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ABSTRACT: Per- and polyfluoroalkyl substances are an emerging
class of contaminants that are environmentally persistent,
bioaccumulative, and noxious to human health. Among these,
perfluorooctanoic acid (PFOA) molecules are widely found in
ground and surface water sources. A novel high surface area, meso-
and macroporous syndiotactic polystyrene (sPS) wet gel is used in
this work as the adsorbent of PFOA molecules from water at
environmentally relevant PFOA concentrations (<1 pg/L) and
cleanse water to below the U.S. EPA’s 2023 health advisory limit of
4 parts per trillion (ppt). The sigmoidal shape of the PFOA
adsorption isotherm indicates a two-step adsorption mechanism
attributed to the strong affinity of PFOA molecules for the sPS
surface and molecular aggregation at solid—liquid interfaces or

Adsorption of PFOA by sPS gel
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within the pores of the sPS wet gel. The adsorption kinetics and the effects of sPS wet gel porosity, pore size, and pore volume on the
removal efficiency are reported. The adsorption kinetics is seen to be strongly dependent on pore size and pore volume.

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a group of
manmade chemicals that are recognized as contaminants of
emerging concern due to their toxicity, bioaccumulation, and
ability to persist in the environment for a long period of time,
largely due to their extremely stable carbon—fluorine bonds,
thereby receiving the notoriety as “forever chemicals”."”> A
large-scale contamination of ground and surface water sources
by these chemicals has prompted United States Environmental
Protection A%ency (EPA) to list them among top priority
contaminants.” An estimated 110 million people in the United
States alone are exposed to PFAS-contaminated drinking
water.” A number of prior studies linked PFAS accumulation in
human bodies to certain types of cancers, liver damage,
reduced immune response, negative impact on the reproduc-
tive system such as reduced fertility, birth defects, and many
more health issues.”>° In addition, the negative ecological
impact of these chemicals on the aquatic ecosystem is also a
concern.” Therefore, addressing the removal of PFAS from
water streams is the growing need of the hour.

PFAS are used in large-scale manufacturing of poly-
(tetrafluoroethylene) (Teflon) and in numerous everyday
consumer products such as food packaging, clothing, coatings,
and menstrual products, to name a few."® The US EPA
identified around 430 PFAS molecules obtained from various
water sources and included 74 chemicals in the top priority list
targeted for obtaining additional toxicity data.”'® However,
certain types of PFAS molecules, namely, perfluorooctanoic
acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluor-
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obutanoic acid (PFBA), perfluorobutanesulfonic acid (PFBS),
and GenX chemicals, came under stringent scrutiny due to
their widespread use and proven adverse impacts on human
health."' =" In 2022, the US EPA assigned a health advisory
limit for PFOA of 0.004 ng/L and for PFOS of 0.02 ng/L
compared to the previously set limit in 2016 of 70 ng/L for
both these compounds.'"'* In view of the above stringent
advisory limits, this work addressed high efficiency separation
of perfluorooctanoic acid (PFOA), the most widespread PFAS
contaminant present in the environment, using novel
mesoporous—macroporous adsorbent media.

Several techniques such as chemical oxidation,"’
fractionation,'® coagulation,17 ion exchange,18 and filtration'’
were studied for PFOA removal or degradation. However, the
most viable and commercially scalable technology involves the
use of natural or synthetic adsorbent media due to their greater
effectiveness for the separation of PFOA molecules compared
to other available technologies. A few of the adsorbents
considered as the frontrunners in terms of their performance
are granular/powdered activated carbon,”’”*” amine-contain-
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ing compounds, ”*° biochar,” and ion-exchange resins.”
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However, a few known drawbacks limit the performance of
these adsorbents in PFOA separation.' For example, activated
carbon is inexpensive, but it suffers from poor adsorption of
PFOA at environmentally relevant concentrations (<1 ug/L),
long adsorption times, low effectiveness for short-chain PFAS
molecule separation, poor performance in the presence of
other organic contaminants, and difficulty in regeneration of
the adsorbent bed for sustainable use. In the same vein, a
majority of adsorption media, such as f-cyclodextrin (5-CD)"?
and ion-exchange resins,”® offer extremely low specific surface
area and hence low adsorption capacities, thus requiring
frequent regeneration of the adsorbent bed. In addition, ion-
exchange resins are highly selective toward either anionic or
cationic PFAS. Their performance in separation of nonionic
molecules is poor, and their effectiveness for PFAS separation
in the presence of other salts in water is low."

Most importantly, the majority of adsorbent materials
reported in literature were not associated with the separation
of PFOA at the desired low concentrations (<1 ug/L), thus
limiting their effectiveness for the separation task.”” To the
best of our knowledge, none of the currently available
adsorbent materials can meet the April 2024 EPA guidelines
for enforceable levels of PFOA concentration (4 ng/L or 4
ppt). In this context, novel adsorbent media are needed that
offer high adsorption potential for PFOA at environmentally
relevant concentrations, such as high adsorption capacity, rapid
adsorption kinetics, and inexpensive regeneration, to address
the emerging stringent environmental limits and the ensuing
health hazards that these molecules present. The above issues
were addressed in this work by considering mesoporous and
macroporous polymer wet gels, specifically syndiotactic
polystyrene (sPS) wet gels, as the adsorbent for the separation
of PFOA molecules from water initially available at an
industrially relevant concentration of <1 ug/L.

Polymer gels offer a high surface area (200—1000 m?/
g),”°"*® a high pore volume (>90%),””~** and an inter-
connected network of abundant mesopores (2—50 nm) and
macropores (>S50 nm). The pore-filling liquid in the polymer
gels can be easily replaced by a gas in the supercritical drying
step to obtain aerogels.”’ Aerogels can be rendered into
various shapes and sizes such as monoliths,>* sheets,>>>¢
films,®” and spherical””** or pill-shaped® microparticles. The
pore size and surface energy of the materials can also be tuned
for desired applications.”®**™** The development of this class
of materials over 90 years led to several hi§h value innovations
in thermal insulation,* air filtration,** ™" energy storage,47
molecular separation,”®*” and filtration.

An earlier study established high adsorption capacity of
three polymer wet gels, namely, sPS, polyimide, and polyurea,
for the removal of a nonionic, triblock copolymer surfactant
poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO)-
PEO from solutions in water.”® An adsorption capacity of
around 2—3 g/g was achieved in the case of the sPS wet gels.
Such adsorption capacities are unusually high in reference to
the data available for other porous materials"’™>* and are
attributed to high surface energy and high specific surface area
of sPS gels. sPS aerogels were first reported in 2005 by Daniel
et al>® The high specific surface area, large porosity, and
hydrophobic surface made these materials suitable for
applications as adsorbents,”® absorbents,”** in oil—water
separation,56 and as a ultra- low dielectric constant material.>”

The present work investigated adsorption kinetics and
separation efficiency of PFOA molecules by sPS wet gels

48

starting at environmentally relevant concentrations <1 pg/L in
water. The effects of the polymer gel pore volume and surface
area on adsorption performance were analyzed. Most known
adsorbents have low specific surface areas, and these materials
reach saturation adsorption limits quickly. Consequently, these
materials can be reused only after regeneration by conducting
the desorption of PFOA molecules. As will be seen later, the
sPS wet gels considered in this work had a high specific surface
area attributed to polymer strands of typical diameter SO nm
that offer many adsorption sites and hence a high adsorbent
saturation capacity. To demonstrate this attribute, PFOA-
loaded sPS wet gels obtained from one set of experiments were
subjected to additional adsorption cycles in PFOA—water
solution, and the ability of the wet gel to remove additional
PFOA molecules was investigated. The findings reported in
this work demonstrate the strong promise of the sPS wet gel
for the removal of PFAS molecules from their solutions in
water.

B EXPERIMENTAL SECTION

Materials. Syndiotactic polystyrene (M,, ~ 300,000 g/mol, 98%)
was procured from Scientific Polymer Producers Inc. (Ontario, NY,
U.S.A.). Toluene was purchased from Sigma-Aldrich (Milwaukee, WI,
U.S.A). Ethanol was purchased from Decon Laboratories Inc. (King
of Prussia, PA, U.S.A.). Perfluorooctanoic acid (PFOA, 96%) and
perfluoroheptanoic acid (purity >98.0%, used as an internal standard)
were purchased from Sigma-Aldrich (Milwaukee, WI, U.S.A). All
chemicals were used as received without further purification.

Fabrication of sPS Polymer Wet Gels and Aerogels. sPS gels
were obtained by thermoreversible gelation of solutions of sPS in
toluene. sPS solutions were prepared with solid concentrations of
0.02, 0.06, and 0.08 g/mL by dissolving sPS in toluene in sealed vials
at 100 °C and allowing solutions to cool under ambient conditions for
1 min followed by pouring into a covered cylindrical glass mold with
1S mm diameter for gelation. The gels were allowed to stand in the
mold for 5 h to ensure complete gelation and were demolded, and the
solvent was exchanged first with ethanol and finally with deionized
(DI) water to obtain water-filled sPS wet gels. To obtain sPS aerogels,
the ethanol-filled sPS gels were solvent-exchanged with liquid carbon
dioxide and dried under supercritical conditions of carbon dioxide at
50 °C and 11 MPa pressure to recover sPS aerogels. The aerogels
were used for BET surface area measurement and for examining
morphology using a scanning electron microscope.

Characterization. Porosity, Skeletal Density, and Bulk Density.
Helium pycnometer (AccuPyc II 1340, Micromeritics Instrument
Corp., Norcross, GA) was used to obtain skeletal density (p,). The
bulk density (p,) was obtained from the weight and volume of
cylindrical aerogel monolith specimens. The bulk and skeletal density
yielded total porosity (II;) and total pore volume (V) of the
aerogels as expressed in eqs 1 and 2, respectively.

Oy =(1-p,/p) x 100 (1)

1
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V
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X

)

Specific Surface Area and Pore Size Analysis. The Brunauer—
Emmett—Teller (BET) adsorption—desorption analysis was used to
obtain a specific surface area and mesopore volume (V) of sPS
aerogels. A Micromeritics Tristar II 3020 analyzer (Micromeritics
Instrument Corp., Norcross, GA) was used for this purpose to obtain
N, adsorption—desorption isotherms at 77 K. The nonlocal density
functional theory (NLDFT) model was used to obtain the mesopore
volume fraction from Nj isotherms at 77 K. The macropore (diameter
>50 nm) volume (V,,,.,,) was obtained from the difference between
the total pore volume (V,..,, eq 2) and the mesopore volume (V,,,)-
The fractions of meso- (Ppeo) and macropores (@Pp.qo) Wwere
calculated using eqs 3 and 4.

https://doi.org/10.1021/acs.langmuir.4c00482
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Figure 1. (a) Blue: Amount of PFOA adsorbed (ug/g) as a function of PFOA concentration in water (at and below environmentally relevant
concentrations), Pink: % separation efficiency as a function of PFOA concentration in water, (b) adsorption isotherm, amount adsorbed by sPS gel
vs the equilibrium concentration of PFOA in water (sPS wet gel dimensions: diameter 1.5 + 0.1 cm and height 0.85 + 0.02 cm).
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Morphology. The morphology of aerogel specimens was examined
using a scanning electron microscope (SEM JSMS310, JEOL, MA).

Mass Spectrometry Analysis of PFOA in Water. Electrospray
ionization mass spectrometry (ESI-MS) experiments were performed
on a Bruker timsTOF Pro 2 (Bruker Daltonics, Billerica, MA).
Solutions of PFOA in Millipore/DI H,O at various concentrations
were diluted with MeOH containing the internal standard,
perfluoroheptanoic acid (PFHA), at a concentration of 5.0 ng/mL.
The final 1:1 H,0/MeOH (v/v) working solutions were then filtered
using a Supor Membrane 0.1 pm Filter (Pall Corporation, Port
Washington, NY), and the concentration of each analyte was
determined by using the internal standard technique. The solutions
were introduced into the ESI source via direct injection and
electrospraying at a flow rate of 5 uL/min. The end plate and
capillary voltages were set to 400 V and 4.5 kV, respectively, while the
nebulizing gas (N,) pressure and drying gas flow rate and temperature
were set at 1.5 bar, 4 L/min, and 300 °C, respectively. The PFOA and
PFHA ions were identified at m/z ~ 368.9 and 318.9, respectively. All
data were acquired in triplicate via the MS scan mode with the
instrument settings as follows: deflection 1 delta: —80 V, funnel 1 RF:
350 Vpp, isCID energy: 0 eV, funnel 2 RF: 300 Vpp, multipole RF:
300 Vpp, transfer time: 65 ps, and prePulse storage: S ps. The
DataAnalysis 6.1 program (BrukerDaltonics, Bremen, Germany) was
used for postacquisition data processing.

PFOA Adsorption Experiments. The amount of PFOA present in
water was determined using a mass spectrometry technique
mentioned in the above section and a calibration curve (Figures S1
and S2). The adsorption isotherm was obtained using PFOA solutions
of concentrations ranging from 0.0001 to 100 yg/L. These solutions
were prepared by serially diluting a stock solution of 10 mg/L PFOA.
A representative sPS wet gel of known solid mass and cylindrical
shape of diameter 1.5 & 0.1 cm and height 0.85 + 0.02 cm was dipped
in PFOA solutions for 24 h. The amount of PFOA adsorbed by the
sPS wet gel was obtained by determining the initial (Cy) and final
(C,) PFOA concentrations in water. The adsorbed quantity was
converted to the mass of PFOA adsorbed (ug)/solid mass of sPS (g).
The separation efficiency was obtained by using eq S.

c,—C
=01 %100

Co ()

% Separation efficiency =
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For obtaining the adsorption kinetics data, a representative sPS wet
gel, obtained with 0.06 g/mL sPS concentration, was dipped in a 10
mL solution of 1 yg/L PFOA and taken out after a predetermined
exposure time. The amount of PFOA in the residual water was
determined. These experiments were repeated using a fresh wet gel
and a new 10 mL solution of PFOA for various exposure times in the
range of 5—1440 min. The separation efficiency was obtained using eq
S. Experiments were performed three times for each exposure time.

B RESULTS AND DISCUSSION

PFOA Adsorption Isotherm and Adsorption Kinetics
by sPS Gel. The PFOA adsorption isotherms were generated
by dipping a wet gel obtained from 0.06 g/mL sPS solid
concentration into 10 mL of PFOA solutions of concentrations
ranging from 0.0001 to 100 ug/L for 24 h. It should be noted
that the environmentally relevant concentration of PFOA in
water is considered by prior researchers as 1 ug/L.”* It will be
seen later that a dipping time of 24 h was more than adequate
for reaching an equilibrium. The adsorption isotherm was
generated with PFOA concentrations well below and above
this concentration. Figure la (blue) depicts the amount of
PFOA adsorbed by the sPS gel in ug/g as a function of PFOA
initial concentration in water. A sPS wet gel with a solid weight
of 70 mg was used for these experiments.

The first striking observation is the shape of the adsorption
isotherm curve presented in Figure 1b, where the equilibrium
concentrations of PFOA in water are plotted against the
amounts of PFOA adsorbed by the wet gel. The data trend is
approximately sigmoidal (S-shaped; Figure 1b) with an
inflection point at around 2 pg/L, indicating aggregation or
multilayer adsorption of molecules on the adsorbent surface.
The structural aggregation of the PFOA molecules can occur in
one of the following manners—bilayers,58 hemimicelles,”
micelles,”” or other forms. Such adsorption curves suggest a
strong affinity between the adsorbate and adsorbent and also
between the adsorbed and nonadsorbed molecules.””®" At the
highest initial PFOA concentration of 100 ug/L, the amount of
PFOA adsorbed by the gel was ~12.17 ug/g, and the
equilibrium concentration of PFOA in the liquid was 14.76
ug/L. However, this should not be mistaken to be the
maximum adsorption capacity of the gel since a plateau or
saturation in the adsorbed amount cannot be ascertained at
this concentration. PFOA concentrations higher than 100 ug/

https://doi.org/10.1021/acs.langmuir.4c00482
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L in water were not considered in this work. A thorough study
will be separately conducted to discover the adsorption
regimes at concentrations higher than 100 pug/L.

The second important observation from the data presented
in Figure 1 is the trend of the separation efficiency data as a
function of the bulk PFOA concentration (Figure 1a, pink data
points). At the environmentally relevant concentration of 1
u1g/L, the separation efficiency of the sPS gel was found to be
99.98 + 0.01%, achieved in ~24 h. The PFOA concentration
in water after adsorption by the sPS gel decreased to about 0.2
ng/L or 0.2 ppt in 24 h. In this context, a limited number of
adsorbents such as f-cyclodextrin polymer (~99% separation
efficiency in 24 h), polyethylenimine-functionalized cellulose
microcrystals (~90—95% separation efficiency in 16 h), and
aminated f-cyclodextrin (~99% separation efficiency in 9 h)
produced such high separation performance for PFOA.'***~%
To support the above observation, a set of benchmarking
experiments were conducted using two commercially available
adsorbents used in PFAS removal, such as activated carbon
and ion-exchange resins, respectively, in the form of Calgon F-
400 and ion-exchange resin in Zero Water filters. The test
solutions contained PFOA at a 1 ,ug/ L concentration in water.
The specific surface area of activated carbon and ion-exchange
resin was measured using BET to be 730 and 80 mz/g. The
BET adsorption—desorption isotherms for the two materials
are shown in Figures S3 and S4. The solid weight of each
adsorbent was adjusted to obtain a total surface area of 30 m?/
g for all three adsorbents—sPS wet gel, activated carbon, and
ion-exchange resin. The activated carbon and the ion-exchange
resin showed a separation efficiency of 81.10 + 0.2 and 43.10
+ 1.12%, respectively, compared to the separation efficiency of
99.98 + 0.01% for the sPS wet gel.

In addition, most adsorbents, such as activated carbon, take
hours or even days to reach >90% separation efficiency.”*® The
slow adsorption kinetics in the case of activated carbons is
attributed to the small pore size, which is predominantly
microporous (<2 nm), thereby limiting the diffusion ability of
the PFOA molecules with typical size” 2 nm. The third aspect
to notice here is the adsorption performance of the sPS gel at
PFOA concentrations lower than 1 pug/L.

It was observed that the sPS wet gel considered in this work
showed a separation efliciency of >90% for all PFOA
concentrations below 1 pug/L. Specifically, the values of
separation efficiency were 92.5, 94.1, 99.7, and 99.3% for
PFOA concentrations of, respectively, 0.0001, 0.001, 0.01, and
0.1 pg/L. We attribute this trend to the cooperative
functioning of the diffusive flux of the surfactant from the
bulk into the pores of sPS gel and the adsorption kinetics of
the surfactant on polymer strand surfaces inside the gel. The
use of a finite-size gel specimen of diameter 1.5 + 0.1 cm and
height 0.85 + 0.02 cm did not allow all surfactant molecules
present in the bulk to access high surface area polymer strands
present inside the pores. The surfactant molecules must diffuse
from the bulk to the macroscopic gel specimen surface, diffuse
through the pores to access high surface area polymer strands,
and finally adsorb onto the polymer surfaces. The favorable
interactions between sPS polymer strand surfaces in the wet
gel and the PFOA molecules that diffused into the pores
potentially led to thermodynamically stable structural config-
uration and aggregation of PFOA molecules on the adsorbent
surface as was noted by Shin et al.* for a set of surfactant—
silica systems. This in turn promotes further molecular
diffusion from the bulk to the pores and from the water
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phase inside the pores onto solid sPS strands. A thorough
characterization of PFOA aggregation on sPS strand surfaces,
however, is needed to support an analogy with the work of
Shin et al.*’

At lower PFOA concentrations of 0.0001 and 0.001 ug/L,
the concentration gradients across the bulk liquid and within
the sPS gel were much smaller, respectively, 2 and 1 order of
magnitude compared to a PFOA concentration of 0.01 ug/L.
Accordingly, the slower diffusion flux controlled the adsorption
performance at lower concentrations. The diffusive flux
increased at higher PFOA concentration in the bulk liquid,
leading to quicker diffusion and adsorption of molecules. In
this work, adsorption experiments were performed for 24 h. It
is conceivable that only a part of the available sPS gel surface
was covered, yielding a lower separation efficiency. The data
presented in Figure la support that sPS wet gels are very
effective in removing PFOA even when present in extremely
low concentrations.

One can also quantify the adsorption performance in terms
of an effective concentration (C,;) of the adsorbed PFOA
molecules within the sPS gel as a function of bulk
concentration (Cpy). Such data are shown in Figure 2. The
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Figure 2. Effective concentration of adsorbed PFOA within the sPS
gel (0.06 g/mL solid concentration) as a function of the PFOA
concentration in water.

value of C 4 within the wet gel was calculated from the mass of
PFOA adsorbed by the gel and the volume of water needed to
fill all of the pores of the gel. As an example, the effective
concentration of PFOA within the sPS gel dipped in a 0.01 pg/
L PFOA solution was calculated from the weight of the sPS
wet gel, e.g., 1 g of sPS, and its porosity of 93% (Table 1). This
gel had 93% of its volume occupied by water, accounting for
0.93 g of water and 0.07 g of sPS. The amount of PFOA
adsorbed by this sPS wet gel was 0.014 pg/g of solid sPS

Table 1. Bulk Density, Skeletal Density, Porosity, Pore
Volume, Surface Area, and Mesomacropore Volume
Fraction of sPS Polymer Aerogels”

sPS solid bulk total BET VTogal

concentration  density (py; gorosity surface area  (cm’/  Precoi
(g/mL) g/cm’) ) (%)  (m’/g) g —

0.02 0.031 + 97.1 313+ 7 31.3  0.02
0.001 0.98

0.06 0.080 + 93 296 + 15 11.5  0.06;
0.003 0.94

0.08 0.10S + 90 280 + 10 8.6 0.07;
0.004 0.93

“sPS skeletal density (p,): 1.05 g/cm>.
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(Figure la). Accordingly, the value of C. was (0.014 ug/
2)(0.07 g)/(0.00093 L), or 1.1 pug/L, indicating that C.q was
approximately 11 times higher than Cy for an initial bulk
concentration of 0.1 ug/L. A value of Cg > C, indicates
effective separation.

An earlier study by Gotad et al.”® underlined the role of high
interfacial energy sPS—water interfaces in driving the
adsorption of block copolymer surfactants within the water-
filled sPS gel. The amount of surfactant adsorbed scaled
directly with the interfacial energy. A similar argument can be
invoked in this work to explain the driving force for PFOA
adsorption on sPS gels in view of the similar molecular
structure of the PFOA molecules to that of the surfactant
considered by Gotad et al,”® with a hydrophilic —~COOH
group at one end and the 8-carbon long chain with fluorine
groups at the other.

Another important parameter determining the effectiveness
of an adsorbent is the kinetics of the adsorption of PFOA
molecules from a solution in water. Figure 3 shows a
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Figure 3. Time-dependent PFOA adsorption by sPS wet gels
obtained from the sPS solution of 0.06 g/mL solid concentration
from 1 pg/L PFOA solutions in water. sPS wet gel dimensions:
diameter 1.5 + 0.1 and height 0.85 + 0.02 cm.

representative plot showing separation efficiency as a function
of time for the removal of PFOA using sPS gel produced from
0.06 g/mL sPS solution in toluene. In this case, cylindrical
monolithic sPS wet gel (diameter 1.5 # 0.1 cm and height 0.85
+ 0.02 cm) specimens of approximately 70 mg solid weight
were dipped in a 1 pg/L PFOA solution in water over a period
of 24 h.

It is noted from prior work that the kinetics of adsorption
are largely governed by the adsorbent pore size, adsorbent
amount, and the shape of the adsorbent.”**”%® It is seen from
Figure 3 that PFOA adsorption was fast at the beginning and

reached an asymptote at a later period. For example, it took ~5
h (300 min) to reach 92% separation efficiency and ~12 and
24 h to attain separation efficiencies of 98.99 and 99.98%,
respectively. A steep rise in adsorption was observed in the 5—
30 min interval; e.g., the separation efficiency increased from
~10% at S min to ~72% at 30 min. Such a steep rise in the
adsorption behavior indicates fast diffusion of PFOA molecules
within the sPS gels and their subsequent fast adsorption onto
the sPS surface. As will be illustrated later, faster adsorption
kinetics can be achieved via manipulation of the pore sizes and
pore volumes offered by the gel, achieving >90% separation in
an hour.

Effect of sPS Gel Pore Volume and Specific Surface
Area on PFOA Adsorption. In this section, the effects of the
sPS concentration in the gel on the adsorption performance of
PFOA molecules are discussed. sPS gels were prepared from
0.02, 0.06, and 0.08 g/mL sPS in toluene, producing specimens
with different values of total porosity (II;), pore size, and
specific surface area. Such data and the values of the bulk and
skeletal density are presented in Table 1.

A higher solid polymer concentration in the gel results in an
increase in the sPS strand diameter and a reduction of the pore
size and pore volume of the gel (Table 1). The sPS aerogels
showed a porosity of ~97, 92, and 90% and a total pore
volume of ~31, 11.5, and 8.6 cm?/g at the sPS concentration
of 0.02, 0.06, and 0.08 g/mL. It is apparent that the pore
volume reduced from 31 cm?®/ g to 8.6 cm®/ g with a four-fold
increase of sPS concentration from 0.02 to 0.08 g/mL. The
more open pore structure offered by the gel with 0.02 g/mL
sPS is evident from the high-magnification SEM images shown
in Figure 4.

The sPS strand diameter is thinnest at 0.02 g/mL of sPS
concentration (Figure 4) with the highest specific surface area
~313 m*/g compared to 296 m*/g and 280 m?/g, respectively,
for the sPS gel with 0.06 and 0.08 g/mL concentration (Table
1). The BET adsorption—desorption isotherms for the three
sPS aerogels are shown in Figure S5. The meso- and
macropore volume fractions of the three sPS aerogels are
also quite different. The sPS aerogel produced from the 0.08 g/
mL concentration had a mesopore volume fraction of ~7%,
which was the highest among the three aerogels. It is followed
by sPS aerogels produced with 0.06 g/mL (5%) and 0.02 g/
mL (2%) concentration. Therefore, it is imperative to evaluate
the effect of parameters such as the total pore volume, pore
size, and specific surface area of the sPS gel on PFOA
adsorption performance. The PFOA adsorption experiments
were performed by keeping the solid weight of the sPS gel for
all three systems constant at 100 mg, allowing the total pore
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Figure 4. High-magnification SEM images of the sPS aerogel produced with (a) 0.02, (b) 0.06, and (c) 0.08 g/mL concentration of sPS in solution.
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volume and total BET surface area to play a key role in
governing the adsorption behavior.

Figure 5 shows the PFOA adsorption performance of the
three sPS wet gels at three different times, i.e., 30, 120, and 300

002 g/mL [N0.06 g/mL[  ]0.08 g/mL

Separation Efficiency (%)

30 120 300
Time (mins)

Figure S. PFOA adsorption by the three different sPS gels of different
solid concentrations, 0.02 (green), 0.06 (pink), and 0.08 g/mL
(brown) after 30, 120, and 300 min sPS wet gel dimensions: diameter
1.5 #+ 0.1 and height 0.85 + 0.02 cm.

min. The data clearly indicates that the sPS gel solid
concentration played a significant role in determining the
rate of adsorption. The sPS gel obtained from the 0.02 g/mL
sPS concentration in solution was able to reach ~84%
separation efficiency within 30 min, while the other two gels
with a solid concentration of 0.06 and 0.08 g/mL reached
separation efficiency values of ~72 and 32% within the same
time. The difference in adsorption performance between the
0.02 and 0.08 g/mL sPS gel was quite large, indicating that
parameters such as pore volume, pore size, or specific surface
area significantly affected the adsorption process. After 120
min, the 0.02 g/mL sPS gel was able to remove ~99.2% of
PFOA molecules. The sPS gel produced from the 0.06 g/mL
sPS concentration needed ~12 h to reach a 99% separation
efficiency.

The above trend can be explained as follows. First, the
PFOA adsorption kinetics is controlled by the speed of
diftusion of PFOA molecules from the bulk to the pores of the
sPS wet gel. The wet gel obtained from 0.02 g/mL sPS
solution had 97.1% porosity (Table 1) and more abundant
open pores (SEM images in Figure 3) compared to 93 and
90% porosity for sPS gels produced from 0.06 and 0.08 g/mL
sPS solutions. Thus, the wet gel obtained from 0.02 g/mL sPS
allowed faster PFOA diffusion through the tortuous porous
network and a greater degree of adsorption of PFOA on sPS
strand surfaces with a specific surface area of 313 + 7 m?/g
(Table 1).

Second, as alluded to earlier in reference to the work of Shin
et al,*” the PFOA adsorption by the sPS gel is a surface-area
driven process. Thus, the gel specimen produced from a 0.02
g/mL sPS solution with a surface area of 313 m*/g resulted in
a higher number of available adsorption sites for PFOA
molecules compared to the gels produced from 0.06 and 0.08
g/mL sPS concentration with specific surface areas of 296 and
280 m?/g, respectively. However, a more thorough study is
needed to understand the underlying physics of how the PEFOA
molecules adsorb onto the sPS surface or interact with each
other at the sPS—water interface. It is quite possible that PFOA
molecules organized co-operatively on the surfaces of the sPS

strand as was observed by Shin et al.*’ in the case of silica and

nonionic surfactants. This will be considered in a future
investigation.

Extent of Reusability of sPS Gel for PFOA Adsorption.
An experiment was performed to test the extent of reusability
of the sPS wet gels for removing the PFOA molecules from
water until a separation efficiency of less than 90% was
observed. This test answered if a gel that adsorbed say 99.98%
of PFOA from an industrially relevant concentration in water
has more capacity to adsorb PFOA molecules when dipped in
a fresh PFOA solution in water. For this purpose, a water-filled
sPS gel of 70 mg solid weight produced with a 0.06 g/mL solid
concentration was dipped in a 10 mL solution of 1 ug/L
PFOA. The gel was allowed to adsorb PFOA molecules for 24
h and subsequently transferred to another 10 mL solution of 1
ug/L PFOA in water. The process was repeated 5 times each
time with 24 h adsorption, and the separation efficiency of
each step was calculated, as shown in Figure 6. The stepwise
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Figure 6. Stepwise separation efficiency of a single sPS gel in a five-
step consecutive adsorption process. The PFOA concentration was 1
pg/L in each step. sPS wet gel dimensions: diameter 1.5 + 0.1 cm and
height 0.85 + 0.02 cm.

efficiency gradually dropped and was reduced to lower than
90% after the fourth cycle. In the first 4 cycles, the separation
efficiency was 99.98, 97.98, 92.5, and 90.15%, respectively.
This shows the ability of sPS wet gels to adsorb PFOA
repeatedly even when the equilibrium adsorption ability of the
gel was reached at the end of each step. In this context,
conventional adsorbents would not have this ability unless they
have extremely high adsorption capacities, which are a result of
either a high pore volume or high specific surface areas, but
adsorbents with such features are limited. Furthermore, to
obtain the maximum adsorption capacity, generally high initial
bulk concentrations of PFOA in water are taken (>10—100
mg/L) and the maximum adsorption capacity is taken to be
the adsorption value where the curve reaches a plateau in its
adsorption performance. It should be noted, however, that the
adsorption process is initially concentration-dependent, and
hence, starting with a higher concentration would result in a
larger number of molecules being adsorbed by the adsorbent.
Such a test does not provide a complete picture of what
transpires in a real-world situation where the sample is
repeatedly subjected to <1 ug/L PFOA concentrations. In this
regard, the repeated usability of sPS gel, in this study five times,
before its separation efficiency dropped to below 90%, allows
the adsorbent to be used for longer times without the need for
frequent regenerations.
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B CONCLUSIONS

The data presented in this work establishes the high separation
performance of perfluorooctanoic acid from water at environ-
mentally relevant concentrations using meso- and macro-
porous syndiotactic polystyrene gels. The sPS wet gels can
deplete the concentration of PFOA in water to levels below the
EPA’s 2024 health advisory limit of 4 ppt. The adsorption
kinetics can easily be increased by increasing the pore volume
and pore sizes, achieved in this work by varying the % solid
content of the gel. A steep rise in the adsorption behavior for
PFOA shown by sPS wet gels indicated aggregation of PFOA
molecules at the solid—liquid interfaces or within the gel pores.
In addition, the high surface area provided by the gel facilitated
the reuse of the gel multiple times with a separation efficiency
>90%, unlike several low surface area adsorbents such as ion
exchange resins, f-cyclodextrin, or microporous activated
carbon. In summary, this study demonstrates a novel and
promising adsorbent media for the effective removal of PFAS
molecules from water.
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