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Abstract: This study represents a first time that perstraction was assessed as a process to remove
perfluorooctanoic acid (PFOA) from water. In the perstraction process, PFOA permeates through
a membrane from water to a solvent. The membrane used in this study was polydimethylsiloxane
(PDMS). The experimental approach included the following: (1) measurement of partition coefficients
for PFOA between water and selected solvents; (2) determination of solubility and diffusivity of the
solvents in PDMS; (3) determination of the uptake of PFOA in PDMS; (4) determination of the effects
of selected particles imbedded in the PDMS on PFOA uptake and solvent absorption; and (5) demon-
stration of the perstraction process to remove PFOA from water. PFOA preferentially partitioned to
alcohols over water. In addition, ZnO and CuO particles in PDMS significantly enhanced the rate at
which PFOA was absorbed in PDMS from deionized water due to ionic interactions. The perstraction
of PFOA from deionized water into hexanol was demonstrated. However, perstraction was not
successful at removing PFOA from tap water. While the application of perstraction to removing
PFOA from water is limited, the idea was demonstrated and information contained within this
manuscript is new.

Keywords: perstraction; PFOA; PDMS membrane

1. Introduction

The United States Environmental Protection Agency (US EPA) has identified an urgent,
high-priority need for assessing the environmental risks posed by per- and poly-fluoroalkyl
substances (PFAS), and to identify practical approaches to manage them [1]. PFAS are
anthropogenic industrial compounds used in many applications, including surface coatings,
surfactants, and flame retardants. They are, however, emerging contaminants [2–5] due
to their recalcitrant nature; they are persistent and very stable in air, water, and soil
environments [2–11]. As a result of their environmental stability, PFAS have been detected
in water and soil samples all over the world, as well as in humans and in wildlife [6–9].
They have been reported as bioaccumulative, with detectable concentrations in humans and
in both aquatic and terrestrial animals [6]. For reasons of their stability and bioaccumulative
nature, and for their detrimental health effects on humans, perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonate (PFOS) have been added to Annex B of the Stockholm
Convention on Persistent Organic Contaminants, which restricts their production and use
worldwide [11].

In a review by Merino, et al. [12], methods that have been investigated to treat PFAS-
contaminated water include adsorption, advanced oxidation processes, advanced reduction
processes, thermal and non-thermal destruction, and microbial treatment. Adsorption has
been found to be one of the more cost-effective solutions so far for removing PFAS from
water at full-scale water treatment facilities [13]. The destruction of PFAS, however, still
needs to be considered.
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A motivation of this study is the ultimate destruction of PFAS. If PFAS can be trans-
ferred from water to a solvent, then the incineration of the PFAS may be facilitated, and
the energy from the contaminated solvent could be reclaimed as energy. With this idea, a
liquid–liquid extraction process for PFAS removal was investigated. While liquid–liquid
extraction (LLE) has been used to prepare perfluoroalkyl substances (PFAS) for subsequent
analysis [14], there is very little information that has been published on the solubility of
PFAS in organic solvents. PFAS are considered to be hydro-oleophobic [15], which means
that PFAS prefers neither water nor oils [15]. Meng et al. [15] investigated the partitioning
of perfluorooctane sulfonate (PFOS) between water and hexane and between water and
octanol. They found that PFOS partitioned into the octanol but not into hexane. In addition,
several solvents were screened for PFOS solubility, and it was found that PFOS solubility
generally increases with increasing polarity of the solvent [15].

Perfluorooctanoic acid (PFOA), one of the more environmentally-significant PFAS
contaminants in the environment [16], is a surfactant, and so significant foaming will occur
and an emulsion will form at the interface between a solvent and PFOA-contaminated water.
This is shown in Figure 1, in which aqueous solutions containing PFOA were manually
agitated with an equal volume of butanol and allowed to settle. The white layers in the
vials pictured in Figure 1 are emulsion layers that did not settle with time. Notably, there is
no emulsion in the sample with 0 mg/L PFOA in the initial aqueous phase, indicating that
the PFOA in the water caused the emulsion to occur at the organic–water interface.
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Figure 1. Aqueous PFOA solutions in deionized water with equal volumes of 1-butanol. The numbers
on the vials indicate the concentrations of PFOA in the initial aqueous solution (0 mg/L to 1000 mg/L
in 200 mg/L increments).

The tendencies of PFOA to foam and form emulsions are detrimental to liquid–liquid
extraction processes. However, perstraction, a membrane-assisted liquid–liquid extraction
process, may be possible if suitable solvents and membranes are found that promote the
transfer of PFOA from water through the membrane to the solvent. The advantage of
perstraction over liquid–liquid extraction is that the membrane inhibits foaming and the
formation of emulsions. This process has been researched predominantly for extracting
butanol from acetone–butanol–ethanol (ABE) fermentation processes to enhance the yields
of alcohols [17–26]. It has also been researched as a method to remove organic compounds
from water, including ethanol [27], phenolic compounds [28], and pharmaceuticals [29,30].

This study represents a first time that perstraction was assessed as a separation method
to remove PFOA from water. The membrane used in this study is polydimethylsiloxane
(PDMS), a silicone polymer that is flexible, hydrophobic, and non-toxic. The purpose of
this study was to demonstrate the feasibility of perstraction as a method to remove PFOA
from water.
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2. Materials and Methods
2.1. Materials

Solvents (99.9% hexane, 99.5% cyclohexane, 99% benzene, 99.4% 1-butanol, 98% 1-
hexanol, and 99% 1-octanol) were purchased from chemical supply companies and were
used as received. PDMS membranes were synthesized using Sylgard™ 184 silicone elas-
tomer kit. Metal oxides (zinc oxide (ZnO), copper oxide (CuO), iron oxide (Fe2O3), man-
ganese oxide (MnO2), aluminum oxide (Al2O3), and titanium oxide (TiO2)), and activated
carbon (Calgon BPL carbon) were purchased from chemical supply companies and were
used as received.

2.2. Analytical Methods

Several analytical methods were used in this study to measure PFOA in water. The
analytical methods included conductivity and UV–Vis spectrometry at 210 nm for PFOA
in deionized (DI) water; total organic carbon (TOC) for PFOA in tap water; and nuclear
magnetic resonance (NMR) for PFOA in water and in solvents. Gravimetric methods were
also used in some cases for PFOA measurements. Finally, some samples were sent to an
off-site laboratory for analyses by liquid chromatography with tandem mass spectrometry
(LC/MS/MS). Calibration curves for various analytical methods can be found in Figures
S1–S7 in the Supplementary Files.

2.3. Experimental Approach

The approach used in this study was as follows: (1) design and fabricate a perstraction
test system; (2) measure the partition coefficients for PFOA in selected solvents; (3) deter-
mine the solubility and diffusivity of selected solvents in PDMS; (4) determine the uptake
or absorption of PFOA in PDMS; (5) determine the effects of selected metal oxides and
adsorbent particles imbedded in PDMS membranes on PFOA uptake and solvent solubility
and diffusivity; and (6) demonstrate the perstraction process for removing PFOA from
water. Each step in the experimental approach is described in more detail below.

2.3.1. Perstraction Test System

Four identical perstraction test systems were designed and fabricated out of aluminum
blocks (7.6 cm × 7.6 cm × 15.2 cm). For each test system, the aluminum block was cut in
half, and identical 100 cm3 cavities were machined in each half. The diameter of the cavity
between the two halves is 4.45 cm. A membrane was cut to approximately 3.5 g and had
dimensions of 5 cm in diameter and 1 mm thick. The membrane was placed between the
two halves of the test system, and it completely covered the open area between the two
halves. The assembly is secured together by 4 long screws. A schematic and a photo of a
perstraction test system are shown in Figure 2a,b, respectively.

Ports were drilled into the top of each half of the test system to facilitate loading
and sampling the solutions on each side of the membrane. These openings were covered
between sampling times during the experimental trials. The solutions in the vessels were
stagnant, except when samples were obtained for subsequent analyses.

A Silgard 184 silicone elastomer kit was used to prepare the membranes, with and
without imbedded particles. Per the kit instructions, the membranes were prepared with a
mass ratio of 10:1 elastomer:cross-linker [31]. When particles were added, they were ground
and sieved to be less than 250 µm. The mass loadings of particles in the membranes were
calculated as mass particles per mass total polymer. The polymer and polymer-particle
mixtures were manually mixed for several minutes. Then, the polymer mixtures were
poured into 10 cm diameter aluminum pans to prepare the membranes. The pans were held
flat between two weighted flat plates within a leveled vacuum oven so that the membrane
thickness was relatively uniform within the pans. The polymer mixtures in the pans were
de-aerated under vacuum to remove gas bubbles. Following deaeration, the membranes
were heated to 60 ◦C for 20 h to complete the curing process. The thicknesses of the
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membranes used in this study were measured using a micrometer. The membranes used in
this study were all approximately 1 mm thick.
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photo of a perstraction test system used in this study. LHS = left-hand side where the PFOA aqueous
solution was placed. RHS = right-hand side where the solvent was placed. The volume on each side
of the membrane was 100 cm3.

2.3.2. Partition Coefficients for PFOA in Selected Solvents

Partition coefficients for PFOA between water and selected solvents were measured.
Equal volumes of PFOA-contaminated water (1000 mg/L) and selected solvents were
manually agitated. The vials were allowed to settle for at least 24 h. Aliquots of each phase
were sampled, diluted with deionized water at a measured dilution ratio, and the diluted
samples were analyzed at an off-site laboratory by LC/MS/MS. In addition, undiluted
samples were dried and analyzed gravimetrically for comparison. The partition coefficients
were calculated according to Equation (1).

K =
[PFOA]solvent
[PFOA]water

(1)

where K is the partition coefficient and [PFOA] is the concentration of PFOA in the solvent
or aqueous phase.

Both deionized water and Oxford, Ohio’s tap water were used for this effort. The goal
of using both types of water was to assess the effect of PFOA ionization on the partition
coefficient. Deionized water has a conductivity of <10 µS, and the pH of the 1000 mg/L
PFOA solution in deionized water was measured to be 2.76. According to Burns et al. (2008),
the pKa for PFOA is 3.8 [32]. Therefore, in deionized water, PFOA would be present in a
significant fraction in its neutral or protonated form, which could partition differently to
PFOA anions in water. Ohio’s tap water is very hard (~350 mg/L as calcium carbonate) [33],
and the pH of the 1000 mg/L PFOA solution in tap water was measured to be between 7.5
and 8.5. In tap water, PFOA would be predominantly present in its ionized form.

2.3.3. Determine the Solubility and Diffusivity of the Solvents in PDMS

Solvent absorption in the membrane was measured using methods described in
literature [34]. In brief, pieces of membranes were cut to approximately 0.3 g and were
weighed (mo). Then, the weighed pieces of prepared membranes were immersed in a
solvent. The membrane pieces were removed as a function of time, patted dry to remove
liquid solvent, and then quickly re-weighed to obtain the mass gained at various times,
(mt), as shown in Equation (2).

mt = mass at time, t − mo (2)
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The mass gained at 24 h was assumed to be the equilibrium mass of solvent gained in
the PDMS material (m∞), as shown in Equation (3).

m∞ = mass a f ter 24 h − mo (3)

The mass gained at 24 h was used to calculate the solubility, S (kg solvent/m3 polymer),
of the solvent in PDMS, according to Equation (4). For this study, the PDMS was measured
to have a density of approximately 1000 kg/m3. Therefore, the density of 1000 kg/m3 was
used for PDMS for all calculations.

S = 1000
m∞

mo
(4)

The experimental data (mt/m∞) were fit to a published model by Crank, 1956 [35],
which is shown in Equation (5). For this effort, the diffusivity was used as the model
parameter, and it was varied to best fit the model to the experimental data by the method
of sum of least squares.

mt

m∞
= 1 −

∞

∑
n=0

8

(2n + 1)2π2
e−D(2n+1)2π2t/(4l2) (5)

In Equation (5), D is the diffusivity (m2/s) of the solvent in the polymer, l is the
half-thickness of the membrane material (m), and t represents time (s).

2.3.4. Determine the Uptake of PFOA in PDMS

The absorption or uptake of PFOA from deionized water solutions to PDMS, both
with and without imbedded particles, was measured with time for over 20 days. The
experimental data were fit to a published second-order kinetics models for adsorption,
shown in Equation (6) [36].

qt =
q2

e k2t
1 + qek2t

(6)

In Equation (6), qt is the uptake of PFOA (mg PFOA/g PDMS) at time t, qe is the
uptake of PFOA at equilibrium (mg PFOA/g PDMS), k2 is a kinetic constant and model
parameter (g PDMS/mg PFOA/day, and t is time (days). The model parameters for this
effort were qe and k2, which were varied to best fit the model to the experimental data.

2.3.5. Determine the Effects of Particles Imbedded in the PDMS Membrane on PFOA
Uptake and Solvent Absorption

Particles imbedded in the PDMS can alter the properties of the membrane [37], and
therefore, they alter how PFOA interacts with the membrane material. According to
Wolf, et al. (2018), the addition of nano- and micro particles to PDMS can alter its hydropho-
bicity, elasticity, and electrical and thermal conductivity, among other properties [38].

In this study, several particles were imbedded in PDMS to investigate their impact
on PFOA uptake and solvent interactions. The particles were imbedded in a 10 wt% ratio
to screen the effects of particles in PDMS. The mass ratio is defined as mass of particles
per mass of total polymer. The particles were sieved through a 60-mesh screen (openings
of 250 µm) prior to use. Otherwise, the particles were used as received. The particles
investigated in this study included ZnO, CuO, Fe2O3, Al2O3, MnO2, SiO2, TiO2, and
activated carbon.

2.3.6. Demonstrate the Perstraction Process for Removing PFOA from Water

The perstraction process was demonstrated using the test systems described above
(Figure 2). Three sets of trials were conducted with the 4 identical test systems. A sum-
mary of the tests conducted with the four identical test systems is provided in Table 1.
Both sides of a membrane in the test systems were filled with respective fluids (the LHS
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contained PFOA-contaminated water, the RHS contained a selected solvent). The PFOA
concentrations were tracked with time for up to 9 days.

Table 1. Summary of tests conducted with four identical perstraction test systems.

Experiment Trial #1 Trial #2 Trial #3

Test System 1
Initial [PFOA] 1000 mg/L PFOA 350 mg/L PFOA 500 mg/L PFOA
LHS DI water DI water DI water
RHS DI water DI water 1-hexanol
Membrane PDMS PDMS PDMS

Test System 2
Initial [PFOA] 1000 mg/L PFOA 350 mg/L PFOA 500 mg/L PFOA
LHS DI water DI water Tap water
RHS DI water 1-butanol 1-hexanol
Membrane 0.05 CuO-PDMS PDMS PDMS

Test System 3
Initial [PFOA] 1000 mg/L PFOA 350 mg/L PFOA 500 mg/L PFOA
LHS DI water DI water DI water
RHS DI water 1-hexanol 1-hexanol
Membrane 0.05 ZnO-PDMS PDMS 0.1 ZnO-PDMS

Test System 4
Initial [PFOA] 1000 mg/L PFOA 350 mg/L PFOA 500 mg/L PFOA
LHS DI water DI water Tap water
RHS DI water 1-octanol 1-hexanol
Membrane 0.15 ZnO-PDMS PDMS 0.1 ZnO-PDMS

LHS = PFOA solution in water; RHS = solvent (water or alcohol). Trial #1: Effect of the type of membrane on
perstraction process. Trial #2: Effect of the type of solvent on the perstraction process. Trial #3: Comparison of DI
water with tap water and a comparison of PDMS membrane with 10 wt% ZnO-PDMS membrane.

3. Results
3.1. Partition Coefficients of PFOA in Selected Solvents

The partition coefficients obtained in this study for PFOA in various solvents are
shown in Table 2. In all cases, the non-polar solvents had very low solubility for PFOA. In
contrast, the alcohols all have partition coefficients >1, indicating that PFOA preferentially
separates from water to the alcohol phase. This result is supported by the results reported
by Meng, et al. (2017) [15], which also showed alcohols having higher affinity than non-
polar solvents for PFOS. Based upon these results, 1-butanol, 1-hexanol, and 1-octanol were
used as perstraction solvents for the rest of this study.

Table 2. Summary of partition coefficients for PFOA in selected solvents.

Solvent Aqueous Phase
Deionized Water

Aqueous Phase
Tap Water 1

Hexane N/A 0.118
Cyclohexane N/A 0.003
Benzene N/A 0.025
1-Butanol 16.4 ± 14.5 71.6 ± 29.2
1-Hexanol 27.0 ± 16.7 31.8 ± 14.9
1-Octanol 12.4 ± 5.6 5.4 ± 6.5

1 Tap water from Oxford, Ohio [33].

A comparison of partition coefficients in Table 2 was made between the aqueous phase
consisting of DI water and that consisting of Oxford, Ohio’s tap water. The reason for this
comparison is to provide evidence that the partitioning of PFOA is dependent upon its
degree of ionization. PFOA solutions in tap water had measured pH values between 7.5
and 8.5, and so PFOA would be predominantly present in its ionized form. In contrast
PFOA solutions in DI water had measured pH values < 3, and so a significant fraction of
PFOA would be in its protonated or neutral form.
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The partition coefficients for PFOA in alcohols are all similar when the aqueous phase
is DI water. In contrast, the partition coefficients tend to decrease with increasing carbon
chain length or decreasing polarity in the alcohol when tap water is used. It is likely that
hydrophobic interactions between the solvent and the protonated form of PFOA were
dominant in DI water, since PFOA would be present in its protonated form. However, the
ionized form of PFOA would tend to prefer polar compounds and stay in the aqueous
phase. In addition, tap water contains significant concentrations of minerals and ions, and
so there would be significant competition for the ionic interactions of PFOA anions with
other anions in the water with the polar head of the solvent.

3.2. Determine the Solubility and Diffusivity of the Solvents in PDMS with and without
Imbedded Particles

The solubilities and diffusivities of 1-butanol, 1-hexanol, and 1-octanol were deter-
mined using a gravimetric method, as described above and by Liu, et al. (2013) [34]. The
solubilities of the alcohols in PDMS were calculated using Equation (4). The diffusivities
were calculated by fitting the experimental data to a published mass transport model by
Crank (1956) [35], as shown in Equation (5). An example of this effort is shown in Figure 3,
and a summary of the results is provided in Table 3. The experimental data and their fit to
the model in Equation (5) for all three alcohols in PDMS membrane samples are provided
in the excel file submitted in the Supplementary Files. Notably, the effects of ZnO and CuO
loadings (0 wt%, 5 wt%, 10 wt%, and 15 wt%) in PDMS on solvent absorption were also
investigated, and the results are also provided in Table 3.
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Figure 3. Example of solvent absorption in membrane samples. The solvent in this example is
1-butanol, the membrane is PDMS without imbedded particles, and the membrane half-thickness, l,
is 0.425 mm.

The solubilities of the alcohols in PDMS appear to decrease as the carbon chain in
the solvent increases (1-butanol > 1-hexanol > 1-octanol). This result is supported by
Cochi et al. (2015) [38] who investigated the solubility and diffusivities of several solvents
in PDMS. They found that the solubility of alcohols in PDMS decreases with increasing
number of carbon atoms going from 1-butanol to 1-hexanol. With longer-chained alcohols,
the solubility is driven by entropic effects, which favor the smaller molecules [38].
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Table 3. Summary of solvent absorption in PDMS membranes.

Solvent Membrane Material Solubility (kg/m3) Diffusivity 1

(1011 m2/s)

1-Butanol

PDMS 108 ± 9.7 2.6 ± 1.6

5 wt% ZnO in PDMS 100 ± 4.6 1.6 ± 0.3

10 wt% ZnO in PDMS 111 ± 6.9 1.3 ± 0.003

15 wt% ZnO in PDMS 84.1 ± 6.5 1.5 ± 0.03

5 wt% CuO in PDMS 116 ± 11.4 1.8 ± 0.02

10 wt% CuO in PDMS 104 ± 20.6 1.6 ± 0.10

15 wt% CuO in PDMS 108 ± 9.6 1.4 ± 0.37

1-Hexanol

PDMS 92.1 ± 12.2 1.5 ± 0.12

5 wt% ZnO in PDMS 79.4 ± 4.4 1.5 ± 0.26

10 wt% ZnO in PDMS 83.1 ± 6.7 1.2 ± 0.01

15 wt% ZnO in PDMS 76.1 ± 0.8 1.4 ± 0.29

5 wt% CuO in PDMS 116 ± 1.0 1.4 ± 0.07

10 wt% CuO in PDMS 104 ± 5.1 1.6 ± 0.16

15 wt% CuO in PDMS 101 ± 5.1 1.4 ± 0.07

1-Octanol

PDMS 52.1 ± 0.58 3.3 ± 0.45

5 wt% ZnO in PDMS 41.3 ± 4.5 3.9 ± 0.62

10 wt% ZnO in PDMS 40.4 ± 3.9 4.1 ± 0.22

15 wt% ZnO in PDMS 41.7 ± 6.7 3.4 ± 1.1

5 wt% CuO in PDMS 44.4 ± 15 4.8 ± 3.8

10 wt% CuO in PDMS 48.6 ± 7.4 2.4 ± 0.54

15 wt% CuO in PDMS 44.7 ± 3.1 2.5 ± 0.27
1 The diffusivity values in the table were multiplied by 1011. Therefore, the diffusivities are the values in the table,
Di × 10−11 m2/s.

The diffusivities of 1-butanol (1.7 × 10−11 m2/s) and 1-hexanol (1.4 × 10−11 m2/s) in
PDMS are similar, whereas the diffusivity of 1-octanol was estimated to be much higher
(3.5 × 10−11 m2/s). One reason for this result is that the model assumes constant diffusivity.
It is likely, however, that diffusivity increases with increasing solvent concentration in
PDMS. According to Cochi et al. (2015) [38], the diffusivity is a function of both kinetic and
thermodynamic parameters. The diffusivity of 1-octanol may have been enhanced by its
more favorable thermodynamic interaction with PDMS. PDMS is a nonpolar polymer. The
longer nonpolar hydrocarbon chain in 1-octanol compared with 1-butanol and 1-hexanol
enhanced its diffusion within the polymer.

The presence of imbedded particles in PDMS did not appear to significantly affect
the observed solubilities or diffusivities of the alcohols in PDMS. This suggests that the
interactions between the alcohols and PDMS dominate the rate of mass transfer of solvents
in PDMS.

3.3. Absorption of PFOA in PDMS Membranes with and without Imbedded Particles

The absorption, or uptake, of PFOA in PDMS with and without imbedded particles
was investigated using samples of membranes (~0.10 g and 1 mm thickness) in solutions of
PFOA in deionized water. The concentrations of PFOA in the solutions were measured as
a function of time over several days. Figure 4 shows the results of selected experimental
trials with membranes containing several different imbedded particles. The results from
other screening trials are provided in the Supplementary Files. ZnO and CuO imbedded
in PDMS significantly enhanced the uptake or absorption of PFOA from deionized water
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solutions more than all other imbedded particles investigated in this study. This result was
surprising, but it is likely due to the ionic interactions between ZnO and CuO in the PDMS
and the carboxyl group on PFOA. This result is supported by Lubani et al. (2022) [39] and
Segovia, et al. (2011) [40] who also reported on the ionic interactions between ZnO and
carboxyl groups.
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Figure 4. PFOA uptake in PDMS with 10 wt% imbedded particles. Initial PFOA solution was
1000 mg/L in deionized water. The initial mass of each membrane sample was 0.1 g.

The absorption of PFOA in ZnO-PDMS membranes and CuO-PDMS membranes from
deionized water was further investigated by assessing the effects of ZnO and CuO loading
in PDMS. The results are shown in Figure 5a,b. PFOA uptake increased with increasing
ZnO loading up to 15 wt%, whereas there was much less difference in the PFOA uptake by
membranes with CuO loadings between 5 wt% and 15 wt%.

The second-order kinetic adsorption model (Equation (6)) was fit to the experimental
data in Figures 4–6. The second-order kinetic constant, k2, and the equilibrium constant,
qe, were model parameters that were varied to fit the experimental data to the model. The
results of this modeling are represented by the solid lines in Figures 4 and 5, and the model
parameters for the experimental data in Figure 6a,b are summarized in Table 4.
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Membrane samples were initially 0.1 g and 1 mm in thickness.

Table 4. Summary of kinetic model parameters for the uptake of PFOA on 0.10 ZnO-PDMS and
CuO-PDMS as a function of initial PFOA concentration in deionized water.

Initial PFOA
Concentration
(mg/L)

0.10 ZnO-PDMS 0.10 CuO-PDMS

k2
(mg Membrane/mg
PFOA/day)

qe
(mg PFOA/mg
Membrane)

k2
(mg Membrane/mg
PFOA/day)

qe
(mg PFOA/mg
Membrane)

200 0.0142 36 0.0083 18
400 0.0054 95 0.00055 104
600 0.0029 145 0.00071 143
800 0.0021 193 0.00074 182
1000 0.0016 234 0.00059 239
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The data summarized in Table 4 indicate that ZnO in PDMS increases the rate of
uptake compared to CuO in PDMS, and that the rate of PFOA uptake decreases as the
initial PFOA concentration in solution increases from 200 mg/L to 1000 mg/L. However,
the ultimate uptake of PFOA into the membrane, represented by qe, is similar between
ZnO-PMDS and CuO-PDMS.

To further understand the mechanism of PFOA absorption in ZnO-PDMS and CuO-
PDMS membranes, a comparison was made between the uptake of PFOA by the ZnO and
CuO particles. The uptake of PFOA on ZnO and CuO powders from deionized water is
shown in Figure 7. In these experimental trials, the PFOA appeared to adsorb strongly to the
particles. Greater than 70% of the PFOA in the initial solutions adsorbed onto the particles.
Interestingly, however, the percentage of PFOA that was removed from deionized water
increased with increasing PFOA concentration. This is likely due to micelle or hemi-micelle
formation [41,42]. According to Shih and Wang (2013), amphiphilic compounds, such as
PFOA, may adsorb onto minerals in hemi-micelles when the organic ions are present at
0.001 to 0.01 of the critical micelle concentrations. The critical micelle concentration of
PFOA is around 25 mM [41].
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Figure 7. Percentage of PFOA removed from aqueous (DI water) solutions. 0.025 g particles and
20 mL solution were used for each sample.

A comparison of PFOA uptake by CuO-PDMS and ZnO-PDMS between DI water
and tap water is shown in Figure 8. PFOA in tap water does not significantly absorb or
adhere to the membrane samples. This was an unfortunate result. Reasons for this result
are likely due to the degree of ionization of PFOA in DI water compared to tap water as
well as competitive ion interactions in tap water. The PFOA anions in water may interact
with each other to form micelles, or they may interact with mineral cations in tap water.
There are also many other anions in tap water, including chloride (Cl−), fluoride (F−), and
nitrates (NO3

−), among others, that will compete with PFOA anions for adsorption sites
on and within the ZnO-PDMS and CuO-PDMS membranes.
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Figure 8. PFOA removed by membrane samples from aqueous solutions of PFOA after 3 days. Mass
of membrane samples = 0.1 g. Initial PFOA concentration = 1000 mg/L. Solution volume = 20 mL.

3.4. Perstraction of PFOA from Water to Solvent

The perstraction of PFOA from water to solvent was investigated using four identical
test systems, as shown in Figure 2. Initially, PFOA (1000 mg/L in DI water) was placed in
the left-hand side of each test system and pure deionized water was placed in the right-
hand side. The membranes used included PDMS, 0.05 ZnO-PDMS, 0.15 ZnO-PDMS, and
0.05 CuO-PDMS membranes. The results are shown in Figure 9a,b.

As shown in Figure 9a,b, the rate at which PFOA was removed from the water on the
left-hand-side was significantly increased by the presence of ZnO-PDMS and CuO-PDMS
compared to PDMS membranes. However, PFOA passed through the PDMS membrane, as
indicated by the increasing PFOA concentration on the right-hand side of the test system
(open symbols). PFOA did not pass through the ZnO-PDMS or CuO-PDMS membranes.
PFOA must have been strongly adsorbed onto the ZnO and CuO particles contained with
the ZnO-PDMS and CuO-PDMS membranes.

Another trial was conducted with PDMS membranes (no imbedded particles) to assess
the effect of solvent. The left-hand side of the membrane test systems contained PFOA
at approximately 350 mg/L in DI water, while the solvents varied on the right-hand side
of the test system (DI water, 1-butanol, 1-hexanol, and 1-octanol). The results, shown in
Figure 10, show that after 9 days, PFOA was perstracted into all four of the solvents, and
that 1-hexanol and 1-octanol appeared to have more success than 1-butanol or DI water as
perstraction solvents. The differences in the PFOA concentration profiles with time may be
due to the combined effects of differences in solvent permeation rates through the PDMS
membranes, differences in the solubilities of the solvents in water, and the differences in
partition coefficients of PFOA between solvent and water. All of these may impact the
driving force for the mass transport of PFOA through the solvent-swollen PDMS membrane.
For this experimental trial, NMR analyses of the solvents on the RHS of the test systems,
after 9 days of contact, showed qualitative evidence that PFOA was perstracted from water
to the solvents. Quantitative data were not obtained, however, for PFOA in the solvents for
this data set.



Processes 2023, 11, 217 14 of 19Processes 2023, 11, x FOR PEER REVIEW 14 of 20 
 

 

 

Figure 9. PFOA concentrations in aqueous solutions in membrane test systems. (a) PDMS mem-

brane. (b) ZnO-PDMS, CuO-PDMS membranes. The closed symbols represent the PFOA concentra-

tions on the left-hand side of the test system, which initially contained 1000 mg/L PFOA in 100 mL 

DI water. The open symbols represent the PFOA concentrations in the DI water on the right-hand 

side of the test system, which initially contained pure DI water. The masses of the membranes were 

approximately 3.5 g. 

As shown in Figure 9a,b, the rate at which PFOA was removed from the water on the 

left-hand-side was significantly increased by the presence of ZnO-PDMS and CuO-PDMS 

compared to PDMS membranes. However, PFOA passed through the PDMS membrane, 

as indicated by the increasing PFOA concentration on the right-hand side of the test sys-

tem (open symbols). PFOA did not pass through the ZnO-PDMS or CuO-PDMS mem-

branes. PFOA must have been strongly adsorbed onto the ZnO and CuO particles con-

tained with the ZnO-PDMS and CuO-PDMS membranes. 

Figure 9. PFOA concentrations in aqueous solutions in membrane test systems. (a) PDMS membrane.
(b) ZnO-PDMS, CuO-PDMS membranes. The closed symbols represent the PFOA concentrations
on the left-hand side of the test system, which initially contained 1000 mg/L PFOA in 100 mL DI
water. The open symbols represent the PFOA concentrations in the DI water on the right-hand side
of the test system, which initially contained pure DI water. The masses of the membranes were
approximately 3.5 g.
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Figure 10. PFOA concentrations in deionized water. Initial PFOA concentration in deionized water
on the left-hand side of the membrane test system = 350 mg/L. The right-hand side of the membrane
test system contained alcohol. All membranes were PDMS without imbedded particles.

Based upon the results in Figure 10, 1-hexanol was used as the solvent for the final
experimental trial. A comparison of PDMS and ZnO-PDMS membranes and a comparison
of perstraction of PFOA from DI water and from tap water into 1-hexanol were investigated.
The PFOA concentrations in the aqueous phases as a function of time are shown in Figure 11.
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Figure 11. Perstraction of PFOA from DI water (solid lines) and from tap water (dashed
lines). 1-hexanol was the solvent. PDMS and 0.10 ZnO-PDMS were the membranes used (3.5 g,
1 mm thickness).

Perstraction of PFOA from tap water into 1-hexanol through a PDMS or ZnO-PDMS
membrane was not successful. While there was significant data scatter for the PFOA
concentrations in tap water with time using NMR analyses, there was no evidence of PFOA
removal from the tap water. This is indicated by the dashed lines in Figure 11 having
relatively constant (on average) PFOA concentrations with time. In addition, there was no
evidence of PFOA in the corresponding 1-hexanol solutions per NMR analyses.

PFOA concentrations decreased with time in both DI water solutions. The differences
in the PFOA concentrations in DI water with time may have been due to experimental
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error or due to the influence of the ZnO particles in PDMS on mass transport of PFOA
into the solvent-swollen PDMS membranes. However, evidence of PFOA in 1-hexanol was
obtained only for the test system that contained PFOA in DI water and with the PDMS
membrane. There was no evidence of PFOA in 1-hexanol corresponding to the test system
with the ZnO-PDMS membrane. This data suggests that the PFOA strongly adheres to the
ZnO in ZnO-PMDS membranes.

The perstraction process was demonstrated for removing PFOA from DI water into
1-hexanol through a PDMS membrane. The PFOA concentrations in the deionized water
(blue markers and line) and in the corresponding 1-hexanol (green markers and line) were
recorded with time. These data are shown graphically in Figure 12. The sum of PFOA in
the water and in the solvent is shown by the black dashed line. More than 70% of the PFOA
was accounted for in the two solutions. The balance of the PFOA is presumably held up
within the solvent-swelled PDMS.
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Figure 12. Perstraction of PFOA from DI water into 1-hexanol through a PDMS membrane.

4. Discussion

Perstraction was demonstrated as a process by which PFOA can be removed from
water. 1-butanol, 1-hexanol, and 1-octanol are possible solvents for this process. Approxi-
mately 80% of the initial PFOA was removed from DI water and was transferred across a
PDMS membrane into 1-hexanol over 5 days. However, the process was demonstrated only
when the PFOA solution was in DI water and the membrane was PDMS without imbedded
particles. The process appears to be dominated by hydrophobic interactions between the
protonated or neutral form of PFOA, PDMS, and solvent.

The rate and extent of PFOA removal from DI water by PDMS was significantly
enhanced when ZnO and CuO were imbedded in PDMS. However, surprisingly, the
PFOA was not extracted through the membrane by DI water (Figure 9b) or by 1-hexanol
(discussion of Figure 11) when the PDMS membrane contained imbedded ZnO or CuO.
This suggests that PFOA strongly adhered to the ZnO and CuO particles within the
PDMS membranes.

PFOA was not effectively removed from tap water by perstraction. PFOA was pre-
dominantly in its ionized form at the pH of tap water. The ionized form of PFOA will tend
to stay with the water as opposed to absorb into PDMS. Possibly, PFOA, in its ionized form,
forms micelles, which would decrease access to the hydrophobic end of PFOA and reduce
its interaction with PDMS. In addition, the high concentrations of minerals and other ions
in tap water may compete with PFOA anions for ionic interactions within the aqueous
phase and within the ZnO-PDMS and CuO-PDMS membranes.
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While the application of perstraction to the removal of PFOA from water has limita-
tions, the research generated new and interesting data regarding the interaction of PFOA
with PDMS and PDMS imbedded with ZnO and CuO particles. The degree of ionization of
PFOA must be considered when developing processes to remove PFOA from water.

NMR proved to be a valuable tool for both qualitative and quantitative analyses of
PFOA in both water and solvents.

The authors look forward to this work leading to innovative ideas that may include,
for example, innovative sampling, extraction, and analytical methods for PFOA and other
perfluorinated compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11010217/s1, Supplementary, Figures S1–S7. Figure S1. NMR
analyses of PFOA. Based upon article [1]. Figure S2. Calibration curve for PFOA using NMR and
an internal standard, trifluoroacetic acid. Calibration curve for PFOA in aqueous samples. Figure
S3. PFOA standard calibration curve for PFOA concentrations up to 1000 ppm using NMR. Figure
S4. PFOA calibration curve for hexanol samples using NMR. Figure S5. Calibration curve for PFOA
in DI water using conductivity. Figure S6. Calibration curve for PFOA in DI water using UV-Vis
Spectrometry at 210 nm. Figure S7. PFOA calibration curve in DI water using pH. Reference [43] are
cited in the supplementary materials.
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