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Per- and poly-fluoroalkyl species (PFAS) remain ever-present drinking water contaminants. While some physical adsorption
technologies for PFAS removal have been implemented on a large scale, they are limited by high cost and low effectiveness. In this
work, an amphiphilic coating was developed and used to functionalize an aluminum oxide hydroxide membrane. Dynamic filtration
of challenge water containing eighteen PFAS demonstrated >99% removal of eleven of eighteen PFAS as defined in EPA 537.1.
Comparable performance was observed under gravity filtration conditions with >90% removal of fifteen of the eighteen PFAS. A
comparison of breakthrough rates using amphiphilic silanes versus granular activated carbon (GAC), the commonly used filtration
technology, was performed. Filters with the new amphiphilic coating outperformed GAC under dynamic filtration conditions by
more than an order of magnitude for the perfluorooctanoic acid adsorption capacity and even greater for perfluorooctane sulfonic
acid. Molecular dynamics simulations were used to compute the free energy, enthalpy, and entropy of interactions between
coatings and six PFAS contaminants. Computed interaction free-energy (FE) values agree with experimental filtration performance
across contaminants. The ability to use simulated FE values to predict filtration efficiency presents an opportunity for future in-silico

rational design with overall reduced cost and development time.
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INTRODUCTION

Per- and poly-fluoroalkyl species (PFAS) have emerged as wide-
spread contaminants in drinking water'=3. These highly fluori-
nated compounds persist in the environment as a result of the
high chemical stability of the carbon-fluorine (C-F) bond and are
therefore commonly referred to as ‘forever chemicals®. The
environmental persistence and high water solubility of PFAS also
leads to significant bioaccumulation, which is correlated with
adverse health effects in human populations®=°. The United States
Environmental Protection Agency (EPA) has established a lifetime
exposure drinking water limit for perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) combined at 70 parts
per trillion (ppt), a value exceeded at numerous locations in the
United States and around the world'®. While PFOA and PFOS are
the two most common PFAS compounds, the broad PFAS family
includes thousands of species with varying chain lengths, chain
architecture, and charge''. In particular, short-chain PFAS (per-
fluorocarboxylates with less than eight carbons and perfluorosul-
fonic acids with less than six carbons, such as perfluorobutanoic
acid and perfluorobutane sulfonate) have proven to be signifi-
cantly more difficult to sequester compared to longer chain
PFAS'>T5,

The current state-of-the-art approach for PFAS removal focuses
on physical adsorption techniques such as filtration via granular
activated carbon (GAC) or ion exchange (IX) resins'®~'°. Previous
reports highlight limitations of GAC under high flux and poor
performance in removing shorter chain PFAS species?®?2 In
addition, GAC filter media can often be saturated by other
contaminants, requiring frequent media replacement, leading to
high filtration cost?>?*, The chemical reactivity of IX resins can be
tailored to bind specific contaminant classes. This allows them to
adsorb more PFAS than GAC under laboratory conditions,
however, their costs are typically higher, limiting large-scale
implementation?>2°,

Previously, we developed a cost-effective technology for
removing heavy metal ions, PFOS, and PFOA using a silane-
functionalized aluminum oxide hydroxide (y-AIOOH) nano-
whisker membrane (4603)?”2%, The previously developed amphi-
philic silane coating contained a polar terminus to mitigate
pressure drop and a fluorinated center to leverage the favorable
fluorophilic C-F"F-C interaction for PFAS adsorption (F16-4PEG,
Fig. 1). Since fluorinated species are hydrophobic, it was
hypothesized that a silane containing a hydrophobic linker may
also have utility in PFAS sequestration without the need for highly
fluorinated building blocks. Here, we furthered our research and
studied the efficacy of this technology by characterizing the
breakthrough behavior, total contaminant adsorption, and
filtration efficiency against PFAS with varying chain lengths,
functionality, and concentrations. In addition, to understand
differences in measured filtration efficiency, we employed
Molecular Dynamics (MD) to model the interactions between six
of the experimentally tested PFAS contaminants and modified
F16-4PEG and H16-4PEG molecules in water. Metadynamics
simulations were used to calculate the interaction free-energy
(FE)?*3% and results from MD simulations were compared
quantitatively with experimental filtration efficiencies. In equili-
brium, the FE of the interaction between the contaminant and
filter is related to the filtration efficiency, this is often expressed in
the literature as the partition coefficient’'3*. To understand
differences in filtration efficiency as functions of PFAS and silane
structure, interaction FE was also decomposed into entropic and
enthalpic components. Results show that overall interactions are
driven by entropy and solvation effects, explaining the difficulty
in filtering relatively short PFAS molecules and suggesting future
routes to better filtration.
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Fig. 1 Silane structures. Structures of amphiphilic silanes 1 (F16-4PEG) and 2 (H16-4PEG).

mF300GAC mF16-4PEG ®mHI16-4PEG

100

%
S

Filtration Efficiency (%)

)
=)

PFBS (4) HFPODA (5) PFHxA (6)

60
40
0

PFHxS (6)

II I I

PFHpA (7) PFOA (8) PFDA (10)

DONA (7)

Fig.2 Dynamic filtration experiment results. Percent removal of eight of the eighteen PFAS compounds under dynamic filtration of 100 ppt
samples for the F300GAC, as well as F16-4PEG and H16-4PEG functionalized 4603 filters. The number of linear carbon atoms in each species is
noted in parenthesis. For complete results see the Supplementary Table 1. Error bars represent the standard deviation for two independent

experiments.

RESULTS
Dynamic filtration performance

A challenge water solution containing 100 ppt each of 18 PFAS
species, identified in the EPA 537.1 (The 18 PFAS are perfluor-
ohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA,
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA),
perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid
(PFTeDA), perfluorobutanesulfonic acid (PFBS), perfluorohexane-
sulfonic acid (PFHxS), PFOS, N-ethylperfluorooctanesulfonamidoa-
cetic acid (NEtFOSAA), N-methylperfluorooctanesulfonamido
acetic acid (NMeFOSAA), perfluorododecanoic acid (PFDoDA),
hexafluoropropylene oxide dimer acid (HFPODA), 9-chlorohexa-
decafluoro-3-oxanone-1-sulfonic acid (9CI-PF30NS), 11-chloroei-
cosafluoro-3-oxaundecane-1-sulfonic acid (11CI-PF30UdS), 4,8-
dioxa-3h-perfluorononanoic acid (DONA), and perfluoroundeca-
noic acid (PFUnDA), in deionized (DI) water was prepared. This
concentration was identified based on previous reports of PFAS
concentrations in waste water streams>®, Dynamic filtration tests
were performed with 250 mL on three filtration media: (a) F16-
4PEG functionalized 4603, (b) H16-4PEG functionalized 4603, and
(c) Filtrasorb 300 GAC (F300GAC). Figure 2 shows the removal
efficiency for the eight contaminants that were not completely
removed by the F16-4PEG and H16-4PEG filters. For the other ten
contaminants (PFOS, PFNA, NEtFOSAA, NMeFOSAA, PFDoDA, 9Cl-
PF30S, 11CI-PF30UdS, PFUNnDA, perfluorotetradecanoic acid,
perfluorotridecanoic acid) there is complete removal (>99.5%)
by the F16-4PEG and H16-4PEG filters, while the F300GAC removal
varies from 85-99%. See Supplementary Table 1 for complete
results. Overall, for the 8 contaminants shown, the F16-4PEG and
H16-4PEG functionalized filters performed as well as or better than
the F300GAC, except for with short-chain PFAS like HFPODA,
PFHxA, and PFBS. These short-chain PFAS have proven to be
challenging to remove by other filtration methods and is likely

npj Clean Water (2022) 55

attributed to the lower affinity of the shorter chain PFAS to the
filter media%*’.

The filters were also challenged with the 18 PFAS solution at
750 ppt concentration per compound. At these PFAS concentra-
tion levels, the F16-4PEG functionalized filter shows >95% removal
for all PFAS compounds except HFPODA (see Supplementary Fig.
1). Surprisingly, even the short-chain PFAS are removed with high
efficiency. This is similarly noted in another study that used ppb
and ppm levels of PFAS to evaluate an IX resin, which showed that
competitive adsorption was not observed at PFAS concentrations
ranging from 10 to 100 ppb3%. In comparison, the H16-4PEG
displayed excellent removal of PFAS with more than six carbons
and moderate removal of short-chain PFAS species. ADONA (4,8-
dioxa-3h-perfluorononanoic acid) was also not completely
removed since it is an ether acid with a high degree of
oxygenation that might prevent effective interaction with the
silanes. Conversely, PFNA, which has a similar side chain length
without the oxygenation, is completely removed. This has been
observed with other GAC and IX resin systems and is mainly a
challenge for the shorter chain “ether acid” HFPODA3°4C,

Dynamic breakthrough behavior

To assess the breakthrough behavior, filters functionalized with
both F16-4PEG and H16-4PEG were tested against challenge water
containing both PFOA and PFOS with average concentration
415 ppt and 625 ppt, respectively, in DI water under a flux of
1223Lm~2h~". For comparison, a commercial Filtrasorb 300 GAC
(F300GACQ) was also tested. Breakthrough curves were generated
from C/Cy ratios as a function of collected volume of challenge
water, where C is the effluent concentration (ngL™") and C, is the
influent concentration (ng L™") (Fig. 3). For the F300GAC filter, at
15% breakthrough the volume of water filtered was estimated to
be 30 mL (PFOA) and 50 mL (PFOS) with corresponding adsorbed
mass of ~02ug PFOA(g F300GAC)~' and 0.5ug PFOS(g
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Fig. 3 Dynamic filtration breakthrough results. PFOA and PFOS breakthrough data showing C/C, for each filter substrate. Curves are guides
for the eye. For the F300GAC errors are estimated to be 50% for both PFOA and PFOS. For the F16-4PEG filter errors are estimated to be 50%
for PFOA and smaller than the symbol size for PFOS. For H16-4PEG the errors are estimated to be 50% before breakthrough of PFOA rising to
80% after breakthrough, and smaller than the symbol size for PFOS.

Table 1. Gravity filtration results.

PFBS HFPODA PFHxA PFHxS PFHpA DONA PFOA PFOS PFNA PFDA
F300GAC 97 95 95 97 96 96 94 29 98 99
F16-4PEG 83 62 68 100 94 97 93 100 100 99
H16-4PEG 73 73 69 100 94 93 97 100 100 100
The overall filtration efficiency of the F300GAC, F16-4PEG, and H16-4PEG for the nine contaminants that were not fully removed during gravity filtration.
Values are the percent of contaminant filtered.

F300GAC)~'?>. These values are estimates because the break-
through concentration was surpassed at less than 50 mL volume.
Under these high flux conditions, the F300GAC substrate did not
provide removal below the EPA threshold of 70 ppt combined for
PFOA and PFOS. The F16-4PEG functionalized medium displayed
the highest adsorption capacity, with 15% breakthrough of PFOA
after 5.2 L and 18 ug PFOA(g F16-4PEG filter)~' adsorbed mass.
The H16-4PEG functionalized medium showed decreased perfor-
mance compared to F16-4PEG with PFOA C/C, surpassing 15% at
~2.1L, with about 7.5 ug PFOA(g H16-4PEG filter)~' adsorbed. For
PFOS removal, filtration media functionalized with the F16-4PEG
and H16-4PEG had similar performance, with little or no break-
through at our largest measured water volumes. The difference in
adsorption capacity could be due to the fact that PFOS contains
one additional fluorinated carbon compared to PFOA making it
slightly more hydrophobic?®. This difference is consistent with
stronger interaction free energies for PFOS measured from MD
reported in the SI. Comparing the masses of PFOA adsorbed at
breakthrough, the F300GAC performed poorly relative to silane-
functionalized substrates, with ~30 and 80 times less adsorbed
mass at breakthrough for the H16-4PEG and F16-4PEG at C/
Co=0.15 respectively. PFOS breakthrough was not observed for
the H16-4PEG or F16-4PEG filters, suggesting that they adsorb
>100x contaminant mass than the F300GAC. This shows that F16-
4PEG outperforms the other substrates for PFAS removal and that
both the F16-4PEG and H16-4PEG have far higher adsorption
capacity than the F300GAC medium.

Gravity filtration

Gravity filtration is commonly implemented for point-of-use
filtration systems, such as a pitcher for drinking water. To assess
the performance of the filter media under gravity filtration
conditions, 1L of challenge water containing 100 ppt of each of
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the eighteen PFAS species in DI water was gravity filtered through
a single 25 mm diameter filter with a flux of 85 (F300GAC) and
340L m~2h~" (F16-4PEG and H16-4PEG). The variation in flow rate
was the result of the low flow rate through the filter containing
the F300GAC. The three filtration media performed very well for
most contaminants, completely filtering 10 of the 18 PFAS species.
Results for the contaminants that were not completely filtered are
presented in Table 1. The F300GAC system outperformed F16-
4PEG and H16-4PEG for the removal of short-chain PFAS. The slow
filtration and long bed contact time are most likely the basis for
the high removal of the PFAS from solution with GAC. However,
these conditions are not ideal for large-scale processing. As in the
dynamic filtration, the F16-4PEG and H16-4PEG silanes completely
removed PFAS species with more than six carbon atoms, with
modest removal of shorter PFAS like PFBS, HFPODA, and PFHXA.

Comparison of experimental and simulated MD results
Results from MD simulations quantify the FE, enthalpy, and entropy
due to interactions between filter materials and contaminant
molecules. Metadynamics simulations were used to compute the
FE as a function of the center-of-mass separation between each filter
molecule and each contaminant molecule?®*°, Typical interaction FE
curves are shown in Supplementary Figs. 5 and 6. The most
important feature of the FE curves is the depth of the FE minimum
relative to the large-separation value. We refer to these values as the
binding FE, denoted AG. For the contaminant filtration molecule
pairs these values range from —9 kJ(mol)~' to ~—25 kJ(mol)~', and
can be read from Supplementary Figs. 5 and 6. The statistical
uncertainties in the FE curves are ~+1 kJ(mol)~" for all contaminants
except for the PFOS, which has error+ 1.9 kJ(mol)~". Error bars
represent the standard deviation from five independent metady-
namics simulations.
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Fig. 4 Comparison of experimental and computational results.
The experimental filtration efficiency represented as log (%) versus
the simulated FE minimum value AG. Experimental data for the
100 ppt dynamic filtration experiment are shown. Results for F16-
4PEG are shown as open symbols while H16-4PEG results are closed
symbols. Error bars represent the standard deviation of results from

two independent experiments and the standard deviation of AG
values from five independent metadynamics simulations.

The binding FE AGis related to experimental measurements of
PFAS concentration by calculation of the partition coefficient3'33,
For a filter material and water in equilibrium, AG is related to the

contaminant concentrations by AG = kgT log (‘C—Vf“)where Cy is the

contaminant concentration in the water and ¢ is the contaminant
concentration in the filter material. The contaminant concentra-
tion in the filter is proportional to the filtration efficiency crxp,
while the contaminant concentration in water ¢, & (1—p).
Altogether, the binding FE is related to the overall filtration
efficiency p by

AG = kgTlog (1%)) W )

where the constant W varies with filter geometry, flow, and initial
contaminant concentration. The simple relationship between p
and AG in Eqg. 1 will be modified as the filtered contaminant mass
approaches saturation or breakthrough, and in that context other
models to understand competitive binding by multiple molecules
will be required*'#2,

Figure 4 compares experimental dynamic filtration efficiency
data for 100 ppt contaminant sample water with simulated
interaction FE values. The experimental data are recorded as

log <1%p> and compared with AG from simulation. Error bars for

the experimental data represent the standard deviation from
duplicate experiments. The approximate experimental detection
limit (<0.5 ppt) is indicated with a dashed horizontal line at =—5.3
(100 ppt). Several contaminants are filtered to below this level,
including the critically important PFOS and PFAS molecules,
leading to large uncertainties for these species. Contaminants that
are filtered completely are shown at a value of 0.25% filtration
efficiency, the limit of detection for two experimental samples. The
dashed black line represents a slope of k;—T from Eq. 1 above. The
data points generally follow this slope, however there is significant
spread in the data points at or below the detection limit.
Simulated AG values are compared with the 750 ppt dynamic
filtration data in Supplementary Fig. 6.

To identify reasons for the differences in binding energies
among contaminant-filter pairs, the binding free energies were
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Table 2. Contributions to the simulated free energy.

Contaminant  Filter AG (kJ/mol) AH (kJ/mol) —TAS (kJ/mol)
PFBS F16-4PEG —126+1.0 21.6+0.5 —342+1.1
PFBS H16-4PEG —94+03 238%1.1 —33.2+1.1
PFHXA H16-4PEG —-93+12 254+05 —347+13
PFHxS H16-4PEG —139+0.8 252+0.5 —39.1+09
PFOA H16-4PEG —-146+1.0 253+0.5 —399+1.1
PFOS H16-4PEG —173+19 285+0.6 —458+20

Total free energies of binding decomposed into enthalpic (AH) and
entropic contributions (—TAS) for selected contaminant-filter pairs, as
estimated using molecular dynamics simulations.

decomposed into enthalpic and entropic contributions. The
resulting values of AH are listed in Table 2, along with
corresponding values of the total FE and the resulting estimated
entropic contribution according to AG = AH — TAS. Selected
values of AH were also computed using MD simulations without
metadynamics, and are reported in Supplementary Table 4. Those
results are consistent with the values computed based on
sampling from the metadynamics trajectories.

We draw two conclusions from the computed enthalpic and
entropic contributions. First, the favorable free energies of binding
AG < 0 are driven in all cases by entropic contributions —TAS <0
rather than the enthalpies AH > 0. Specific contributions to the
enthalpy are reported in the Supplementary Table 5. Second,
differences in AG among contaminant-filter pairs are also driven
in all cases by —TAS rather than AH. For example, PFBS binds
weakly to filters compared to PFOS (AGpggs > AGpros) because its
bound complex is much less stabilized by entropy
(—TASprgs > — TASpros), and that effect outweighs enthalpic
contributions that actually favor PFBS (AHpggs < AHpros). Taken
together, these two conclusions suggest that while enthalpic
considerations cannot be neglected, increasing the entropy of the
bound filter-contaminant complex may be a more promising
route to improve binding of especially challenging short-
chain PFAS.

DISCUSSION

Filters functionalized with amphiphilic silanes proved highly
effective in removing PFAS under high flux filtration conditions,
with fluorinated silanes capable of removing eighteen PFAS
species at high concentrations (750 ppt) and fifteen of the
eighteen species at lower concentrations (100 ppt). Breakthrough
studies further indicated effective removal with breakthrough over
5L for PFOA and no detectable breakthrough for PFOS in the
fluorinated silane. The non-fluorinated silane was also effective at
adsorbing PFOS and PFOA, while GAC performed poorly in all
cases. Gravity filtration demonstrated promising filter performance
for the fluorinated silane with >90% removal for fifteen of the
eighteen PFAS and >99% removal for twelve of the eighteen PFAS.
MD simulations were performed to calculate the interaction FE
between the six PFAS contaminant molecules and each of the two
filter materials. Theoretical partition coefficients computed from
interaction FEs were found to be consistent with experimental
filtration efficiency measurements. The relationship between
computed and experimentally measured quantities suggests the
opportunity for rapid, in-silico development of filter materials. MD
results were further analyzed to compute separate contributions
to the FE from interaction enthalpy and entropy, which show that
difficulty in filtering short PFAS molecules is largely driven by
entropy. Our study indicates that amphiphilic silanes are a highly
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efficient filter for dynamic PFAS filtration applications across a
broad range of PFAS contaminants.

METHODS
Experimental methods

Detailed descriptions of all experiments, modeling, and analysis
are described in the Supplementary Information. Dynamic
filtration experiments were conducted using a previously reported
method (with a flux of 1223Lm~2h~") based on the NSF
protocols P248 and P473-20162%3, PFAS detection was conducted
by solid phase extraction and liquid chromatography tandem
mass spectrometry following EPA method 537.1, described in the
Supplementary Methods PFAS Testing Section. Higher concentra-
tion PFAS dynamic filtration removal results are also described in
Supplementary Methods Dynamic Filtration Experiments Section.
A list of reagents and materials is described in the Supplementary
Methods Reagents and Materials. The detailed experimental
protocols for the synthesis of F16-4PEG and H16-4PEG are
described in Supplementary Methods Silane Synthesis Section.
The filter membrane functionalization and characterization (SEM/
EDS, and BET adsorption isotherms) are described in Supplemen-
tary Methods Silane Functionalization and Materials Characteriza-
tion Sections.

Modeling methods
MD simulations were used to calculate the FE and enthalpy of
interactions between contaminant and filter molecules. Initial
system states were parameterized using the automated topology
builder tool, and constructed using the GROMACS tools***>. Due
to difficulty in confirming silane parameters with multiple force-
fields, an orthoformic group was substituted. The systems are
comprised of ~33,000 atoms between filter and contaminant
molecules, water, and salt. System parameterization and config-
uration details are in Supplementary Simulation initialization and
interaction parameters, while details of initialization and equilibra-
tion are in Supplementary MD simulation parameters. After
relaxation and equilibration, multiple-walker metadynamics MD
simulations were executed using the colvars plugin to GRO-
MACS**#_ Four coupled simulations (walkers) of 100 ns are used
simultaneously to construct the interaction FE in each indepen-
dent computation. For each filter-contaminant pair five indepen-
dent FE computations were performed, for a total of 2us
simulation time per molecule pair. Details of the metadynamics
method and parameters can be found in Supplementary
Metadynamics Details and Parameters and references therein.
Binding enthalpies were calculated based on interaction
energies from the metadynamics trajectories. Procedures were
adapted from those previously used to analyze mechanisms of
PFAS binding to clay surfaces*. For selected contaminant-filter
pairs, the enthalpy of binding was approximated as the difference
in potential energy between bound and unbound states including
interactions among contaminant, filter, and solvent. These
potential energies were sampled every 20 ps over the trajectories
of the metadynamics simulations. Bound and unbound states
were identified based on the same collective distance coordinate:
states with 0.35nm <d<0.65nm were considered bound, and
states with d>1.75nm were considered unbound. The mean
energies of these sets of states were used to estimate the binding
enthalpy as AH = Hpound — Hunbound = Ubound — Uunbound. Uncer-
tainties in these estimates of AH are reported as standard errors of
the mean of the sampled potential energies.
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