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ARTICLE INFO ABSTRACT
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Perfluorooctanoic acid (PFOA) has been extensively used as surfactant in industrial applications. Human
exposure to PFOA through contaminated water has been linked to serious adverse health effects. In this work, the
removal of PFOA from water in all-silica zeolites, which are hydrophobic materials with diverse pore geometries
and exceptional hydrothermal stability, is studied. Molecular scale structure, dynamics, kinetics, and free energy
landscapes associated with PFOA adsorption are characterized. Interfacial adsorption constitutes the rate limiting
step and the adsorption of PFOA is orientation competitive. The PFOA orientation where the hydrophobic
perfluorinated methyl group is adsorbed first on the zeolite surface is thermodynamically favored; whereas the
adsorption kinetics is faster when the hydrophilic carboxyl group is adsorbed first. Furthermore, the adsorption
of PFOA in deprotonated state in hydrophobic pores is thermodynamically prohibitive. Based on computed
permeabilities in the pores and kinetic rates associated with the adsorption of PFOA from water, three zeolites,
MTW, VET and GON, are estimated to exhibit several orders of magnitude better PFOA removal performance
compared to the benchmark material, zeolite Beta (BEA).

All-silica zeolites
Interfacial adsorption
Adsorption kinetics
Molecular dynamics

1. Introduction

Perfluorooctanoic acid (PFOA) is an anthropogenic perfluorinated
alkyl substance (PFAS) that has been widely used as surfactant in fire
retardants, polymer synthesis, paper coatings, and fabric protection due
to its unique amphiphilic structure made of a hydrophilic carboxyl
group head and a hydrophobic perfluorinated tail [1-4]. The large C-F
bond energy, which is around 440 kJ'mol !, provides PFOA with a high
chemical stability while the carboxyl group makes it soluble in water
(3400 mg-L’l) [5,6]. The release of PFOA to the environment as a result
of its widespread wuse has raised concerns due to PFOA’s
non-degradability in nature and its consequent accumulation in animals,
humans and aquatic environments. PFOA exposure has been linked to
adverse health effects in humans, including increased risk of kidney and
testicular cancer, immunosuppression, reproductive toxicity, cardio-
vascular, respiratory and neurological diseases [7-15]. Noteworthily, it
was shown that PFOA is transferred to fetuses in pregnant women,
which can lead to birth defects [16,17]. Although some countries have
formulated laws and regulations to limit or forbid PFOA usage, it is still
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irreplaceable in many industries and not expressly restricted in most
countries, leading to continued and widespread pollution [18,19]. For
example, PFOA has been detected in seals, cods, and zooplankton of the
Arctic region in Canada far from any point sources of this pollutant [20].
Therefore, it is crucial to separate and remove PFOA from the environ-
ment and its selective capture from natural water remains a daunting
challenge given that it is present in very low concentrations in natural
waters.

Various methods have been used for PFOA removal from water, such
as bioremediation, photodegradation, coagulation, ultrasonic degrada-
tion, and adsorption [21-27]. Among them, adsorption by porous ma-
terials is as a low cost, easy to operate, and environmentally friendly
PFOA removal technology [21,23]. Zeolites, which are inorganic crys-
talline porous materials, have received interest as potential adsorbents
for PFOA removal in water treatment due to their preferable charac-
teristics of diverse pore geometries and sizes, and exceptional hydro-
thermal stability [28-33]. For instance, Na-exchanged Y zeolites were
employed as PFOA adsorbent, and it was reported that a higher Si/Al
ratio provided NaY zeolites with better adsorption performance [28].
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Silver-exchanged FAU-type zeolite demonstrated improved performance
for PFOA adsorption due to specific extra adsorption sites after being
functionalized with 3-aminopropyltriethoxy at the external surface
[31]. Van den Bergh et al. experimentally demonstrated the use of
all-silica zeolite Beta (BEA) as a highly selective adsorbent for the
removal of PFOA from water [32]. They showed that all-silica BEA was
more effective than activated carbon for the removal of PFOA, and that
the PFOA uptake decreased significantly with decreasing Si/Al ratio as
well as increasing number of silanol defects, both of which make BEA
less hydrophobic. In the same study, it was highlighted that the possi-
bility of thermal generation is a significant asset for all-silica BEA,
because such a simple treatment cannot be applied for organic adsor-
bents like macrocyclic polymers or ion-exchange resins.

In this study, zeolite topologies in their all-silica form were investi-
gated to determine their potential for PFOA removal from water. Monte
Carlo (MC) and molecular dynamics (MD) simulations were performed
to characterize the pore limiting diameter (PLD) and largest cavity
diameter (LCD) of 237 all-silica zeolites and their associated PFOA
Henry coefficient, diffusion coefficient and ideal permeability coeffi-
cient as well as the hydrophobicity of zeolites. Based on the MC and MD
simulations MTW, VET and GON topologies were identified as the most
promising zeolite structures. Crucially, we carried out free energy (FE)
calculations to understand the adsorption mechanism of a single PFOA
molecule from water in these zeolites with a focus on the thermody-
namics and kinetics of the interfacial adsorption process, which are
often overlooked in molecular scale studies of adsorption. In the liter-
ature, several enhanced sampling techniques have been developed to
explore the free energy landscapes of the conformational space within
accessible simulation time scales, such as umbrella sampling (US) [34],
metadynamics [35], steered MD [36] and adaptive biasing force
methods [37]. Among them, US, combined with the weighted histogram
analysis (WHAM), has been extensively used to study adsorption pro-
cesses [38-41]. By carrying out US calculations, we computed the FE
landscapes associated with the adsorption of PFOA from water in MTW,
VET and GON all-silica zeolites. The results for these zeolites were
compared with those for BEA, which was used as the benchmark zeolite
in our study due to its successful experimental utilization for PFOA
removal from water [32].

2. Computational methods

In this section, we provide a summary of the computational methods
used. Detailed explanation of the models and methods can be found in
the SI.

2.1. All-silica zeolite, PFOA and water models

All-silica zeolite topologies were constructed based on their crystal-
lographically determined structures as described in the International
Zeolite Association Structure Commission (IZA-SC) database [42]. PLDs
and LCDs of the zeolite structures were computed with the Poreblazer
v4.0 code [43]. The united-atom TraPPE and OPLS-AA force fields were
employed to model the perfluoroalkyl group and carboxyl group of
PFOA, respectively [44-47]. In this model, which was used in a recent
study [48], —CF3 and —CF4 groups are represented as united-atoms. The
SPC/E water model was used to represent the water molecules [49].

2.2. Monte Carlo simulations

MC simulations were carried out to calculate the Henry coefficients
(H¢) of PFOA and water to characterize the PFOA affinity and hydro-
phobicity of zeolites, rescpectively. Henry coefficient of a molecule in a
zeolite can be computed by Widom’s insertion method

p_W)
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where pg,, is the density of the zeolite, = 1/(kgT), kgis the Boltzmann
constant, T is the temperature, (W) is Rosenbluth weight, and (W) is
the ideal Rosenbluth weight of a single molecule in the ideal gas phase
[50]. It should be noted that H¢ corresponds to the reciprocal of the

Henry’s Law constant which is defined as, Ky = blimf%, where b;and fiare
S~

molality and fugacity of adsorbate i, respectively. Henry coefficients of
PFOA and water in zeolites were computed by sampling 10° and 5 x 10°
random Widom’s particle insertions for HoO and PFOA, respectively,
using the RASPA molecular simulation software [51-53].

2.3. Molecular dynamics simulations

MD simulations were implemented to calculate the self-diffusion
coefficient (D;) and FE landscapes. D; is obtained by linear regression
of the mean square displacement (MSD) computed from MD simulations
according to the Einstein’s relation [54,55]:

1)~ r(0))

D, =
Y2d t

(2)
where t is time, r(t) is the position of the particle at any given time, r(0)
is the particle’s initial position, and d is 1, 2 or 3 depending on the pore
dimensionality of the adsorbent material, i.e., 1D, 2D, or 3D, respec-
tively. Self-diffusion coefficients of PFOA at infinite dilution; i.e. single
molecule, were computed by carrying out MD simulations in the NVT
ensemble at 298.15 K for 300 ns using a Nose-Hoover thermostat [56].
The MSDs of the PFOA molecule were obtained by averaging the tra-
jectories of 30 independent MD simulations in each zeolite
(Figs. S8-S10).

FE landscapes associated with the adsorption of PFOA from water in
zeolites were computed by carrying out US simulations. Fig. 1 shows the
setup used for the US simulations. The adsorption coordinate represents
the distance between the center of mass (COM) of a single PFOA
molecule and the COM of the zeolite along the straight channels, i.e., in
the direction of the z-coordinate. Two different orientations of PFOA,
the hydrophobic —CF3 group facing the zeolite surface (Orientation I,
Fig. 1b), and the hydrophilic -COOH group facing the zeolite surface
(Orientation II, Fig. 1¢), were considered for the US calculations. A series
of 90 configurations was evenly generated along the z direction within
the range [0, 9] nm by using a steering simulation with the pull rate
0.01 nm ps‘l. During both pulling and US simulations, the harmonic
spring constant k; was set to 1000 kJ mol~! nm~2. All MD simulations
and US calculations were performed using the GROMACS simulation
package (version 2019.3) [57].

3. Results and discussion
3.1. Computational screening of zeolites

Given that the recognized size of PFOA molecule is ~5 A, zeolites
with a smaller PLD are not expected to adsorb PFOA. Here, we consid-
ered a PLD threshold of 4 ;\, which allowed us to eliminate 136 of the
zeolites (Fig. 2). For the remaining 101 all-silica zeolite topologies,
water and PFOA Henry coefficients were computed.

The pKa values of PFOA reported by experimental studies vary be-
tween 0.5 and 3.8 [58-62], therefore, PFOA is expected to be in the
deprotonated state in hydrophilic environments due to presence of
liquid water; i.e. pH = 7. Consequently, molecular simulation studies
investigating the adsorption of PFOA in hydrophilic materials, such as
clay minerals [63,64] and cyclodextrin-based polymers [65], employed
deprotonated models of PFOA. In contrast, PFOA is expected to be in
neutral state when water is not present, i.e., near hydrophobic surfaces.
Therefore, we used a neutral model for the PFOA molecule in our study
because water is not anticipated to enter the hydrophobic pores of
all-silica zeolites (See SI for the details of the neutral PFOA model). We
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Fig. 1. (a) Setup for US calculation of a single PFOA molecule adsorption from water (light blue regions) into zeolites. The yellow dashed line represents the reaction
coordinate sampled, which runs in the z-direction. Two different orientations of PFOA considered are shown in (b) Orientation I, the hydrophobic —~CF3 group facing
the zeolite surface; and (c) Orientation II, the hydrophilic -COOH group facing the zeolite surface. Color scheme: O, red; Si, dark blue; -CF,, bright blue, H, white.
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Fig. 2. Distribution of zeolites with respect to computed PLDs.

justify the use of a neutral PFOA model in Section 3.4., by presenting
comparative free energy analyses of the adsorption of PFOA in neutral
and deprotonated states, which show that the presence of PFOA in
deprotonated state in the hydrophobic pores of an all-silica zeolite is
thermodynamically prohibitive. Indeed, the computed Henry co-
efficients of water in all-silica zeolites were all below 1.0 x 107®
mol’kg 1"Pa~!, which is a consequence of their significant hydropho-
bicity. Whereas the computed PFOA Henry coefficients in all-silica ze-
olites ranged from 10° to 10’ mol'kg !'Pa~!, which are significantly
larger than the water Henry coefficients (Fig. 3). These results indicate
that some all-silica zeolites can be used for the removal of PFOA at very
low concentrations in water because of their high PFOA affinity and very
high hydrophobicity. Fig. 3 shows a scatter of PLDs versus LCDs for 101
all-silica zeolites with PFOA Henry coefficients. From the perspective of

pore size, all-silica zeolites with PLDs and LCDs in the range of 5.0 to 7.0
A, in general, have larger PFOA Henry coefficients (purple area in Fig. 3)
compared with all-silica zeolites with PLDs and LCDs within the range of
7.0 to 12.0 A. This is because in larger pores, the interaction between
PFOA and the zeolite framework is weaker.

There are 55 zeolites topologies with PFOA Henry coefficient values
above 10* mol'’kg~!'Pa—!, however, among them, 31 zeolite topologies
have been synthesized experimentally in the siliceous form, which are
represented by the closed symbols in Fig. 3, whereas open symbols
represent the zeolite topologies for which the all-silica synthesis have
not been reported. It is well known that defects in zeolites are preferred
adsorption sites for water, and zeolites with defects are not anticipated
to capture PFOA from water effectively. Herein, we only considered the
25 zeolite topologies with computed PFOA Henry coefficients above 1.0
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x 10* mol'kgfl'Pa*1 (Tables S2-S5) and for which all-silica synthesis
were reported.

To further evaluate the PFOA removal performance of the 25 all-
silica zeolite topologies, their ideal permeability coefficients (x;) based
on the solution-diffusion model were computed [66]. According to this
model, 1; = K; x D;, where K; and D; are the solubility coefficient and the
self-diffusion coefficient, respectively, of PFOA in all-silica zeolites [67].
The solubility coefficient can be represented by the Henry coefficient at
low loadings. The use of ideal permeability is justified by the fact that
water does not enter hydrophobic zeolite pores, so the PFOA molecule
only interacts with the zeolite framework. The final 25 all-silica zeolite
topologies were classified into three categories based on their pore
dimensionality and the computed PFOA diffusion coefficients are pre-
sented in Tables S3-S5. In general, computed PFOA diffusion co-
efficients are largest in zeolites with 1D pores, followed by zeolites with
2D and 3D pores. This is because molecules spend longer times at the
intersection of the pores in zeolites with 2D and 3D pores, resulting in
smaller self-diffusion coefficients.

Based on their optimum pore size, high PFOA affinity, fast PFOA
diffusion and the computed PFOA ideal permeabilities, MTW, VET, and
GON emerged as the most promising zeolites for PFOA removal from
water. In Table 1, their ideal permeabilities are given in comparison to
BEA. Noteworthily, MTW, VET, and GON are all zeolites 1D pores, while
BEA has 2D pores. MTW shows the largest ideal PFOA permeability
coefficient, which is four orders of magnitude larger than that of BEA,
followed by VET and GON with their ideal PFOA permeability co-
efficients four and three orders of magnitude larger than that of BEA,

Table 1
Comparison of the computed properties of MTW, VET and GON with BEA.
PLD LCD PFOA Henry PFOA self- PFOA ideal
(A) (A) coefficient diffusion permeability
(mol'kg’l'Pa’l) coefficient coefficient
(cmz's -h (cm2'mol'kg’1'Pa’1
sh
MIW 522 558  2.83x10° 1.47 x 4.16 x 10*
1072
VET 553 591  1.74 x 10° 6.24 x 1.09 x 10*
1073
GON 495 584  1.05x 10° 2.18 x 2.29 x 10°
1073
BEA 562 617  9.81 x 10* 1.18 x 1.16 x 10°
107°
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Fig. 3. 2D Color-mapped scatter plot of the logarithm of the computed
PFOA Henry coefficients (log;o Hc) versus the computed PLDs versus
LCDs for 101 all-silica zeolites. Filled circles represent zeolites that
have been synthesized in all-silica form. Open circles represent zeolites
that have not been synthesized in all-silica form yet. The all-silica
zeolites with LCDs and PLDs in the range [5.0, 6.0] A, such as MTW,
VET, GON, as circled in the purple area, possess the largest PFOA
Henry coefficients among others.
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respectively.

3.2. Free energy analyses

To understand the thermodynamics of the PFOA adsorption process,
we performed US calculations (see SI for details) and characterized the
FE landscapes of a single PFOA molecule adsorbed from water in MTW,
VET, GON and BEA, for two orientations of PFOA; the hydrophobic ~CF3
group facing the zeolite surface (Orientation I), and the hydrophilic
—COOH group facing the zeolite surface (Orientation II). The corre-
sponding FE profiles, as a function of the adsorption coordinate, for BEA
is shown in Fig. 4a and for MTW, VET, GON are shown in Fig. 5. The
channels of the MTW, VET, GON and BEA all-silica zeolites which run in
the direction of the PFOA adsorption coordinate sampled in the US
calculations are shown in Fig. S2.

For Orientation I, the FE profiles of the zeolites can be divided into
four parts with respect to maximum point A, minimum B, and local
maximum G, as illustrated in Fig. 4a for BEA. Before point A, the PFOA
molecule stays in water and the FE of the adsorption system is regarded
as 0 kJ mol~!. The other three parts constitute the adsorption process,
namely Stage I, II, and III as illustrated in Fig. 4b. Each stage is char-
acterized by AG},, AG,, and AG},, (Fig. 4a), which are defined as the
free energy of surface adsorption, interfacial barrier, and pore-structural
barrier, respectively. By comparison, there is no Stage II (from B to C) in
the FE profiles of all the four target zeolites for Orientation II. Therefore,
the adsorption process of Orientation II comprises 2 stages, Stage I and
III (Fig. 4¢), which are quantified by AGY, and AGP,, respectively. The
free energy of the overall PFOA adsorption process, AGggs, for Orienta-
tion I and Orientation II are defined as the difference between points A
and C in Fig. 4a. The AG values for the different stages of PFOA
adsorption for the four all-silica zeolites are given in Table 2. The large
negative AGyys values show that the PFOA adsorption process is ther-
modynamically strongly favoured. While there are no experimental data
for MTW, VET and GON zeolites, all-silica BEA was experimentally
shown to be effective in removing PFOA from water [32], which is in
line with our calculations. In the following sections, we present a
detailed analysis of different stages of PFOA adsorption for Orientation I
and Orientation II based on free energy profiles.

ur’

3.2.1. Orientation I (-CFs3 pore-facing)
The PFOA adsorption in Orientation I has three stages (Stage I, Il and



M. Zhang et al.

(a)

0f <A — Orientation |
- ! —— Orientation Il
=20 1| BEA
<) i i
E 40 !
2 3
= 60 | |
b e _AG'S,ur AGY,,

L
100 /
10 9 8 7 6 5 4 3 2 1
Adsorption Coordinate (nm)

(b) Orientation I (-CF, pore-facing)

Stage I ~ Stage IT Stage Il

Adsorption Coordinate (nm)

Surfaces and Interfaces 41 (2023) 103271

(c) Orientation II (-COOH pore-facing)
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Fig. 4. (a) The free energy (FE) profiles of PFOA adsorption from water into BEA for Orientation I (-CF3 pore-facing) and Orientation II (~COOH pore-facing). The
figure on the right is the enlarged view near the water-zeolite surface. Illustration of the forces at play during different stages of PFOA adsorption from water (light
blue regions) for (b) Orientation I (—~CF3 pore-facing) and (c) Orientation II (-COOH pore-facing). Color scheme: O, red; Si, dark blue; —CFy, bright blue, H, white.

II0) as illustrated in Fig. 4b. In Stage I, PFOA molecule is adsorbed from
bulk water onto the zeolite surface. The free energy change in this stage
(AGL,) exhibits a significant decrease in the free energy profile between
the reference point A and the FE minimum, point B, as illustrated in
Fig. 4a. At the FE minimum point, there are competing effects of the
hydrophobic repulsion between water and the perfluorinated chain of
PFOA and the hydrophobic attraction between all-silica zeolite and the
perfluorinated chain of PFOA. AG.,, for VET and GON are similar and ~
7.0 kJ mol ! lower than that of benchmark BEA, while AGiw of MTW is
~ 11 kJ mol ™! higher, suggesting that PFOA would be more strongly
adsorbed on the surface of the VET and GON compared to the BEA.

In Stage II, PFOA must overcome the interfacial free energy barrier,
AG!,, which vary from 13.7 to 17.6 kJ mol ! depending on the zeolite
framework (Table 2). The interfacial energy barrier is mainly due to two
competing interactions; electrostatic attraction between water and
PFOA carboxyl group and the hydrophobic attraction between all-silica
zeolite and the perfluorinated chain of PFOA, which are illustrated with
red and green arrows, respectively, in Fig. 4b. AG!,, values for MTW,
VET and GON are all smaller by at least ~ 3.0 kJ mol ™! than the one for
BEA (17.6 kJ mol_l), demonstrating that it is easier for PFOA to over-
come the energy barrier of water/zeolite interface in MTW, VET and
GON compared to BEA.

In Stage III, PFOA translocate from the interface to the center of the
zeolite by overcoming energy barrier due to the pore structure of zeolites
(AGL,). The value of AG!, for BEA is 6.1 kJ mol . In comparison, the
values of AG], for MTW, VET and GON are all below 5.0 kJ mol 1,
suggesting that it is thermodynamically easier for PFOA to diffuse
through the pores of MTW, VET and GON compared to BEA, which is in

line with the PFOA diffusion coefficients computed from MD simulations

for these four zeolites (Table 1).

3.2.2. Orientation II (-COOH pore-facing)

The adsorption of PFOA in Orientation II is characterized by 2 stages
(Stage and 11, Fig. 4¢) and quantified by AGL, and AGL,,, respectively.
There is no Stage II in the FE profiles for this orientation, because when
PFOA is in Orientation II it does not experience any significant interfa-
cial energy barrier. This is because the carboxyl group of PFOA does not
interact with water at the interface in Orientation II as illustrated in
Fig. 4c. Therefore, after being adsorbed from bulk water on to the zeolite
surface, PFOA must overcome only the energy barrier due to pore

structure. At this point, the values of AG]}, are almost the same as that of

AG!__ for BEA, VET and GON, except MTW, which exhibits a AGI’,IW of

'por
2.3 kJ mol ', which is ~ half that of AGY,
Although the FE minimum (B) of Orientation I at the interface is more
negative than that of Orientation II, the FE profiles of Orientation II after
Point B are lower than that of Orientation I for VET, GON, and MTW.
This may be explained by the fact that at the interface the electrostatic
attraction between water and the carboxyl group of PFOA for Orienta-
tion I disappears, and the diffusion of PFOA molecule into the zeolite
pores is driven by hydrophobic repulsion between water and the per-
fluorinated chain of PFOA (blue arrow in Fig. 4c) and the hydrophobic
attraction between the all-silica zeolite and the perfluorinated chain of
PFOA (green arrow in Fig. 4c).

For the four zeolites considered in Table 2, the values of AGL, and
AG!_ are below —90 kJ mol ™! regardless of the PFOA orientation, but
the values of AGL,
AGE , which is particularly the case for BEA, since the difference be-

tween AG. _and AGY

sur sur

for this zeolite topology.

of the four zeolites are more negative than that of

is significant, i.e., 9.3 kJ mol~!. To quantify the
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Fig. 5. Free energy (FE) profiles of PFOA adsorption from water in to (a) MTW, (b) VET and (c) GON for Orientation I (-CF3 pore-facing) and Orientation II (-COOH
pore-facing). The figures on the right are the enlarged views around the water-zeolite interface.

Table 2

Summary of free energies associated with PFOA adsorption from water in MTW, VET and GON zeolites in comparison with zeolite BEA.

All-silica zeolites Orientation I (-CF3 pore-facing) (kJ mol’l)

Orientation II (-COOH pore-facing) (kJ mol ™)

AGgur AGllnt AG{)or AGLds Angr AGgAt AGII:Ior AGIaIds
BEA —-107.2 17.6 6.1 —89.6 -97.9 — 6.4 -91.5
MTW —96.5 13.7 4.5 —82.8 —93.0 — 2.3 -90.7
VET -114.7 14.6 4.7 —100.1 -111.2 — 4.1 -107.1
GON -114.1 14.3 4.9 -99.8 -112.2 — 4.8 -107.4

probabilities of PFOA molecule being adsorbed on the surface in
Orientation I and Orientation II, based on Boltzmann distribution the-
ory, one can obtain the ratio of the probabilities of two states (i, j) of the
system, which is known as the Boltzmann factor, using:

Table 3
The ratios of the probability of PFOA being adsorbed on the surface in Orien-

tation I or II (pl,./pl)* and rate constants for the rate limiting stages associated

Pir) _ exp( _ ( AG; — AG,-) / RT) 3) with PFOA adsorption from water in MTW, VET and GON zeolites in comparison
Pir ’ with zeolite BEA.

Accordingly, we computed the ratios of the probability of PFOA BEA MTW VET GON
being adsorbed on the surface in Orientation I or I (p!,./p! ) for MTW, PL/ok 42.6 41 41 2.9
VET, GON and BEA by using the corresponding AG!, and AGY, values Kl pp (x 1005~ 1) 0.5 25 17 1.9
given in Table 2. The probability of PFOA adsorption in Orientation I on KL p (x 10105~ 1) 47 245.5 118.8 89.5

to the surface of BEA is ~ 43 times larger than in Orientation II, which
demonstrates that PFOA is almost certainly adsorbed on to the BEA

* Iand II represent Orientation I (-CF3 pore-facing) and Orientation IT (-COOH
pore-facing), respectively.
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surface in Orientation I, i.e., 97% of the PFOA molecules adsorbed on the
surface (Table 3). However, for the three other zeolites the scenario is
different. For MTW and VET p!_/p% = 4.1 and for GON pl, /p! = 2.2,
which suggests that, although PFOA adsorption on the surfaces of these
three zeolites are still more likely to occur in Orientation I, the proba-
bility of surface adsorption of PFOA in Orientation II is significant, such
that around 20% and 31% PFOA molecules adsorbed on the surfaces of

MTW and VET and surface of GON, respectively, are in Orientation II.
3.3. Kinetics of PFOA adsorption

After being adsorbed from water onto the surface (Stage I), PFOA
with Orientation I (-CF3 group pore-facing orientation) must overcome
the interfacial free energy barrier (Stage II) and pore structural energy
barrier (Stage III) before being fully adsorbed in the zeolite. To deter-
mine the rate constants associated with different stages of PFOA
adsorption from water into the zeolite, we used the Eyring equation [68]
based on the transition state theory

kkgT AG*
kpp = Z exp( ~ T ) (€)]

where kj is the rate constant for PFOA adsorption; AG* is the free en-
ergy barrier; k is the transmission coefficient, which is 1 [69]; and h is
Planck’s constant. The computed AG values for different stages of the
adsorption process from US calculations (Table 2), are used in Eq. (4) to
calculate the associated rate constants and are presented in Table 3. The
Eyring equation suggests that larger values of free energy barrier lead to
lower rate constants, hence slower adsorption kinetics. Since the values
of the interfacial free energy barrier (AG' ) are significantly larger than

int
that of pore structural energy barrier (AGII, ), Stage II, which is related to

or"
the interfacial free energy barrier, is considered to be the
rate-determining step for Orientation I. From the perspective of Orien-
tation II, there is only the pore structural energy barrier (AGgor), that is,
the rate-determining step for Orientation II is Stage III.

Accordingly, we can compute the slowest rate constants for Orien-
tation 1, kf; p;, and Orientation II, k[ ., using AG},, and AGj,, respec-
tively. From the perspective of Orientation I, the value of kI, ,, for MTW

is the largest at 2.5 x 10'°s ~ !, which is 5 times larger than that of K, .
for BEA; while the values of kI, . for VET and GON are ~ 3 and 4 times

S
larger than that of kﬁLPF for BEA. This means the kinetics of interfacial
PFOA adsorption of MTW, VET and GON are faster than that of BEA for
Orientation I. From the perspective of Orientation II, the value of k& .
for MTW, VET and GON is ~ 5, 3 and 2 times larger than that of kj . for
BEA, respectively.

As discussed above, the probability analyses of Stage I (adsorption of
PFOA from water on to the zeolite surface) shows that PFOA adsorption
on the surfaces in Orientation I is thermodynamically more favorable
than Orientation II. After Stage I, however, the kinetic rate analyses
suggest that PFOA adsorption in Orientation II is faster than Orientation
I, i.e,, the values of kI, are ~ two orders of magnitude larger than that

of kL

sLPF*
adsorption of PFOA where thermodynamics favor Orientation I and ki-
netics favor Orientation II. Overall, the PFOA adsorption process is ex-
pected to be much faster in MTW, VET and GON since the occurrence of
PFOA adsorption in Orientation II on the surface of these three zeolites
are significantly more probable compared to BEA.

That is, what we observe is orientation dependent competitive

3.4. The protonation state of PFOA near the surface and in the pores of
hydrophobic zeolite

As we mentioned earlier, we employed a neutral PFOA model in our
study considering that no water adsorption is anticipated in the hydro-
phobic pores of all-silica zeolites. However, in pure water, i.e., pH = 7,
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PFOA is deprotonated. As such, we carried out US calculations of PFOA
adsorption in zeolite BEA with a deprotonated PFOA model (See SI for
the details of the deprotonated PFOA model) to compare the FE profiles
of the deprotonated and neutral PFOA models. The simulation set up for
the US calculations with the deprotonated PFOA model were identical to
those with the neutral PFOA model except that a single Na™ ion was
placed in bulk water to make the overall system neutral, since the
deprotonated PFOA molecule is negatively charged. Like we did in the
case of the neutral PFOA model, we computed the FE landscapes for two
PFOA orientations: Orientation I, -CF3 group facing the zeolite surface,
and Orientation II, -COO™ group facing the zeolite surface. The corre-
sponding FE profiles of the deprotonated PFOA model as a function of
adsorption coordinate are shown in Fig. 6 in comparison with the data
for the neutral PFOA model. For both orientations, the FE profiles of the
deprotonated PFOA model, shown with dotted lines in Fig. 6, exhibit
very large interfacial energy barriers, i.e., > 120 kJ mol~’. That is, it is
thermodynamically prohibitive for deprotonated PFOA to be adsorbed
inside the hydrophobic pores of all-silica zeolite BEA. Hence, our use of a
neutral PFOA model for the initial screening calculations of Henry and
self-diffusion coefficients is fully justified. To understand the entire
PFOA adsorption process, however, the results obtained with the neutral
and deprotonated PFOA models should be interpreted together. The
energy minima of the -COO™ pore-facing orientation of the deproto-
nated PFOA near the surface of zeolite BEA, which is located around 6
nm on the adsorption coordinate, is higher, i.e., less negative, than that
for the —CF3 pore-facing orientation. That is, the PFOA molecule is more
likely to be adsorbed onto the zeolite surface from water in ~CF3 pore-
facing orientation in deprotonated state. The PFOA molecule should
then transition from the deprotonated state to the neutral state at the
water/zeolite interface to be fully adsorbed in the hydrophobic zeolite
pores, where it exists in neutral state. Indeed, NMR data from van der
Bergh et al. [32] shows that PFOA adsorbed in the hydrophobic pores of
all-silica zeolite Beta is in neutral state, which is in line with our
findings.

4. Conclusions

This study provides thermodynamic and kinetic insights into the
mechanism of PFOA adsorption from water in all-silica zeolites.
Computational screening of all-silica zeolites based on PFOA ideal per-
meabilities revealed that three zeolites, MTW, VET and GON, are top
performers and estimated to exhibit several orders of magnitude better
PFOA removal performance compared to zeolite Beta (BEA), which was
used as the benchmark material. Free energy analyses revealed that
adsorption of PFOA on to the zeolite surface in Orientation I is ther-
modynamically more favorable than it is in Orientation II; however,
when the —CF3 group of PFOA molecule is adsorbed first on to the zeolite
surface (Orientation I) it must overcome an interfacial energy barrier to
be completely adsorbed in zeolite pore, whereas, no interfacial energy
barrier exists if the -COOH group of PFOA is adsorbed first (Orientation
II). This is attributed to the fact that in the latter water attraction be-
tween the -COOH group of PFOA and water is insignificant, that is, the
adsorption of PFOA in Orientation II is kinetically favored. Probability
analyses based on PFOA free energy of surface adsorption showed that
PFOA is more likely to be adsorbed in Orientation I on the surface.
However, the relative probabilities of finding PFOA molecules in
Orientation I and II differ significantly from one zeolite to the other.
Given that in MTW, VET and GON, the surface adsorption of PFOA in
Orientation II is significantly more probable compared to BEA, the
overall PFOA adsorption process is expected to be faster in MTW, VET
and GON. Accompanied with thermodynamic and kinetic insights at
molecular level, our study shows that zeolite external surfaces and the
accompanying interfacial barriers determine the rate limiting step for
the PFOA adsorption process. Such detailed understanding would not
have been possible by studying the adsorption and diffusion process in
the pores only. Furthermore, our findings may also be useful to study the



M. Zhang et al.

Surfaces and Interfaces 41 (2023) 103271

120

80 +

40

FE (kJ mol"')

A
o
1

®
o
1

"

120 +——F—7T——1—

——-CF, pore-facing (neutral)
------- -CF, pore-facing (deprotonated)

1 = -COOH pore-facing (neutral)

~~~~~~~ -COO" pore-facing (deprotonated) .-

10 9 8 7

6

5

T T T T T T T T T

4 3

Adsorption Coordinate (nm)

Fig. 6. Comparison of the FE profiles associated with the adsorption of deprotonated and neutral PFOA from water into zeolite BEA.

adsorption of other perfluorinated carboxylic acids from water.
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