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With drinking water regulations forthcoming for per- and polyfluoroalkyl substances (PFAS), the need for cost-
effective treatment technologies has become urgent. Adsorption is a key process for removing or concentrating PFAS from water;
however, conventional adsorbents operated in packed beds suffer from mass transfer limitations. The objective of this study was to
assess the mass transfer performance of a porous polyamide adsorptive membrane for removing PFAS from drinking water under
varying conditions. We conducted batch equilibrium and dynamic adsorption experiments for perfluorooctanesulfonic acid,
perfluorooctanoic acid, perfluorobutanesulfonic acid, and undecafluoro-2-methyl-3-oxahexanoic acid (i.e, GenX). We assessed
various operating and water quality parameters, including flow rate (pore velocity), pH, ionic strength (IS), and presence of
dissolved organic carbon. Outcomes revealed that the porous adsorptive membrane was a mass transfer-efficient platform capable of
achieving dynamic capacities similar to equilibrium capacities at fast interstitial velocities. The adsorption mechanism of PFAS to the
membrane was a mixture of electrostatic and hydrophobic interactions, with pH and IS controlling which interaction was dominant.
The adsorption capacity of the membrane was limited by its surface area, but its site density was approximately five times higher than
that of granular activated carbon. With advances in molecular engineering to increase the capacity, porous adsorptive membranes are
well suited as alternative adsorbent platforms for removing PFAS from drinking water.
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2000, and 10 ppt, respectively.'® Implementing these limits is

Per- and polyfluoroalkyl substances (PFAS) are persistent expected to result in significant capital and operating costs. For
synthetic organic contaminants (number of PFAS > 9,000") example, the EPA predicts that a 10 MGD plant using a
that are ubiquitous in the environment and pose an emerging granular activated carbon (GAC) treatment system would
threat to human and ecological health.””"> PFAS have been require a capital investment of $7 million, with annual

detected in numerous drinking water sources and in treated 18
drinking water across the United States.'*'®'” In 2023, the

Environmental Protection Agency (EPA) proposed a max-

operation and maintenance costs of $10 million.

imum contaminants level of 4 ng L™ for perfluorooctanoic October 27, 2023 @]‘Eﬂqiﬂﬂﬂﬂq
acid (PFOA) and perfluorooctanesulfonic acid (PFOS), and a March 24, 2024 i
combined hazard index of 1.0 for perfluorononanoic acid Mar.ch 26, 2024

(PENA), perfluorohexanesulfonic acid (PFHxS), perfluorobu- April 11, 2024

tanesulfonic acid (PFBS), and hexafluoropropylene oxide
(HFPO-DA or GenX), with health-based values of 10, 9,
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Figure 1. Schematic detailing mass transfer (left) in a packed bed filled with porous adsorptive particles and (right) in a porous adsorptive

membrane.

Conventional drinking water treatment technology often
fails to adequately remove PFAS. A global survey of 447
finished tap water samples found that the average concen-
trations of PFOA and PFOS were 4.4 and 8.1 ng L7},
respectively, exceeding the proposed standards of 4 ng L™"."”
Even bottled water, which undergoes more advanced treatment
processes such as reverse osmosis, contained 32 PFAS with
concentrations ranging from 0.17 to 189 ng L™.' The
widespread occurrence of PFAS at concentrations above the
EPA’s proposed drinking water standards highlights the
pressing need to develop cost-effective and efficient tech-
nologies for drinking water treatment.

Adsorption processes remain a cost-effective treatment
option for removing PFAS from drinking water. Extensive
research has been conducted on the use of adsorbents to
remove PFAS from water.'” " Commercial adsorbents are
typically porous receiving media (e.g., GAC, ion exchange [IX]
resins) that are packed in a fixed bed to maximize the active
surface-area-to-volume ratio to provide a high adsorption
capacity.”’ " This packed bed approach is hampered by
significant mass transfer limitations and flow channeling. For
binding to occur with adsorptive processes, target solutes must
transfer from the bulk solution to active sites on the surface or
within the pore structure of the adsorbent. Figure 1 depicts a
schematic that details the mass transfer processes of a packed
bed in comparison with that of a porous adsorptive membrane
platform investigated herein. In a packed bed, the solute mass
is driven by convection through the pore space of the bed and
to the adsorbent surface. (1) Convective flow causes a
hydrodynamic boundary layer (or film) to form around the
adsorbent, which in turn creates a concentration boundary
layer. (2) When the solute mass reaches the boundary layer, it
must diffuse through the film, called external film diffusion.
The solute mass then diffuses into the pores until it reaches an
adsorption site either through (3) pore diffusion or (4) surface
diffusion. The pore/surface diffusion mass transfer processes
are commonly the slowest, or rate-determining step. For
porous particulates, the characteristic dimension that the solute
must diffuse to reach an adsorption site is proportional to the
size of the adsorbent. This dimension is typically greater than
100 um, and since pore/surface diffusion is the slowest rate,
these long transport lengths into the bulk of the adsorbent
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leads to poor adsorption performance. Moreover, the random
packing of the adsorbents in the fixed bed produces flow
channels with a broad distribution of sizes. Here, contaminated
fluid in the larger channels can bypass the active adsorbent
surfaces, further hampering performance. Overall, the diffusive
mass transfer limitation of fixed beds and flow channeling are
major drawbacks that lead to poor adsorption efficiencies and
necessitate long contact times that ultimately increase
operating costs.

Porous adsorptive membranes are an emerging platform that
can potentially overcome the mass transfer limitations
hindering conventional particulate adsorbents. A schematic of
the mass transfer process in the porous adsorptive membrane
is depicted in Figure 1. In contrast to packed beds, the solute
mass in the adsorptive membrane is transferred by convection
directly through the pores containing the active adsorption
sites, thus ameliorating the limit of pore diffusion. For the
adsorptive membrane, the characteristic diffusion length is on
the scale of nanometers rather than micrometers. Thus, the
external film diffusion rate is less of a mass transfer resistance
compared to that of the larger porous particulates. This
reduces the time required for solutes to transfer to active
sites,"”*' and it increases the overall capture efficiency and
throughput capabilities of the process. Furthermore, though
not a focus of this study, advances are being made in polymer
engineering*” to increase the adsorption capacity of adsorptive
membranes to make them competitive with porous adsorptive
particulates.

The objective of this study was to assess the mass transfer
performance of a porous adsorptive membrane for removing
PFAS from drinking water under varying conditions. While
extensive research has been conducted on the use of
membranes for PFAS removal,®® the focus has primarily
been on nanofiltration and reverse osmosis membranes, which
rely on rejection by size exclusion. Adsorptive membranes have
received comparatively less attention,”* with most research
focused on material advancements geared toward increasing
adsorption capacity and selectivity (e.g. refs 45—47). While
achieving substantial capacities for multiple PFAS is crucial, it
is important to note that such considerations might be
somewhat forward thinking. Equally critical is the confirmation
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that porous adsorptive membranes fulfill the promised
reduction in mass transfer limitations.

In this study, we selected a commercially available porous
polyamide membrane as a proof-of-concept adsorbent for
PFAS removal. We chose polyamide as a model adsorptive
membrane because it consists of a hydrophobic backbone
interspersed with amide groups that may hydrolyze to form
ionizable amines and carboxylic acids. This hydrophobic/
electrostatic duality has demonstrated promising results for
removing PFAS by ion exchange resing®”***"*%*=3! 4nd
adsorbents functionalized with amines.”> Our investigation
focused on systematically examining the impact of various
parameters on the dynamic adsorption performance of the
adsorptive membrane. These parameters encompassed the
chemistry of different PFAS, the contact time, the pH, the
ionic strength (IS), and the presence of dissolved organic
carbon (DOC). Outcomes were used to gain a comprehensive
understanding of the mass transfer in a porous adsorptive
membrane and how PFAS chemistry and water quality
conditions affected the adsorption and mass transfer perform-
ance. This knowledge is crucial for validating the potential of
the porous membrane structure for adsorption, improving the
molecular engineering of adsorptive membranes, and optimiz-
ing operational strategies for adsorptive membrane systems
targeting the removal of PFAS from drinking water.

2.1. Chemicals and Materials. All chemicals used in this
study were purchased and used as received (further details are
provided in the Supporting Information). The polyamide
membrane was a porous, microfiltration membrane with a
nominal pore size of 0.45 ym (Cytiva, 7404-002, 25 mm
diameter). All stock solutions and samples were prepared with
ultrapure water (18.2 MQ-cm). The stock solutions for PROA,
PFOS, PFBS, and GenX were prepared in 1 L of high density
polyethylene bottles that were free of fluorine.

2.2. Membrane Material Characterization. The poly-
amide membrane was characterized by several techniques,
including Brunauer—Emmett—Teller (BET) surface area
analysis, zeta potential analysis, scanning electron microscopy
(SEM), porosity measurements, and permeability measure-
ment.

BET was used to obtain the specific surface area (a, m* g")
for use in adsorption performance characteristics. It was
obtained through a physisorption experiment using N, in a
volumetric adsorption system (Micromeritics ASAP 2020)
operated at 77 K. Briefly, seven pristine polyamide membranes
were cut into small pieces and loaded into a system vial.
Subsequently, the system was degassed at 125 °C for 1S h.
Then, the sample was pumped with N, at relative pressures
ranging from 0.07 to 0.25 in liquid nitrogen. The resulting
adsorption isotherm for N, was fitted with the BET model to
obtain the specific surface area of the membrane.

The zeta potential was analyzed as a surrogate measure of
the surface charge of the polyamide membrane over various
pH ranges. An electrokinetic analyzer (Anton Paar SurPASS 3)
was used to determine the zeta-potential of polyamide
membrane samples with the streaming potential method.
Before each trial, the polyamide membrane sample was soaked
in ultrapure water for 12 h. At the beginning of each trial, two
rectangles (each 2 cm X 1 cm) were cut from the membrane
sample. The rectangles were then fixed into the adjustable gap
cell of the SurPASS 3, and the distance between both
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rectangles in the measuring cell was set to 100 + 10 ym. An
electrolyte solution of 1 mM KCI was used for the zeta-
potential measurements, and the pH was adjusted using 0.05
M HCI and 0.05 M NaOH solutions to achieve pH values
between 3 and 10. For each trial, the membrane sample would
begin with the electrolyte solution at pH 3, and the pH was
incrementally increased by one unit until pH 10 was achieved.
Then, the pH was incrementally decreased by one unit until
pH 3 was achieved. At every new pH value, the membrane
sample was first rinsed with the electrolyte solution, and then
three zeta-potential measurements were taken (48 total zeta-
potential measurements for each trial). All zeta-potential
measurements taken at a given pH, from all trials, were
averaged together, and then plotted along with the 95%
confidence interval based on the standard error of the
measurements at the given pH from all trials conducted. A
dye test was further corroborated the zeta potential analysis
(see the Supporting Information for further details).

Cross-sectional SEM micrographs were analyzed to obtain
the thickness and porosity of the membrane. Surface SEM
micrographs were used to corroborate the porosity of the
membrane by determining the pore space presented on the
image. Selected membrane samples were imaged by using a
field-emission scanning electron microscope (FEI-Magellan
400). The membrane samples for cross-sectional analysis were
prepared by immersing them in liquid nitrogen until the liquid
nitrogen stopped bubbling vigorously (~30 s), followed by
freeze fracturing. All samples were sputter-coated with 3 nm of
Pd/Au using a Leica EM ACE600 High Vacuum Sputter
Coater to prevent sample charging during imaging. 5 keV and
13 pA were used to generate all the SEM micrographs.

Because the adsorptive membranes are porous, porosity (&)
measurements were key to calculating the pore volume treated
(PVT), which describes the volume of solution treated per
pore volume in the dynamic adsorption experiments. Two
methods were used to determine porosity— (1) water mass
differentiation and (2) image analysis of SEM micrographs.”
The porosity of membrane was measured using water mass
differentiation, as described previously.”

For the mass differentiation approach, the membrane sample
was weighed dry, submerged in ultrapure water for 10 min, and
then reweighed. Excess liquid not entrained in the pores was
removed by dabbing the surface with a Kimwipe (Kimberly-
Clark Professional, 34120) until the liquid absorbed on the
membrane was no longer dripping in a vertical position. This
was performed in triplicate. The difference between the dry
and weight masses of the membrane was calculated to
determine the mass of water uptake. The volume of water
uptake was calculated by dividing the mass of water by the
density of water (0.997 mg mm™>). The volume of the water
uptake was assumed to be equal to the pore volume. The
porosity was then calculated by dividing the pore volume by
the total volume of the membrane. Image] was used to
estimate the porosity from the SEM micrographs. This method
was used to corroborate the mass differentiation result. This
process is described in detail in the Supporting Information.

The permeability of the membrane was analyzed to
determine the applied pressure necessary for the experiments.
It was measured using a 10 mL stirred cell (EMD Millipore
Amicon 8003) connected to a custom-made 800 mL reservoir
that allowed for extended permeability testing. The stirred cell
and reservoir were filled with ultrapure water, and a 5.64 bar
trans-membrane pressure was applied to the reservoir. The
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permeate solution was collected in a container that was rested
on a balance, and the mass of the collected solution was
recorded every 3 s for 90 s to regress the water flux. Hydraulic
permeabilities were calculated by dividing water flux by the
transmembrane pressure and membrane area.

2.3. Batch Adsorption Experiments and Modeling.
Batch adsorption isotherm experiments were conducted to
obtain the adsorption capacity of the membrane at equilibrium
for various initial concentrations of PFAS. Experiments were
conducted in S0 mL polypropylene vials (VWR, 10026-078).
Ten different initial concentrations of each PFAS ranging from
0.12 to 24.15 uM for PFOS (88—17,505 ug L"), PFOA (59—
12,468 ug L), PFBS (73—7380 ug L™'), and GenX (41—
5426 pug L") were prepared. A single membrane was placed in
each vial and then filled with 50 mL of the selected PFAS and
concentration. Samples were mixed for 24 h at 100 rpm on a
rotating mixer. The solution was then separated from the
membrane and stored at 4 °C for analysis.

The batch adsorption isotherm data of all PFAS were fit with
Q,K.C.
1+ KC,°
Here, q. (umol g™') is the solid-phase concentration of the
adsorbate, C, is the adsorbate concentration in solution at
equilibrium (umol L7'), Q,, is the maximum adsorption
capacity (umol g7'), and K| is the adsorption equilibrium
constant (L gmol™"). Data were also fitted with the Freundlich
model as a comparison, which is described in detail in the
Supporting Information.

2.4. Dynamic Adsorption Experiments and Modeling.
Flow-through adsorption experiments were conducted to
determine the dynamic adsorption performance of the
membrane. Results were used to assess the adsorption kinetics,
mass transfer, and breakthrough performance of the mem-
brane. To conduct the dynamic adsorption experiments, a
flow-through contactor that consisted of a syringe pump (NE-
300, SouthPointe Surgical Supply), a 60 mL syringe
(polypropylene, Air-Tite Products Co., INC., MLB60), and a
syringe filter holder (PALL Corporation, 4320, 25 mm
diameter) was used. The syringe pumps were oriented
vertically with liquid flow moving from top to bottom to
ensure even contact with and flow through the membrane.
Samples were collected at timed intervals in S0 mL vials
(polypropylene, VWR, 10026-078).

Variables investigated in these experiments included PFAS
type, contact time (or flow rate), pH, IS, and presence of
DOC. The baseline conditions for each experiment were PFOS
(3.62 uM), a flow rate of S mL min™", a pH of 6.8, and an IS of
~3.6 uM (ie, no added IS). Each variable was tested
individually while keeping the other baseline variables
constant.

Four PFAS were tested at an initial concentration of ~3.62
uM, including PEOA (1800 ug L"), PFOS (2446 ug L),
PFBS (1589 ug L™"), and GenX (1173 ug L™"). A higher initial
concentration was chosen to reduce the volume required to
obtain a full breakthrough curve (BTC) profile.

To achieve varying contact times, the flow rate was adjusted
from 2 to 20 mL min~™'. The calculated contact times (t_),
“empty-bed” contact times (EBCTs), superficial velocities (v;),
and pore velocities (v;) are listed in Table 1. The contact time
is analogous to the theoretical pore residence time in the
membrane. The superficial velocities tested (~0.2 to 2 m h™)
were faster than those used for porous adsorptive particulates
in fixed beds, which typically range from approximately 5 to 10

the Langmuir model,” which is described as q, =
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Table 1. Flow Rates Tested and the Corresponding Contact
Time (t), EBCT, Superficial Velocity (v,), Pore Velocity
(v;), and Applied Pressure (AP) for a Membrane Area of 4.9
cm’, Thickness of 166 gm, and Porosity of 0.37

Q (cm® min™') £, (s) EBCT (s) v, (mh™) v (mh™) AP (psi)
0.90 2.4 0.24 0.66 0.34
S 0.36 0.98 0.61 1.7 0.84
10 0.18 0.49 1.2 3.3 1.69
20 0.09 0.24 2.4 6.6 3.38

m h™! (s, = 11-22 m h™!).*° Similarly, the EBCTs tested
herein were orders lower than EBCTs of fixed bed contactors
containing GAC or IX resin, which range from S to 40
min, S0575%

Finally, the effects of pH, IS, and DOC were evaluated to
probe the changes in membrane and water chemistry on the
dynamic adsorption performance. The effect of pH was tested
by adding either hydrochloric acid or sodium carbonate/
bicarbonate to adjust the pH to approximately 3 and 11,
respectively. The effect of the IS was explored by comparing
the performance of the baseline IS to a solution adjusted to 0.5
M with sodium chloride. The effect of DOC was tested using a
model humic acid sodium salt at 24.7 mg C L™ (Sigma-
Aldrich H16752). The DOC/PFOS was mixed for 2 min on a
shaker plate before the dynamic adsorption experiment. The
specific ultraviolet absorbance at 254 nm (SUVA254) was
determined by using a UV—vis spectrophotometer (Hach
DR5000).

The dynamic adsorption experiments produced data sets
used to make BTCs. The BTCs were plotted as the normalized
concentrations (C/C,) as a function of the number of PVT,
where C is the effluent concentration at time ¢ and C, is the
influent concentration. PVT is described in eqs 1 and 2.

Vo= Vot (1)

Vi

PVT = —&
Ve (2)
where V, is the pore volume (mm?®), V, is the membrane

volume (mm?®), ¢ is the membrane porosity, and V, is the
volume of solution treated (mm?). The contact time (t.) was
calculated in terms of V,, and flow rate (Q) using eq 3. The ¢,
range of the dynamic adsorption experiments ranged from 0.09
to 0.9 s.

Y
cQ (3)

To obtain comparable performance parameters and to allow
integration of the BTC to obtain the mass of PFAS retained on
the membrane, the BTCs were fitted with a sigmoidal model
provided in eq 4.

C

A+ A,
1+ lo(logxo—x)m

Cy (4)

where A, is the lower C/C, plateau, A, is the upper C/C,
plateau, x is the PVT, and «, is the PVT where A,/A, = 0.5;
when A} = 0 and A, = 1, %, is at a C/Cy = 0.5. For fitting
purposes, A; was constrained to 0.

2.5. Analytics. PFAS concentrations were quantified using
ultraperformance liquid chromatography coupled with a triple
quadrupole mass spectrometer (LC-MS/MS; Agilent 1290
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Infinity II and G6475AA) using an electrospray ion source
(G1948B) operated in negative ion mode. Polytetrafluoro-
ethylene-free fittings and lines were used throughout the
system. ACS grade eluents were used, filtered through a 0.45
pum polyether sulfone membrane. 300 uL polypropylene vials
and caps (Microsolv, 97052-662) were used for sample
handling. PFAS were separated on a ZORBAX RRHD Eclipse
Plus column (Agilent 959758-902; C18, 95 A, 2.1 X 100 mm,
1.8 um, 1200 bar). The column was kept at 40 °C with the
gradient elution flow rate of 0.4 mL min~' for 17 min. The
sample injection volume was 10 yL. The gradient elution was
started with a solvent mixture of 90% ultrapure water and 10%
methanol for 1 min. After 1 min, the methanol concentration
was increased to 40% and reached 90% linearly for 25 min.
After 25 min, the methanol concentration was decreased to
10% and the concentration was decreased for 1 min. A delay
column (Waters Atlantis T3, 186003734; 100 A, § ym, 2.1 mm
X 50 mm) that sits between the solvent mixer and the injector
was used to separate PFAS impurities from the solvents. Inlet
filters (12—14 um, SST, Agilent, 01018-60025) were used for
each of the solvents to remove any particulates and reduce a
bubble formation.

3.1. Material Characterization of the Membrane. The
specific surface area of the membrane was 10.8 m> g/, as
determined by the BET analysis. This is approximately 2
orders of magnitude lower than commercially available GAC.
Figure 2 shows the zeta potential analysis of the membrane at

20

-10 ~

-20 - \*\\_x

Zeta Potential (mV)

pH

Figure 2. Zeta potential of the polyamide microfiltration membrane.
An electrolyte solution of 1 mM KCI was used, and the pH 3—10 was
adjusted automatically by the apparatus using 0.05 M HCl and 0.05 M
NaOH solutions. 95% confidence intervals.

various pH. The isoelectric point (IEP) was approximately
4.39. Presumably, chargeable carboxylate and amine groups
exist within the membrane from either mild bgrdrolysis of the
amide groups or the presence of end groups.”” °* At pH less
than the IEP, the carboxylate and amine groups would be
predominately protonated to give the membrane a net positive
charge. At a pH greater than the IEP, a net negative charge is
present from the deprotonated carboxylic groups. The zeta
potential outcome was corroborated by a dye test. At a pH of
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3, when the membrane was predominantly positively charged,
no adsorption of methylene blue (MB) (cationic) was
observed, while approximately 25% of acid green 25 (AG)
(anionic) was absorbed. At a pH of 10, when the membrane
was predominantly negatively charged, the opposite was
observed: 35% of MB adsorbed, whereas no AG adsorption
occurred. Thus, at acidic pH, the adsorption of anionic PFAS
should be more favorable if the attachment is controlled by
electrostatic interactions. Under alkaline conditions, very little
PFAS should be absorbed unless hydrophobic interactions are
also playing a role in the attachment.

The thickness of the membrane was approximately 166 ym,
as determined from the cross-sectional image of the SEM
micrographs (Figure S2). The porosity of the membrane was
measured as 0.37 using the water mass differentiation method,
which was confirmed by SEM analysis (0.36). The pore area of
the membrane was calculated by multiplying the porosity and
membrane area, and the pore volume was calculated by
multiplying the porosity and membrane volume. For a
membrane sample with a 25 mm diameter, these were 182
mm? and 30.2 mm?, respectively. The pore volume was used to
calculate the PVT, which describes the volume of solution
treated per pore volume. PVT was used to evaluate the
performance of the membrane for the dynamic adsorption
experiments. The permeability was measured as 1.05 X 10* L
m~2 hr! bar™L.

3.2. Batch Adsorption Isotherms. Figure 3 shows the
batch adsorption isotherms for PFOS, PFOA, PFBS, and GenX
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Figure 3. Batch adsorption isotherms for PFOS, PFOA, PFBS, and
GenX onto the polyamide microfiltration membrane. The pH values
of these solutions were 6.8, 5.9, 5.3, and S.5, respectively. The
membrane sample (mass = 20.8 mg) and S0 mL of the solution with
concentrations ranging from 0.12 to 24.15 uM PFOS (88—17,505 ug
L"), PFOA (59-12,468 ug L™'), PFBS (73—7380 ug L"), and
GenX (41—5426 pug L™') were mixed for 24 h at 100 rpm on a
rotating mixer. The lines are the fitted with the Langmuir model.

on the polyamide membrane. The adsorption data of all PFAS
were fitted with the Langmuir and Freundlich models.”® Table
2 (mass) and Table S1 (molar) list the fitted Langmuir and
Freundlich model parameters. The sum of squared errors
(SSE) of the models was similar, but the Langmuir model was
more representative of the plateauing of g, at high C, values

https://doi.org/10.1021/acsestengg.3c00515
ACS EST Engg. 2024, 4, 995—-1006


https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00515/suppl_file/ee3c00515_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.3c00515/suppl_file/ee3c00515_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.3c00515?fig=fig3&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.3c00515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Table 2. Nonlinear Regressed Langmuir and Freundlich Parameters for PFOS, PFOA, PFBS, and GenX”

PFAS Langmuir Freundlich
Ky (L mg™) Qu, (ug mg™) SSE K (ug mg™) (L/ug)'"™ 1/n SSE
PFOS 54 x107° 8.26 4.5 0.73 0.28 43
PFOA 5.8 x 1073 6.34 4.1 0.88 0.23 3.8
PFBS 1.6 X 1073 6.28 1.1 0.49 0.28 3.3
GenX 2.6 X 1073 2.58 2.4 0.14 0.36 1.6
“Molar based concentrations are listed in Table S2.
and was thus selected as the representative isotherm model.
Using the Langmuir model suggests that the adsorption of 149 A
PFAS to the polyamide membrane occurs on single sites of 12__
equal energy until a monolayer forms and that the PFAS are ] v
noninteracting on the surface. It is also possible that the data fit 104 A v ®
a pseudo-Langmuir model, meaning the Langmuir model is o —a &% T =
simply a good empirical fit without providing insights into the 0.8
adsorption mechanisms. QO ]
PFOS had the greatest affinity (K ) for the membrane (2.70 O 46
X 107 L nmol ™), though it was similar to PFOA (2.39 X 10~* ]
L nmol™"). The affinities of GenX (8.42 X 10™* L nmol™") and 0.4 -
PFBS (4.77 x 10™* L nmol™") were approximately SX lower. ] = PFOS
The additional CF, groups in the longer chain PFAS (PFOS 0.2 ® PFOA
and PFOA) shift more electron density to the tail, which . A PFBS
results in a more hydrophobic tail’” and a more easily ionizable 0.0 v _GenX
and slightly stronger acid headgroup. Thus, the greater affinity T T T T
0 1000 2000 3000 4000 5000 6000

associated with the long-chain PFAS could be due to either
increased hydrophobic interactions with the polyamide
backbone or increased attractive electrostatic interactions
with the charged groups on the polyamide.*”**** Though
the affinities of PFOS/PFOA and PFBS were different, the
molar-based maximum adsorption capacities (Q,,) (Figure S3)
were similar, ranging from ~15 to 21 nmol mg_l. This suggests
that under these experimental conditions PFOS, PFOA, and
PFBS attached to and saturated similar adsorption sites. The
affinity of GenX was 1.8X greater than PFBS, but the capacity
of PFBS was 2.7X greater than GenX. GenX is a six carbon
PFAS with the center CF, replaced by an ether. This would
reduce both the hydrophobicity in the tail and the acidity in
the head, resulting in reduced interactions between GenX and
the polyamide membrane.

3.3. Dynamic Adsorption: Effect of PFAS Chemistry.
The BTCs for the dynamic adsorption of PFOS, PFOA, PFBS,
and GenX onto the membrane are shown in Figure 4 and
modeling results are provided in Table S2. The PVT values at
C/Cy = 0.05, 0.1, 0.5, 0.9, and 0.95 are also listed in the table.
The PVT at C/Cy = 0.5 (PVT,s) was used to compare the
experimental outcomes. The PVT s values for PFOS, PFOA,
PFBS, and GenX were 2056, 1489, 1540, and 760, respectively.
The breakthrough performance, as indicated by PVT;, was
greater for PFOS compared to the other PFAS tested. This
outcome was consistent with the trends observed in the
isotherm results (Figure 3). For GenX, a structure similar to a
perfluorinated carboxylic acid with an ether substituted CF,, its
PVT, s was approximately 50% less than that of PFOA, which
emphasizes how minor changes in the tail chemistry can
impact the adsorption performance considerably. Specifically,
the exchange of a CF, for an O will reduce both the
hydrophobicity of the tail and electrostatic potential of the
headgroup, thus reducing the affinity to the membrane.
Similarly, the PVT, ¢ for PFOA (7 carbon tail) and PFBS (4
carbon tail) were similar, further highlighting the affinity of the
sulfonic headgroup for the membrane sites. The sulfonic group
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Figure 4. BT Cs for PFOS, PFOA, PFBS, and GenX adsorption to the
polyamide microfiltration membrane. 60 mL of PFOS (2446 ug L™"),
PFOA (1800 ug L"), PFBS (1589 ug L™"), and GenX (1173 ug L")
were tested at the flow rate of 5 mL min™". Data were fitted with an
empirical sigmoidal curve (eq 4). t. = 0.36 s. The error bars of PFOS
represent 1 standard deviation in each direction for triplicate runs.

is a relatively harder Lewis base than the carboxylic group,
which would lead to increased attractive electrostatic
interactions.”” The PVT can also be expressed as a specific
throughput for comparison to more conventional adsorbents;
however, a key distinction is that this mass-based approach can
be misleading due to variations in the adsorbent densities,
surface area-to-volume ratios, and initial concentrations.
Nevertheless, the specific throughput values for PFOS,
PFOA, PFBS, and GenX at a C/C, = 0.5 were 3.0, 2.2, 2.2,
and 1.3 (Lyater Smembrane ), Tespectively.

The dynamic adsorption capacity (qa; #gpras PEr MEmembrane)
was calculated by integrating the fitted curves of the BTCs. All
values, including molar based units, are summarized in Table
S2. The gq values for PFOS, PFOA, PFBS, and GenX were
12.6 ug of PFOS mg ™", 4.1 ug of PFOA mg™’, 4.0 ug of PFBS
mg ™, and 1.6 ug of GenX mg™’, respectively. Comparatively,
the equilibrium capacities (g.) obtained from the isotherm
model at the influent C used in the dynamic adsorption tests
were 7.8, 5.8, 4.5, and 1.9 g of PFAS mg™' for PFOS, PFOA,
PFBS, and GenX, respectively.

The g, represents the maximum mass that can be adsorbed
at the influent concentration. In other words, it is not impacted
by mass transfer resistances. However, in the dynamic
adsorption tests, the interplay between the adsorption rate
and mass transfer rates will impact the mass that can be
adsorbed through the membrane or bed length. Except for
PFOS, the g4 and g, were similar for all PFAS, indicating that
equilibrium capacities were capable at a rapid contact time
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(0.36 s) and that mass transfer resistances were minimal. Note
that g4 and g, are both calculated using the model parameters.
In the model for g4, A, indicates the upper plateau of the curve
that is being integrated to obtain the mass adsorbed. If A, < 1,
then the mass adsorbed will be overestimated, and if A, > 1,
then the mass adsorbed will be underestimated. A, for PFOS
was 0.89, so the overestimation of the g4 was due to modeling
discrepancies. PFOS was the only PFAS that exhibited a more
diffuse and nonideal BTC, in which mass transfer resistances
are present. The length of the mass transfer zone (Lyr,) for
PFOS (90 um) was approximately 6X longer than for PFOA
(1S pm), which had the most ideal BTC (see the Supporting
Information for calculation). All were less than the thickness of
the membrane (166 um).

The initial concentrations used in this study were higher
than expected to be found in drinking water sources (i.e., less
than 1 pg L™"). The initial concentration will impact both mass
transfer and adsorption capacity, where lower concentrations
will result in a slow diffusive mass transfer and lower
adsorption capacity. Figure SS shows the BTC for PFOA at
a Cy of 98 ug L™". The PVT, of the low C, run (6033) was
much higher than the high C, run (1489) due to the decrease
in influent mass; however, because of the reduced driving force
for mass transfer and adsorption, the g4 was about half the g,
(2.3 ug mg™).

3.4. Dynamic Adsorption: Effect of Contact Time.
Figure 5 shows the BTCs for PFOS adsorption to the
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Figure S. BTCs for PFOS adsorption to the polyamide microfiltration
membrane at varying contact times. The pH was 6.8, and the IS was
3.6 X 107¢ M. The error bars of 0.36 s represent 1 standard deviation
in each direction for triplicate runs.

membrane at various contact times. Increasing the contact
time from 0.09 to 0.9 s increased the PVT, from 1704 to
2120 and the g4 from 10.4 to 12.5 ymol g™, indicating very
little performance loss when decreasing the contact time an
order of magnitude. A contact time of 0.09 s in the membrane
tested herein corresponds to a v; of 0.66 m h™' (Table 1). By
comparison, the shortest v; typically observed in GAC packed
beds is ~11 m h™.°° Operationally, the ability to implement
shorter contact times allows for smaller footprints and reduced
capital costs. Overall, the similar performance across an order
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of magnitude of v; supports the notion that mass transfer is a
minor limitation in the adsorptive membrane.

3.5. Dynamic Adsorption: Effect of pH and lonic
Strength. pH and IS are critical water quality parameters that
can impact the adsorption capacity and kinetics. They are also
useful variables to probe to provide insights into the underlying
adsorption mechanisms. Figure 6 shows the BTCs for PFOS
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Figure 6. BT Cs for PFOS adsorption to the polyamide microfiltration
membrane at (A) pH 3 and (B) pH 10.9 with either native IS or an IS
of 5§ X 107" M. The error bars of pH 6.8 represent 1 standard
deviation in each direction for triplicate runs.

adsorption to the membrane at different pH and IS. The native
pH and IS of the PFOS solution under the baseline conditions
were approximately 6.8 and IS of 3.6 X 107° M, respectively
(PVT,s = 2056, g4 = 12.6 ug mg'). Two additional pHs of 3
and 10.9 were tested under native IS and at an IS of § X 107"
M. The native IS were relatively low but higher than the
baseline conditions due to the required ion addition to adjust
the pH (ISatpH 3 =1X 10° M and IS at pH 10.9 = 1 X 1072

At a pH of 3 (Figure 6A) and an IS of 1 X 107 M, an
improvement in the breakthrough performance was observed
compared to the baseline condition, with the PVT, and qq
increasing to 3352 and 15.4 ug mg™', respectively. At pH 3
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with an IS of 5 X 107" M, the PVT, and q4 were reduced to
2208 and 14.7 pug mg™", respectively, which was similar to the
baseline conditions. At a pH of 10.9 and IS of 1 X 107> M,
compared to the baseline experiment the PVT,s and qq
decreased to 505 and 6.0 ug mg™!, respectively (Figure 6B).
Increasing the IS to 5 X 107" M for a pH of 10.9 improved the
PVT,s and g4 to 2076 and 13.1 ug mg™', respectively.

At acidic and alkaline conditions, increasing the IS reverted
the adsorption performance to circumneutral baseline
conditions. At pH of 3 and 10.9, the polyamide membrane
would be positively and negatively charged, respectively (IEP =
4.39, Figure 2). If only the effect of pH is considered, the
dominant adsorption mechanism between PFOS and the
polyamide membrane is presumably the electrostatic attraction
between the sulfonic headgroup and positively charged amine
sites. This was evident by the increase in adsorbed PFOS at pH
3 and the decrease at pH 10.9. However, IS also plays a role in
adsorption. Increasing the IS will diminish electrostatic
interactions, both attractive and repulsive. When the
membrane surface is dominated by positive charges (i.e., pH
< IEP; pH = 3), anions along with co-occurring cations will
populate the electric double layer (EDL). Increasing the IS will
compress the EDL and the electrostatic attraction between the
positive charges on the membrane and the PFOS headgroup
will be shielded, thus reducing the amount adsorbed. This was
observed when the membrane was tested at pH 3 and high IS.
When the membrane surface is dominated by negative charges
(i.e, pH > IEP; pH = 10.9), the negatively charged headgroup
of PFOS will be repelled from the surface of the membrane. At
high IS, the shielding effect will reduce the repulsive forces
between the headgroups of PFOS and the membrane, and
presumably this would permit the tail of PFOS to get close
enough to the membrane that it can attach via hydrophobic
interactions. This would also reduce the PFOS—PFOS (i.e.,
adsorbate—adsorbate) repulsive forces on the membrane
surface, allowing them to aggregate for greater adsorption
capacity. This was observed when the membrane was tested at
pH 10.9 and high IS. Similar behavior was observed by Tang et
al. for PFOS adsorption to goethite.”” Overall, these
observations suggest that PFOS attaches to the polyamide
membrane via both electrostatic and hydrophobic interactions,
but the pH and IS conditions determine the mechanism that
will dominate the interaction. At low pH, the adsorption
mechanism is dominated by electrostatic attraction, and as pH
increases, the dominant mechanism shifts to hydrophobic
interactions.

These outcomes were confirmed by two additional dynamic
adsorption experiments that were conducted. The first test was
PFBS at an IS of S X 10™' M and a pH of 5.8. PFBS is a short-
chain PFAS, and thus the adsorption should be dominated by
electrostatic attraction. Increasing the IS decreased the PVT
from 1540 to 908, further corroborating the dominance of
electrostatic interactions (Figure 7). In the second test, the
membrane was tested under baseline conditions for three
consecutive runs with methanol rinses between runs (Figure
S4). The hypothesis was that methanol would wash off the
hydrophobically bound PFOS while the electrostatically bound
PFOS would remain. After rinsing, breakthrough in the second
and third runs occurred sooner compared to the first run,
indicating that a significant portion of the PFOS remained on
the membrane from the previous run. Additionally, a marked
chromatographic effect was observed in the second and third
runs due to the flushing of PFOS that was still bound to the
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Figure 7. BTCs for PFBS adsorption to the polyamide microfiltration
membrane at native pH and an IS of either native IS or IS of 5 X 107
M.

membrane. Some PFOS was washed off, which suggests that
both electrostatic and hydrophobic interactions play a role in
the adsorption of PFOS to the membrane. In practice, the
regeneration of the adsorptive membranes should be capable of
removing both hydrophobically and electrostatically bound
PFAS (e.g, 5% NH,OH in methanol®").

3.6. Dynamic Adsorption: Effect of DOC. Figure 8
shows the BTCs for the adsorption of PFOS to the membrane
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Figure 8. BTCs for PFOS adsorption to the polyamide microfiltration
membrane in the presence of DOC at varying pH and IS. The error
bars of pH 6.8 represent 1 standard deviation in each direction for
triplicate runs.

in the absence and presence of DOC (24.7 mg C L7}
SUVA254 = 0.96 L mg C™' m™") at various pH and IS. In the
presence of DOC, the breakthrough performance was reduced
considerably, with a decrease in the PVT,5 and g4 to 595 and
2.5 ug mg~', respectively. Due to the presence of negatively
charged and hydrophobic groups, DOC can compete with
PFAS for adsorption sites.”” The competitiveness between
DOC and PFOS for sites may depend on a molecular weight.®®
The majority of the DOC used in this study was 20—50 kDa,
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with sizes as small as 0.2 kDa, and PFOS is 0.5 kDa. Via the
Vroman effect, the larger DOC will tend to displace and
outcompete PFOS for adsorption sites. However, this
displacement effect is typically only relevant for equilibrium
processes that take the order of magnitude more time than the
contact time used herein (0.36 s). A more likely explanation is
the interaction between PFOS and DOC in solution via
electrostatic and/or hydrophobic mechanisms as well as DOC
populating the EDL and shielding PFOS from interacting with
the membrane.”* The DOC used in this study has aromatic
structures and contains charged functional groups (e.g., amine,
carboxylic), and the molar concentration is approximately 2
orders higher than PFOS. When it binds to the membrane, it
can reduce the capacity for PFOS by either reducing the
number of available adsorption sites or through repulsive
forces from the anionic functional groups.°>®” The additional
negative charges provided by the DOC to the membrane
would increase the apparent IEP,””*>%® thus reducing the net
attractive forces available to bind PFOS. When the pH was
decreased to 3, the adsorption performance improved, negating
the effects of DOC, and increasing IS to S X 107" M had a
minimal impact on the adsorption.

3.7. Implications for Material Design and Operation.
The diffusive mass transfer limitation of conventional
particulate adsorbents in fixed beds is a major drawback
because it leads to poor capture efficiencies and necessitates
long contact times that ultimately increase operating costs.
This study showed that adsorptive membranes have minor
mass transfer limitations for removing PFAS from water. While
adsorptive membranes that take advantage of this preferential
mass transfer have been produced in several ways (e.g,
molecular imprinting,”””° layer-by-layer deposition,”'~’* and
grafting-to”>’® or -from”’~"?), they tend to have relatively low
total binding capacities compared to porous particu-
lates.”””**~%* Emerging techniques can address this technical
gap,"**** making this adsorption platform an attractive
option for removing PFAS from water. For example, Wan et
al.*” reported on a quaternized membrane capable of achieving
a Q,, approximately 35 times greater than the membrane tested
herein. To account for water chemistry, for anionic PFAS, the
membrane design should incorporate permanently positively
charged sites unaffected by pH, and the pore size and
chemistry should be such that it does not preferentially adsorb
DOC.

The commercial porous polyamide membranes used in this
study were not specifically designed to have a high capacity for
PFAS, but their site density for PFAS was surprisingly high.
Calgon F400 GAC has a specific surface area of ~1050 m* g™/,
as reported by the manufacturer, and the Q,, for F400 has been
reported as 236 mg g~! for PFOS.*® Using the values, we
calculated a site density for PFOS of 22 ng cm™ was
calculated. In comparison, the site density of the membrane
used herein, as calculated from a specific surface area of 10.8
m? g_l and a Q, of 8.26 mg g_l, was 76 ng cm™2. So, while
porous particulates take advantage of high surface areas, they
tend to have lower site densities.

From an operational standpoint, the adsorptive membrane
platform is suited to tackle the diverse chemical range of PFAS
that may be present in drinking water. They can be engineered
to target anionic, cationic, and neutral PFAS with both short-
and long-chain structures. Alao, their modular form permits
stacking within the treatment process design, allowing for
tailored removal strategies. For instance, pairing a positively
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charged membrane with a negatively charged one removes
anjonic and cationic PFAS, respectively. Similar to IX resins,
these adsorptive membranes can be regenerated and reused,
thus prolonging their service lifetime and reducing operational
costs; however, questions remain about the feasibility of
regeneration compared to single use and the costs associated
with each approach. As with all adsorbents, DOC and
competing constituents will decrease capacity, and this
presents a challenge for the design and operation of adsorptive
membranes, as its presence may necessitate costly pretreat-
ments. Additionally, to compete with cost-effective solutions
such as GAC and IX resin, advancements will be needed to
reduce manufacturing costs of the membranes.
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