2.83 eV) and
slightly less exothermic than PFBS (—4.19 eV). These results
were in good agreement with recent literature.*® Additionally,
the final configuration for PFOS was similar to that for PFBS,
where the sulfonic group separated from the molecule and
dissociated into —SO, and —OH groups, while the O and S

atoms in both groups attached to the surficial Fe’ atoms. The
dissociation of the sulfonic headgroup on the Fe’ surface is
consistent with experimental results and could explain the
formation of FeO(OH) and Fe-PFOS complexes observed in
the experimental investigation by Park et al.*”’

The results of PFAS adsorption on the (001) surface showed
that the adsorption of PFAS molecules with the sulfonic
functional group (PFOS and PFBS) was significantly more
exothermic than that of PFAS with the carboxylic functional
group (PFOA and PFBA). The results also revealed that the
adsorption of long-chain PFAS (PFOS and PFOA) is only
slightly more exothermic than that of short-chain PFAS (PFBS
and PFBA). More importantly, the final adsorption config-
urations for both long-chain and short-chain PFAS were very
similar. Taken together, these results suggest that PFAS head
functional groups are substantially more influential in
determining their adsorption properties on Fe’ compared to
their chain length. Therefore, the remainder of this section will
focus on discussing the adsorption mechanisms of short-chain
PFAS on the (111) and the (110) facets.

3.2. Adsorption on Fe® (111) and (110). Table S1 shows
the calculated adsorption energies for PFBA and PFBS on the
Fe’ (111) facet.

For PFBA, the hollow site on Fe® (111) resulted in the most
favorable adsorption energy (—2.50 eV) (Figure 3a), while

(b) 1
X

= o\ DR 9-2
0000000,
ol0.00/0l00

D
-

oe

Figure 3. Final adsorption head configuration on (a) PFBA on Fe’
(111) hollow site, (b) PFBS on Fe’ (111) hcp site, (c) PFBA on Fe’
(110) hollow site, and (d) PFBS on Fe® (110) hep site (light brown =
iron; brown = carbon; blue = fluorine; red = oxygen; pink =
hydrogen).

other adsorption sites, namely the fcc, hep, top-fcc, and top-
hep sites, were also thermodynamically favorable but resulted
in less exothermic adsorption energies of —2.44, —0.77, —1.17,
and —0.71 €V, respectively. Notably, the top site on Fe” (111)
was the only energetically unfavorable site for PFBA on Fe’,
with an adsorption energy of +0.05 eV.

For PFBS, the adsorption on Fe® (111) was the least
favorable compared to Fe? (110) and (001). PFBS on the hcp
site had the highest exothermic adsorption energy of —3.51 eV
(Figure 3b). The other sites resulted in exothermic adsorption
energy ranging from —2.86 eV to —3.46 eV. The PFBS

https://doi.org/10.1021/acsomega.4c06612
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adsorption configuration on the hcp site of Fe® (111) (Figure
3b) had the same separation of the sulfonic group from the
molecule and the formation of —SO, and —OH groups;
however, only O atoms in both groups were attached to the
surficial Fe” atoms.

Table S2 shows the calculated adsorption energies for PEBA
and PFBS on the Fe’ (110) facet. For PFBA, the adsorption on
Fe® (110) was the least favorable compared to Fe” (111) and
(001). It showed the highest exothermic adsorption energy of
—2.23 eV on the long bridge site (Figure 3c). The final PFBA
adsorption configuration on the Fe’ (110) long-bridge site
(Figure 3c) was similar to the Fe® (001) 4-fold site (Figure 2a)
and Fe’ (111) hollow site (Figure 3a) (ie., the most
energetically favorable sites). The surficial Fe® atoms attached
to each of the oxygen atoms in the carboxylic headgroup, and
the hydrogen atom separated from the headgroup.

The most favorable site for PFBS on Fe® (110) was the 3-
fold site with an exothermic adsorption energy of —3.56 eV
(Figure 3d). The least favorable adsorption site on Fe” (110)
was the long bridge with an adsorption energy of —2.21 eV.
The top and short bridge sites showed exothermic adsorption
energy of —3.39 eV and —2.94 eV, respectively. PFBS
adsorption configuration on the 3-fold site of Fe (110)
(Figure 3d) was similar to PFBS adsorption configuration on
the top site of Fe” (001) (Figure 2b) where the sulfonic group
separated from the molecule and dissociated into —SO, and
—OH groups, while the O and S atoms in both of these groups
attached to the surficial Fe® atoms.

3.3. Insights into PFAS Adsorption Mechanisms.
3.3.1. Role of Fe’ Surface Facet Coordination. Surface
coordination of Fe’ atoms is expected to influence the
adsorption energy, such that a facet with low surface
coordination (e.g, Fe’ (111)) would be more active for
adsorption compared to a highly coordinated facet (e.g., Fe’
(110)).”* This trend was previously observed in the case of
CO, adsorption on Fe’, where the exothermic adsorption
energy was in the order of (110) < (001) < (111).*°
Interestingly, in our study, the exothermic adsorption energy of
PFBA increased in the order of (110) < (111) < (001), not
following the aforementioned order of surface coordination.
This result was attributed to the inclusion of van der Waals
corrections in our analysis, which contributed a higher portion
of the adsorption energy on (001) compared to (111). For
PEBS, the exothermic adsorption energy increased in the order
of (111) < (110) < (001). This additional difference in the
order could be explained by the presence of a sulfur atom in
PFBS, which was bound to the surface on Fe’ (001) and
(110), increasing the adsorption configuration stability, unlike
the adsorption on Fe® (111), where the S atom did not bind to
the Fe® surficial atoms.

3.3.2. Role of PFAS Functional Group, Chain Length, and
Protonation State. Adsorption of PFBS was thermodynami-
cally more favorable than PFBA on the three Fe® facets, which
could be explained by the presence of the S atom and an
additional electronegative oxygen atom in —SO;H compared
to —COOH. On the other hand, the change in the chain length
for the same functional group (carboxylate or sulfonate)
showed no significant variability in the adsorption energies and
final configuration. The similar adsorption energies and final
configurations of different chain lengths of PFAS molecules
indicated that the PFAS headgroup was the primary driver of
PFAS adsorption on Fe’. This can be attributed to the fact that
the headgroup forms strong chemical bonds with the surface

(i.e., chemisorption) that are independent of the chain length
of the perfluorinated tail of PFAS, and are mainly dependent
on the functional group (ie., carboxylic vs sulfonic). Due to
the strong adsorption exhibited by short-chain PFAS on Fe®,
depositing Fe’ on materials that weakly adsorb short chain
PFAS, such as carbon-based materials, could enhance their
capability of targeting PFAS with a wide range of chain lengths.

PFAS compounds can exist in either a protonated or an
anionic form, or a combination of both, contingent upon the
pH of the environmental matrix and the PFAS acid
dissociation constant (pK,).”' Herein, the effect of deproto-
nation on the adsorption energy of PFAS on Fe® (001), (111),
and (110) was studied. Table 2 lists the calculated adsorption
energies for protonated and deprotonated PFBA and PFBS for
the most favorable adsorption sites on each Fe® facet.

Table 2. Adsorption Energies for Deprotonated PFBA and
PFBS on Fe’

molecule  surface  E,4 (eV) deprotonated  E4 (eV) protonated

PFBA 001 —-2.32 —-2.99
110 -1.35 -2.23
111 —-1.99 —2.50
PFBS 001 —2.26 —4.19
110 —1.55 —3.56
111 —-2.32 -3.51

Generally, the calculated adsorption energies for deproto-
nated PFBA were lower than those for the protonated state,
which could be explained by the dissociation of hydrogen from
the protonated PFBA, resulting in more exothermic adsorption
energy. Nevertheless, the order of the surface facets in terms of
exothermic adsorption energy for the deprotonated PFBA was
not affected by the dissociation of hydrogen (ie., (110) <
(111) < (001)). Furthermore, the final adsorption config-
urations of the deprotonated PFBA on the Fe® (001) 4-fold
site (Figure 4a), Fe’ (110) long-bridge site (Figure 4b), and
Fe® (111) hollow site (Figure 4c) were similar to protonated
PFBA, however, without the dissociation of hydrogen.

For the deprotonated PFBS, both adsorption energies and
adsorption configurations significantly differed from those of
the protonated molecule. The calculated adsorption energies
for deprotonated PFBS were significantly less exothermic than
those of the protonated molecule. Additionally, the order of
adsorption energy for deprotonated PFBS adsorption on the
three facets was reversed (i.e., (111) > (001) > (110)). These
findings could be explained by the final configurations of
deprotonated PFBS on Fe® (001) top site (Figure 4d), Fe’
(110) 3-fold site (Figure 4e), and Fe® (111) hcp site (Figure
4f). Unlike protonated PFBS, the sulfonic group in
deprotonated PFBS did not dissociate from the molecule,
which resulted in less exothermic adsorption energies on all
Fe® facets. Moreover, no bonds appeared to form between
sulfur and surficial Fe atoms for the deprotonated PFBS,
which affected the order of favorable adsorption facets. These
ﬁndinﬁs are aligned with the experimental investigation by Park
et al,”” where it was found that the removal of PFOS by Pd°’/
nFe’ is higher at low pH, at which PFOS is more likely to exist
in a protonated state.

3.4. Charge Transfer and Density of States (DOS).
3.4.1. Charge Transfer Mechanism. Next, we examined the
charge transfer that accompanies PFAS adsorption on the Fe’
(001) facet, which exhibited the most stable adsorption for the
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Figure 4. Final adsorption configurations of deprotonated PFAS on Fe’. PFBA head configuration on (a) 4-fold site of Fe® (001), (b) long-bridge
site of Fe? (110), and (c) hollow site of Fe® (111). PEBS head configuration on (d) top site of Fe? (001), (e) 3-fold site of Fe’ (110), and (f) hep
site of Fe (111) (light brown = iron; brown = carbon; blue = fluorine; red = oxygen; pink = hydrogen).

investigated PFAS molecules. Figure 5 depicts the charge
density deformation plots for the most stable adsorption

(b)

Figure S. Charge density deformation plots for the optimized
adsorption configurations of PFAS on Fe (110). a) PFBA head
configuration on the 4-fold site, b) PFBS head configuration on the
top site (light brown = iron; brown = carbon; blue = fluorine; red =
oxygen; pink = hydrogen).

configurations for PFBA and PFBS on Fe” (001). The plotted
charge density difference was computed by

Ap = p(swf+molecule) - (p(swf) + p(malecule)) 3)

In Figure S, regions exhibiting a gain in charge density as a
result of electron trapping are shown in yellow. In contrast,
regions with a depletion in charge density, signifying the
release of electrons, are represented by blue color. The oxygen
atoms of PFAS molecules and the sulfur atom in PFBS were
constantly surrounded by an excess charge density (yellow
isosurface), as depicted in Figure S, accompanied by a charge
depletion zone on the surficial Fe® atoms where the molecules
were adsorbed (blue isosurface). According to these findings,
sulfur and oxygen atoms serve as electrophilic centers,
accepting charge from the surficial Fe’ atoms during
adsorption.

In the case of PFBA (Figure Sa), a strong interaction
between surficial Fe® atoms and the carboxylic headgroup can
be seen through the charge density deformation around the
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Figure 6. Density of states (DOS) for the isolated molecules and the adsorbed molecules on the Fe? (001) for (a) PFBA and (b) PFBS. The zero

energy is set to the Fermi level.
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Fe’ and the increased charge density localized on the
carboxylic group atoms. Accordingly, when PFBA adsorbs on
the Fe® (001) facet, charge transfer occurs through two modes:
Fe® to oxygen and Fe’ to hydrogen. These findings were
further complemented by Bader charge analysis, where the
calculated charge transfer for PFBA adsorption showed that
the Fe’ surface lost a total of 1.15e, while the oxygen atoms
gained 0.65e, and the hydrogen atom gained 0.47e. Addition-
ally, the charge density deformation plot for PFBS (Figure Sb)
showed charge accumulation around the oxygen and sulfur
atoms accompanied by charge depletion around surficial Fe’
atoms. Accordingly, the PFBS adsorption had two modes of
charge transfer: Fe’ to sulfur and Fe’ to oxygen. In that case,
the Fe’ surface lost 1.52e, while the oxygen atoms gained
+1.03e, and the sulfur atom gained +0.28e.

3.4.2. Density of States. Figure 6 depicts the total DOS for
PFBA and PFBS, plotted for both the isolated and the
adsorbed molecules on Fe® (001). The DOS plots for PEBA
and PFBS experienced substantial changes after adsorption,
where the DOS energy levels shifted, and new peaks formed
after adsorption. Viitala et al. linked that shift in peaks to ionic
bonding; meanwhile, the broadening in the DOS corresponded
to covalent bonding.>” Accordingly, these results suggest that
the most favorable adsorption configurations of PFAS on Fe’
exhibited strong chemical adsorption over physisorption,
which supports the high values of the calculated adsorption
energies (>1 eV).

3.5. Solvation Effects. To account for the effect of
solvation in water on adsorption mechanisms, the adsorption
energies in vacuum and in water were calculated using eqs 1
and 2, respectively, based on the approach presented by
Iyemperumal et al.** Afterward, we calculated the adsorption
solvation energy as the difference between the two as follows:

AEsol = E;;ls - Eads (4)

This equation means that adsorption solvation energy takes
a positive value when the adsorption is less exothermic in the
presence of the solvent than in a vacuum, and vice versa.

For their most stable structures on Fe® (001), the calculated
adsorption solvation energies for PFBA and PFBS were +0.24
and +0.27 eV, respectively. These findings showed that the
adsorption of PFAS on Fe” (001) in water is less exothermic
than in vacuum, which can be attributed to the partial
screening of the adsorbed PFAS molecules by the Fe’ in
comparison to their presence in solvent before adsorption,
which leads to reducing the polarization of the functional
groups by the solvent upon adsorption on the Fe®.*’

3.6. Role of Preadsorbed Oxygen. To investigate the
influence of preadsorbed oxygen on PFAS adsorption, we
considered a high-coverage scenario in which a monolayer of
oxygen was preadsorbed on the Fe® (110) surface with a
coverage of 1/1 prior to PFAS adsorption. Fe’ (110) was
chosen in this analysis since it is the most thermodynamically
stable facet of Fe’.

First, we investigated the most thermodynamically favorable
adso?tion site for oxygen, consistent with previous liter-
ature””* Table S3 shows the adsorption energies of O for
various adsorption sites on the Fe® (110) surface. We found
that the 3-fold site is the preferential site for oxygen
adsorption, which agrees well with the results by Ossowski et
al.’ The adsorption energy of the O atom, calculated with eq
1), was —4.13 eV, indicating highly exothermic adsorption.

Afterward, we calculated the adsorption energies for PFBA
and PFBS on the long-bridge and 3-fold sites, respectively,
because they were the most thermodynamically favorable sites
for adsorption on Fe’(110). The calculated adsorption
energies in the presence of a preadsorbed O monolayer were
—0.43 for PFBA and —0.58 eV for PFBS, compared to —2.99
and —4.19 eV, respectively, in the absence of O, indicating
significantly weaker PFAS adsorption in the presence of
preadsorbed oxygen on the top of Fe’. The above-mentioned
results could be attributed to the repulsion between the oxygen
atoms in PFAS and the preadsorbed O monolayer. The final
configuration indicated neither a bond formation between
oxygen atoms of PFBA (Figure 7a) or PFBS (Figure 7b) with

Q

Figure 7. Final adsorption configurations of PEBA and PFBS on Fe®
(110) with a preadsorbed oxygen monolayer: a) PFBA on the long
bridge site, b) PFBS on the 3-fold site, and a preadsorbed Ni
monolayer: c) PFBA on the 4-fold site, and d) PFBS on the top site
(light brown = iron; silver = nickel; brown = carbon; blue = fluorine;

red = oxygen; pink = hydrogen).

Fe® surficial atoms, nor the dissociation of hydrogen or
functional groups from the molecules. These results are
consistent with the recent experimental study by Park et al.*’
and could explain why the removal of PFOS in water by Fe’
was higher at 6 days compared to 21 days since the Fe® surface
is getting passivated by oxygen. Hence, metals with high
oxidation affinity, such as Fe’, should be either coated with a
metal of lower oxidation affinity or be implemented in less
oxidative conditions.

3.7. Effect of Deposition of Ni Monolayer on Fe®.
Coating Fe’ with a monolayer of Ni was investigated as a
protection for Fe’ from oxidation. Similar to preadsorbed
oxygen, Fe’ (110) was chosen to study the influence of
depositing a layer of Ni on PFAS adsorption. First, we
investigated the most thermodynamically favorable adsorption
site for Ni on the Fe® surface, consistent with the methods
reported in the literature.”® Table S4 shows the adsorption
energies of Ni on the Fe’ (110) surface, considering various
adsorption sites. The calculations showed that the long bridge
was the preferential adsorption site, and it was the only
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favorable adsorption site for Ni on Fe® (110). The adsorption
energy of the Ni atom, calculated with eq 1), was —0.31 €V.

Afterward, we calculated the adsorption energies for PFBA
and PFBS on the Fe’ (110) 4-fold and top sites, respectively,
because they were the most thermodynamically favorable sites
for adsorption. In the presence of a Ni monolayer, the
calculated adsorption energies were —1.83 for PFBA and
—1.93 eV for PFBS, compared to —2.99 and —4.19 €V,
respectively. These results represented less exothermic
adsorption energies for PFAS in the presence of a Ni
monolayer on Fe®, which can be attributed to the higher
reactivity of Fe than Ni. Nevertheless, the Fe—Ni system still
showed a high affinity for PFAS adsorption, and the optimized
configuration showed binding between the oxygen atoms in
PFBA (Figure 7c) and PFBS (Figure 7d) with the Ni atoms, as
well as dissociation of the hydrogen atoms in both molecules.
Overall, the results indicated that Ni is a good candidate for
coating Fe’.

4. CONCLUSIONS

The results of this study revealed valuable mechanistic insights
into PFAS adsorption on Fe®. First, Fe’ appeared to be an
excellent candidate for PFAS adsorption, especially PFAS
compounds with the sulfonic functional group, where the
exothermic adsorption energies of PFAS on Fe’ increased in
the order of PFOA < PFBA < PFOS < PFBS. Additionally, all
of the studied Fe® facets showed a high affinity toward
separating the sulfonic group from PFOS and PFBS,
highlighting the potential for using Fe’ for the catalytic
destruction of sulfonic PFAS. The results also revealed that
short-chain (PFBA and PFBS) and long-chain (PFOA and
PFOS) PFAS resulted in similar adsorption energies and
optimized adsorption configurations. Taken together, these
results implied that PFAS functional groups play a more
significant role in their adsorption properties than their chain
lengths.

The results highlighted important practical implications for
PFAS remediation that could be followed in the future to
achieve better outcomes. The adsorption of PFAS in a
deprotonated state was less exothermic than in the protonated
state, suggesting that controlling the pH during PFAS
adsorption can be leveraged to achieve higher PFAS removal.
The insignificant variability between the adsorption energies
on the different facets suggested that all the exposed facets
could react with PFAS. Finally, depositing a layer of Ni on top
of the surface of Fe® still showed significant affinity for PFAS
adsorption. Since the presence of Fe’ in an oxidative
environment may render it vulnerable to passivation due to
oxygen adsorption and subsequent oxidation, Ni can serve as a
coating material to protect Fe” and enhance its adsorption
properties.
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