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(57) Abstract: Provided is an adsorbent for removing perfluoroalkyl and polyfluoroalkyl substances from an aqueous solution, including
perfluoro-octanoic acid (PFOA), perfluoro-octane sulfonate (PFOS), shorter-chained perfluoroalkyl and polyfluoroalkyl substances,
and combinations of foregoing. The adsorbent includes iron oxide nanocrystals, wherein the absorbent has an adsorption capacity for
PFOA of at least 5000 mg/g or an adsorption capacity for PFOS of at least 25,000 mg/g. Also provided are methods of removing
contaminants from an aqueous solution, wherein the contaminants include perfluoroalkyl and polyfluoroalkyl substances.
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ULTRA-HIGH CAPACITY MULTI-FUNCTIONAL NANOSCALE ADSORBENTS FOR
PFAS TREATMENT

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present invention claims the benefit of U.S. Provisional Application Serial No.
63/472,853, filed on June 14, 2023, the subject matter of which is herein incorporated by
reference in ifs entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with Government support under Grant No. EEC-1449500,
awarded by the National Science Foundation. The U.S. Government has certain rights in the

mvention.

FIELD OF THE INVENTION

[0003] The present invention relates generally to high capacity multi-functional nanoscale
adsorbents for treatments of perfluoroalkyl and polyfluoroalkyl substances and methods of using

the same for treatment of these substances.

BACKGROUND OF THE INVENTION

[0004] Perfluoroalkyl and polyfluorcalkyl substances (PFAS) are pollutants of concern due to
their long-term persistence in the environment and human health effects. PFAS have been
industrially produced and used in numerous products such as fire-fighting foams, carpets, paints,
and metal plating for decades, leading to wide spread environmental release. PFAS have been
detected in surface, ground, drinking and waste waters at concentrations ranging from ca. 10 to
2,000 ng/L depending on the extent of release and distance from sources.

[0005] PFAS represent a broad class of organic chemicals that contain a hydrophobic fluorinated
carbon chain and a polar end group, cousisting of either sulfonate, carboxylate, alcohol, or
sulfonamide. Due to their amphiphilic properties and high stability, PFAS were extensively used
as surface coatings in textiles and apparel, paper and food packaging, and aqueous film-forming
foams (AFFF) for fire suppression. As a consequence of fire fighter training exercises and fire
response, among other uses, PFAS have been detected in groundwater at numerous DoD
installations.

[0006] The U.S. Environmental Protection Agency (U.S. EPA) has proposed final National
Drinkine Water Regulation (NPDWR) for six PFAS compounds:
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perfluorc-octanoic acid (PFOA);

&=

b. perfluoro-octane sulfonate (PFOS));
¢. perfluoro-hexane sulfonate (PFHxS);
d. perfluoro-nonanoic acid (PFNA);

e. hexafluoro-propylene oxide dimer acid(HFPO-DA); and

f. perfluoro-butane sulfonate (PFBS);
[0007] Among various PFAS species, long chain C-F compounds, including perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS), have been associated with numerous
potential adverse health effects, and thus pose a risk upon exposure. The finalized legally
enforceabie levels, called Maximum Contaminant Levels (MCLs) to 4.0 parts per trillion (ppt,
ng/L} for PFOA and PFOS, and 10 ppt for PFHxS, PFNA, and HFPO-DA, while mixtures
containing two or more of PFHxS, PFNA, HFPO-DA, and PFBS has | of Hazard Index
regulated. In addition, a number of states have proposed or adopted PFAS regulations with a
maximum contaminant level as low as 10 ng/L. Due to their unigue physicochemical properties,
underpinned by strong carbon-fluorine (C-F) bonds, PFAS are highly stable in natural systern
and typically recalcitrant to conventional chemical and biological degradation processes.
[0008] Various advanced treatment technologies have been explored to treat PFAS in water,
including clectrochemical oxidation, photocatalysis, sulfate radical-based advanced redox
process, thermal destruction, biological treatment, and other oxidative and reductive methods.
Additional processes, including electron beam and plasma, bave also been applied, with higher
energy inputs. While several of these processes show promise to treat a range of PFAS, longer
chain (and fluorine saturated) PFOA and PFOS remain difficult to destroy, with PFOS being the
more recalcitrant of the two.
[0009] As an alternative to chemical and/or biological destruction, physical-based separation
processes such as adsorption and membrane separation, can be highly effective in treating PFAS
regardiess of carbon chain length and head group functionality. Removal of PFAS by various
adsorbents, including activated carbon, carbon nanotubes, anion-exchange resin, polymers,
metals, and/or metal oxides, have been described. Further, PFAS concentration as a pretreatment
step for eventual transformation/immobilization is necessary for many remediation scenarios
(due to relatively low environmental PFAS concentrations and associated reaction
thermodynamics). PFAS separation by varicus sorbents, including activated carbon, carbon

nanotubes, anion-exchange resins, polymers, metals, and metal oxides, have been previously
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described. To improve removal efficacy, additional treatment processes conditions have also
been explored to augment physical adsorption, including bubbles/mixing, and heat. Further,
hybrid composite materials and organic functionalization (modification) have also been
demonstrated to enthance sorption performance. For these, depending on the material and PFAS
properties, both electrostatic and hydrophobic interaction(s) between PF AS and the adsorbent
material surface have been observed to be important. From this perspective, hybrid
nanocomposite materials are a promising class of sorbents, which can offer high surface area(s)
and flexible surface coating platforms with tunable (multi)functional groups, along with
responsive cores (e.g. magnetic, reactive, etc.). Despite such potential and technical need, a
predictive framework for advanced sorbent development and selection as a function of site
conditions remains largely underdeveloped.

[0010] U.S. Pat. No. 11,148,119 to Fortner et al,, the subject matter of which is herein
incorporated by reference in its entirety, describes engineering naneparticles for agueous
applicants and synthetic pathways to prepare manganese oxide, manganese ferrite, and
manganese ferrite coated iron oxide nanocrystals with varied size and composition and especially
for use for uranyl sorption and separation in water. The disclosure presents uranium sorption of
the synthesized manganese ferrite nanocrystals in high cationic salts, such as ground water
conditions containing sodium and calcium. However, there is no suggestion that such materials
can be used for the treatment of PFAS nor how such materials can be evaluated and/or optimized
for good effect.

100117 U.S. Pat. No. 9,376,328 to Guardia Giros et al., the subject matter of which is herein
incorporated by reference in its entirety. describes methods of making ferrite nanocrystals.
[0012] There remains a need in the art for the development of new adsorbent materials that bave

an affinity for the removal of PFAS and other contaminants from water.

SUMMARY OF THE INVENTION

[0013] It is an object of the present invention to develop new materials and describe their
performance, through structure-function relationships, towards optimized PFAS separation(s) in
both the agueous and vapor phases. In addition, by controlling sorbent properties, high
throughput experiments can be performed along with various analytical techniques to analyze,
data that will specifically inform free energy relationships with regard to PFAS sorption as a

function of sorbent properties, PFAS type/chemistry, and environmental conditions. Elucidating
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fundamental partitioning processes will, in turn, provide informed, predictive relationships when
selecting/designing optimal sorbents for site specific treatment (for both aqueous and vapor

phase processes).

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figures 1(a) and 1(b) depict PFOA and PFOS sorption isotherms on iron oxide

nanocrystals with different surface coatings.

[0015] Figures 2(a) and 2(b) depict PFOA and PFOS sorption isotherms on iron oxide
nanocrystals obtained via batch and QCM-D methods.

[0016] Figures 3(a)-(d) depict single and multi-sorption isotherms on polyethyleneimine coated
iron oxide nanocrystals for PFOA and PFOS.

[0017] Figure 4 depicts thickness of the attached layer of PFOA and PFOS on the 1ron oxide
nanocrystal coated Q-sensor.

[0018] Figures S(a)-(d) depict PFOA and (B) PFOS sorption isotherm on PEI coated IONCs
(FesOu@PEI25k) as a function of water chemistry.

[0019] Figures 6(a) and 6(b) depict effluent breakthrough curves for PFOA and PFOS in
colurmns packed with IONCs (2.9 mg) treated 40-50 mesh Ottawa Sand (80 g).

[0020] Figure 7 depicts TEM images of monodisperse iron oxide nanoparticles (IONCs) and
histograms of the size distribution of NCs.

{00211 Figures 8(a) and 8(b) depict hydrodynamic diameters and zeta potential of organic
functionalized IONCs with polycthyleneimine, cetyltrimethylammonium bromide, and oleic
acid.

[0022] Figure 9 depicts real time frequency responses of QCM-D for PFAS sorption on organic
functionalized iron oxide nanocrystals (IONCs) coated (Q-sensor.

[0023] Figures 10(a)-(f) depict frequency shift and slope with respect to the different
concentration of IONCs with various surface coatings.

[0024] Figures 11(a) and 11(b) depict time dependent normalized sorption density of PEI coated
IONCs (Fe;04@PEI25k) for 0.6 mM of PFOA and PFOS.

[0025] Figures 12(a) and 12(b) depict real time deposition rates (-f3_siope) of PFOA and PFOS on
JONCs with respect to the different surface coating (PEI25k, PEI10k, and CTAB).

[0026] Figures 13(a) and 13(b) depict frequency shift quartz crystal sensor {overtone = 3) with
0.6 mM of PFOA and PFOS solutions at pH 7.
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[0027] Figures 14(a) and 14(b) depict PFOA and PFOS sorption isotherms on iron oxide
nanocrystals (IONCs) obtained from mass of IONCs deposited on Q-sensor and mole of PFAS
attached to IONCs via QUM-D.

[0028] Figure 15 depicts zeta potential of PEI coated IONCs with different molecular weight
(25k and 10Kk) as a function of solution pH.

[0029] Figures 16(a) and 16(b) depict aggregation profiles of Fe;04@PEI25k NCs in the
presence of 1000 mM of NaCl and 1000 mM of CaCl; concentrations at pH 7.

[0030] Figures 17(a) and 17(b) depict normalized sorption density for FFOA and PFOS on
FesO4@PEI25k NCs as a function of humic acid concentrations via QCM-D method.

[0031] Figure 18 depicts a diagram of the experimental system used for the column studies.

DETAILED DESCRIPTION OF THE PREFERRED EMBOMBIMENTS

[0032] The inventors of the present invention have discovered that one of the keys to enabling
long-term, in situ PFAS removal are the use of nanoscale absorbeuts as deseribed herein. The
inventors of the present invention have designed and developed surface engineered,
superparamagnetic iron oxide nanocrystals (IONCs) for the effective removal of PFAS in water.
These PFAS may include, for example, shorter chained PFAS such as perfluorohexanoic acid
(PFHXA), perfluorobutancic acid (PFBA), perfluorohexanesulphonic acid (PFHxS), as well as
PFOA and PFOS.

functional magnetic core and tunable surface coatings. As a core, iron oxide structures are high
effective platform materials for amine-based polymers such as polyethyleneimine (PEI). The
material is capable of maintaining enormous surface areas while begin scalable for synthesis.
[0034] These paramagnetic magnetite nanoparticles provide a unique advantage based on their
ability to respond to an external magnetic field, thus allow for potential low energy and precise
placement and/or recovery. In addition, iron oxide materials are low-cost, commercially
available, non-toxic and stable over a range of environmental conditions likely to be encountered
in groundwater and other sources of contaminated water.

[0035] As used herein, “a,” “an,” and “the” refer to both singular and plural referents unless the
context clearly dictates otherwise.

[0036] As used herein, the term “about” refers to a measurable value such as a parameter, an

amount, a temporal duration, and the like and is meant to include variations of +/-15% or less,
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preferably variations of +/-10% or less, more preferably variations of +/-5% or less, even more
preferably variations of +/-1% or less, and still more preferably variations of +/-0.1% or less of
and from the particularly recited value, in so far as such variations are appropriate to perform in
the invention described herein. Furthermore, it is also to be understood that the value to which
the modifier © about” refers is itself specifically disclosed herein.

[0037] As used herein, spatially relative terms, such as “heneath,” “below,” “lower,” “above,”
“upper” and the like, are used for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated in the figures. Spatially relative
terms may be intended to encompass different orientations of the device in use or operation in
addition to the orientation depicted in the figures.

[0038] It is further understood that the terms “front” and “back” are not intended to be limiting
and are intended to be interchangeable where appropriate.

[0039] As used herein, the terms “comprises” and/or “comprising,” specify the presence of
stated features, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof,

[0040] As described herein, the present invention relates generally to an adsorbent for reraoving
perfluoroalkyl and polyfluoroalky! substances from water, wherein the adsorbent comprises iron
oxide nanocrystals. These iron oxide nanocrystals are surface engineered, superparamagnetic
iron oxide nanocrystals and are demonstrated to effectively remove PFAS, including PFOA and
PFOS from contaminated water, such as ground water.

[0041] The adsorbents described herein the absorbent can be constructed to have an adsorption
capacity for perfluoro-octanoic acid (PFOA) of at least 2,000 mg/g, or at least 3,000 mg/g, or at
least 4,000 mg/g or at least 5,000 mg/g or at least 6,000 mg/g or at least 7,000 mg/g or at least
7,500 mg/g. In addition, the adsorbents can be constructed to have an adsorption capacity for
perfluoro-octane sulfonate (PFOS) of at least 20,000 mg/g, or at least 25,000 mg/g, or at least
30,000 mg/g , or at least 35,000 mg/g, or at least 40,000 mg/g, or at least 44,000 mg/g. In
addition, the adsorbents can be constructed to have an adsorption capacity for perflucrohexanocic
acid (PFHxA) of al least 2,000 mg/g, or at least 3,000 mg/g, or at least 4, 000 mg/g, or at least
5,000 mg/g or at least 6,000 mg/g or at least 6,500 mg/g. The adsorbents can also be constructed
to have an adsorption capacity for perfluorobutanoic acid (PFHxA) of at least 2,000 mg/g, orat

least 3,000 mg/g, or at least 4, 000 mg/g, or at least 5,000 mg/g or at least 5,500 mg/g. The
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adsorbents can also be constructed to have an adsorption capacity for perfluorohexanesulphonic
acid (PFHxA) of at least 2,000 mg/g, or at least 3,000 mg/g, or at least 4, 000 mg/g, or at least
5,000 mg/g or at least 5,500 mg/g or at least 6,000 mg/g.

[0042] As described herein, in one embodiment, the adsorbent comprises iron oxide nanocrystals
that are coated with polyethyleneimine (PED), preferably a highly branched PEI polymer.

[0043] PEI polymers have positively charge amine functionality along with hydrophobic sites
that are energetically favorable for PFAS sorption. In addition, both linear and dendritic PE]
polymers are either commercially available or can be formulated with a varicty of molecular
weights, branching degrees, and amine types (primary, secondary, tertiary amine groups) and
ratios for sorption optimization for a given system, which system may be based, for example on
PFAS type and/or water chemistry.

[0044] Moreover, based on the sorption mechanism, facile PEAS recovery is possible via a
simple pH increase and/or ion exchange, and thus the composite materials described herein has a
high potential for reuse as compared with other materials such as granulated activated carbon.
This produces concentrated PFAS strearns that are more economical and thermodynamically
favorable to destructively treat.

[0045] As described below, the critical role of organic functional groups in the engineered
1ONCs on sorption behavior was evaluated.

[0046] Among the materials studied and evaluated, positively charged polyethylenetmine (PEI)
coated JONCs showed ultra-high sorption capacities for both PFOA and PFOS due to favorable
molecular interactions and high grafting densities as well as shorter chained PFAS such as
perfluorohexanoic acid (PFHxA), perfluorobutanoic acid (PFBA), and
perfluorohexanesulphonic acid (PFHxS).

[0047] For these, the effect of water chemistry, including solution pH, ionic compaosition and
strength, and natural organic matter on sorption performance was studied in addition to bench-
scale {(sand) column studies.

[0048] The present invention also describes a quartz crystal microbalance with dissipation
(QCM-D) method in order to fundamentally characterize interfacial PFAS adsorption processes
in situ and in real time. This method provides rapid, accurate, and continuous response to system
perturbations, such as changes in solution chemistry and sorbate composition and concentration.
Such an approach allows for mechanistic understanding of competitive sorption dynamics,

including molecular {sorbate) orientation, underpinning bulk behavior observations.
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[0049] 1t is believed that the materials described herein can be designed and developed for a
range of amine based (PEI), surface-associated polymers. Based thereon, it is an objective of the
present invention to synthesize libraries of PEl-based (IONC) materials, considering molecular
weight (MW) and conformation, along with amine site density (C:N ratios) and types (primary,
secondary, tertiary amine groups) as explained in more detail below.

[0050] It is also believed that polymer properties and water chemistry play a role in governing
PFAS sorption extent and kinetics. To evaluate these properties, a procedure was developed to
evaluate developed sorbents (as a function of PFAS type and aqueous chemistries, through both
traditional (batch isotherm) and high throughput approaches. High throughput experiments were
performed with a quartz crystal microbalance (QCM), which allows for real time analysis of
interfacial {sorption) processes with real-time, dynamic inputs.

[0051] It is also believed that the magnetic core materials {Fes(u) and an (partially) electrostatic-
based sorption mechanism, allow for composite material reuse. In particular, PFOA and PFOS,
as well as shorter chained PFAS such as perfluorohexanoic acid (PFHxA), perfluorobutanoic
acid (PFBA), perfluorohexanesulphonic acid (PFHxS), can be effectively (magnetically)
separated from bulk solution and desorbed upon pH increase. PFAS recovery (upon sorption and
separation) is explored based on (high) pH for PFAS recovery {i.e., from favorable (neutral pH)
io unfavorable for PFAS association at high pH). Cycling potential and material stability were
also evaluated for promising materials.

[0052] Magnetic recovery experiments were performed under low-magnetic field and described
in terms of mass recovery per unit time for a given volume and particle concentration.

[0053] Promising sorbent ruaterials believed to have enhanced gas phase PFAS sorption
properties and vapor phase PFAS sorption (described as gas phase partitioning constants) were
evaluated and quantified for each sorbent material. In particular, volatile PFAS (i.e., lower MW}
molecules are evaluated for vapor phase sorption by both advanced sorbents and control
materials, including activated carbon. Sorption properties of sorbent materials are explored as a
function of PFAS type (MW, class, and head functionality) as well as environmental conditions
(relative humidity).

[0054] Given the control of experimental parameters and material synthesis, along with a high
throughput approach, the generated data sets reveal clear structure-function relationships based
on free energy relationships. The present invention also provides methods for exploring specific

data as a function of sorbent (e.g. PEI type and properties) and PFAS type (varied in MW,
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isomers, and head group chemistry), along with aqueous chemistries, for free energy trends
based on {partitioning-based) equilibrium calculations. Such data sets elucidate the relative roles
{or magnitudes) of the considered variables and variable grouping(s).
[0055] As further described herein, the IONC materials of the present invention have ultra-high
sorption capacities, are superparamagnetic, and are recyclable, with mumerous uses per material
unit. These materials are also scalable.
[0056] In one embodiment, the present invention also relates generally to a method of removing
contaminants from an aqueous solution, wherein the contaminanis comprise perfluoroalkyl and
polyfluorcalkyl substances, the method comprising the steps of
a} passing the aqueous solution containing contaminants through an adsorption
column, wherein the adsorption colurnn contains the adsorbent deseribed herein;
and
b} removing the treated aqueous solution from the adsorption colurn;
wherein the adsorbent adsorbs some or all of the contaminants present in the
aqueous solution.
[0057] In one embodiment, the aqueous solution containing contaminants is passed through the
adsorption column using a solvent delivery system. In one embodiment, the solvent delivery
system may be an HPLC pump that is configured to pump the aqueous solution through the
adsorption colurn at a pressure in the range of about 1 to about 20 atm.
[0058] In one embodiment, the aqueous solution containing contaminants comprises ground
water or contaminated water.
[0059] In one embodiment, the aqueous solution containing contaminants has a pH in the range
of about 2 to about 8.
[0060] In one embodiment, the method further comprises the step of regenerating the adsorbent,
which may be accomplished by contacting the adsorbent with a aqueous solution at a pH of at or
above about 10. In one embodiment, the solvent comprises water or any pH sensitive solvent
and/or solvent combination that is pH sensitive and/or active.
[0061] In one embodiment the present invention also relates generally to a system comprising
an adsorption column, cartridge, or housing containing the adsorbent described herein, wherein
the adsorbent is capable of removing contaminants from an aqueous solution, wherein the
contaminants comprise perflucro-octanoic acid, perfluoro-octane sulfonate, shorter-chained

perfiuoroatkyl and polyfluoroalkyl substances, and combinations of foregoing.
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[0062] An example of a system in accordance with the invention is shown in Figure 18, which
depicts an experimental system used for the column studies in the Examples. As shown in Figure
18, the aqueous solution is pumped into a bottom of an adsorption column containing the
adsorbent described herein using a HPLC pump. The treated aqueous solution is then removed
from the top of the column.

[0063] A summary of adsorption capacities for PFAS and PFOS on various adsorbents 15
provided below in Table 1. As seen in Table 1 the adsorption capacity for both PFAS and PFOS
using an adsorbent of the present invention is much higher than the adsorption capacity of any

other adsorbent studied.
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Table 1. Adsorption capacities for PFOA and PFOS on various adsorbents

Adsorbate Adsorbent Water pH | Adsorplion Capacity
matrix mg/g mmol/g
Powdered activated carbon D water 3 426 1.03
(PAC)
Granular activated carbon (GAC) DI water 5 476 P15
Polyacrylonitrile fiber-derived DI water | 5 302 0.73
- activated carbon fibers (PACFs)
PFOA Single wall carbon nanotubes DI water 6 80 0.19
(SWCNT)
Modified titanate nanotubes DI water 2-10 1,100 2.66
Anion exchange resin (IRA910) D1 water 6 1,440 3.47
Anion exchange resin (IRA400) 4 DI water 2-12 1,210 2.92
Polyaniline nanotubes (PANTS) DI water 2-9 1,100 2.66
(uaternized cotion ' DI water 3-10 1,240 2.99
Animated rice husk DI water 5 1,030 2.49
Metal organic framework (MOF) | DI water 5 500 1.2
Magnetic nanoparticles (NP) DI water 7 62.5 0.15
FesOs@PEIZSK DI water 7 7,580 183
PAC DI water 3 440 0.88
GAC - DI water 5 1,160 2.32
PACFs D1 water 5 760 1.32
SWCNT D water 6 560 1.12
SWCNT D1 water 710 1.42
PANTS DI water | 2-9 1,650 3.30
Anion exchange resin (IRA67) Actual WW 3 2,750 5.5
Anion exchange resin (IRA67) D1 water 3 2,500 5.0
PFOS Animated polyacrylonitrile fibers DI water 3 7,500 15.0
{APANFs)
Chitosan-based molecularly DI water 3-10 1,460 3.53
imprinted polymer (MIP)
Crosslinked chitosan ) DI water 3 2,500 6.04
Quaternized cotton D1 water 3-10 1,750 3.50
Animated rice husk DI water 5 1,336 2.65
Porous aromatic framework DI water 3 5,850 117
 (PAF-45)
Magnetic fluorinated vermiculite DI water 6 1,130 2.26
FesOs«@PEI25k DI water 7 44,410 88.8

1t
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[0064] Fig. 1(a) presents PFOA and Fig. 1(b) presents PFOS sorption isotherm on IONCs with
different organic (surface) coating positively charged PEI (25k and 10k of MW) and
cetylirimethylammonium bromide (CTAB), and negatively charged oleic acid (OA),
respectively. All experiments were performed at pH 7.

{00657 Figs. 2(a) and 2(b) present PFAS sorption isotherms on IONCs determined by both batch
sorption (circle dot and solid line) and QCM-D methods with such correction factors. QCM-D
results are obtained by multiplying a QCM-D correction factor with sorbent density. Overall,
corrected sorption density from QUM-D (reverse triangle dot and dotted line) match well with
batch sorption results, which highlights QCM-D as a feasible tool to determine sorption
behavior(s) in real time without complicated analysis/measurement procedures of target
adsorbates (e.g. LC-MS).

[0066] Multi-sorbate tests considering both PFOA and PFOS were performed to determine
competitive effects on isotherm behavior(s) using FexQs@PEI25k NCs (highest performing
material). Sorption isotherms for multi-sorbate systems (both PFOA and PFOS) and single-
sorbate are presented in Figs. 3(a) and 3(b). Figs. 3(a) PFOA and 3(b} PFOS present single- and
multi-sorption isotherms on PEI coated IONCs for (single-sorbate systems and multi-sorbate
systems (PFOA and PFOS. Multi-sorption tests were performed with the same initial
conceniration of both PFOA and PFOS from 0.02 to 0.1 mmol/L at pH 7. (¢c-d) Time dependent
frequency and dissipation shift (overtone n = 3) of the JONCs coated Q-sensor with introducing
both PFOA and PFOS sequentially, and vice versa, by QCM-D analysis.

[0067] Interestingly, PFOA sorption on IONCs was significantly hindered in the presence of
PFOS, for which maximum sorption capacity was 18.3 mmol gt (PFOA as the single sorbate)
and 7.0 mmol g for multi-sorbate systems, respectively. The sorption density for PFOS was
also considerably decreased in the presence of PFOA (88.8 mmol g for single (PFOS as single
sorbate) and 20.4 mumol g for multi-sorbate systems, respectively). It is believed that this is
simply competitive adsorption, with differential adsorption affinities based on PFAS head group.
Sorption density of PFOA on IONCs in the multi-sorbate system also decreased in the case of
higher equilibrium concentrations (above 0.1 mmol/L), further indicating that PFOA molecules
adsorbed on IONCs are readily exchanged by PFOS.

[0068] To further evaluate sorption preference between PFOA and PFOS, real time sorption
behavior was evaluated using the QCM-D method described above. To do this, either 0.6 mM of

PFOA or PFOS solutions was introduced over IONCs coated Q-sensor sequentially. As shown in
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Figs. 3(e) and 3(d), frequency and dissipation shifts associated with PFOA and PFOS sorption
events were observed, indicating attachment (sorption) of PFAS on IONCs. After stabilization,
we then switched the solutions from PFOA to PFOS and PFOS to PFOA, respectively.
Additional frequency and dissipation shifts in the system were observed with newly introduced
PFOS, indicating molecular exchange and/or additional sorption (Fig. 3(¢c)), while no changes in
both ffc—:quency and/or dissipation were observed when PFOA was infroduced to a system with
PFOS previously sorbed (Fig. 3(d)). These observations support batch results, described above,
further implicating the key role of the PFAS head group with regard to sorption behavior.

[0069] The carboxylic head group of PFOA has a lower pKa value than PFOS and shows a
higher affinity to positively charged IONCs, resulting in higher Langmuir adsorption constants
(k). In comparison, the sulfonic group of PFOS results ina relatively lower k value due to lower
bulk affinity compared PFOA. However, PFOS has three different resonance structure(s) which,
when taken together, allows for overall more favorable interactions.

[0070] To explore this directly, the thickness of PFAS layer, as a function of PFAS type was
demonstrated using the Voigt model via QCM-D analysis. With all variables held constant
{IONC, water chemistry, etc.) except for PFAS type, Fig. 4 shows the thickness of the attached
layer of PFOA and PFOS on the IONC coated Q-sensor obtained as calculated by the Voigt
model via frequency shift (7} and dissipation (D) during PFAS sorption. As seen inFig. 4,2
difference between PFOA and PFOS sorbed layers is about 5 angs%mm (A), indicating the
orientation of sorbed PFAS is fundamentally different based on the functional head groups. For
these, PFOS tends to be more vertically aligned on the surface of IONCs because of resonance
structure of sulfonic group, while PFOA tends to align in a more horizontal fashion, which is
also supported by the maximum sotption values observed (i.e., higher sorption density is possible
with vertically oriented PFOS). Differences in sorbed orientation between PFOA and PFOS may
also contribute to the relative recalcitrance of PFOS relating to steric hindrance and/or active site
distance from a reactive material surface(s).

[0071] To understand how water chemistry affects PFAS sorption behavior, PFAS sorption was
evaluated using Fe;O4@PEI25k as a function of solution pH, ionic strength and type, and NOM
in water. Figs. 5(a) and 5(b) shows that higher sorption densities were observed under both
acidic (pH 4.0) and neutral (pH 7.0) conditions, compared to basic conditions {pH 10.0}, as

expected. The maximum sorption capacity was 14.7 mmol g at pH 4.0, 18.3 mmol gl at pH 7.0,
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and 9.2 mmol g at pH 10.0 for PFOA, and 58.8 mmol gl at pH 4.0, 83.5 mmol g™ at pH 7.0,
and 38.5 mmol g at pH 10.0 for PFOS, respectively.

[0072] Fig. 15 shows the zeta potential of PEI coated IONCs with different molecular weights
(25k and 10k) as a function of pIl The observed decrease in sorption at hi gher pH values was
attributed a decrease in surface zeta potential, and thus, a lower electrostatic affinity for
negatively charged PFAS molecules as shown in Fig. 15. Thus, it appears that sorption can
effectively be performed under both acidic and neutral conditions.

[0073] The effect of ionic strength and type on PFAS sorption was also gvaluated using
Fe;04@PEI25k NCs via batch sorption experiments at pH 7. Here NaCl, CaCly, MgCh, were
evaluated along with a synthetic groundwater (SGW) and compared with ultrapure water (UPW).

Synthetic groundwater was prepared and the composition is summarized in Table 2.

Table 2. Ionic composition of synthetic groundwater.

fon Na*  Ca’” Mg HCO” cr HPQe  Si0y™
Conge. ' S . ’
(M) 10.4 25 1.6 8.2 8.2 0.1 L

[0074] Fig. 5(a) (PFOA) and 5(b) (PFOS) depict sorption isctherms on PEI coated TONCs
(FeaOu@PEI25Kk) as a function of pH (4.0, 7.0, and 10.0). Fig. 5(c) (PFOA) and 5(b) (PFOS)
depict sorption isotherms with different water chemistry of ultrapure water (UFW), Na(l,
CaCly, MgCh, and synthetic groundwater (SGW), respectively. Total ionic strength for all
solutions was adjusted to be identical with SGW.

[0075] As shown in Figs. 5(c) and 5(d}, sorption capacities for both PFOA and PFOS decreased
in the presence of all salts evaluated and the synthetic groundwater. The maximum sorption
densities for PFOA were observed to be 18.3, 5.7, 5.1, 5.7, and 14.3 mmol gt for ultrapure
water, NaCl, CaCls, MgCl, and synthetic groundwater, respectively, and 83.5, 54.3,69.0, 73.7,
and 31.5 mmol g toward PFOS for ultrapure water, NaCl, CaCly, MgClz, and synthetic
groundwater, respectively. Competitive effects of ionic species on PFAS sorption performance
were observed, with similar or higher hindrance observed for Na(Cl compared to CaCl, and
MgCla. Despite these interferences, material performance under real world conditions remains
considerably higher than other reported sorbents which only considered pure water (i.¢. best case

scenario) as shown in Table 1.
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[0076] Fig. 16(a) and 16(b) depicts an aggregation profile of Fea04@PEI25k NCs in the
presence of 1000 mM of NaCl (Fig. 16(a)) and 1000 mM of CaCly (Fig. 16{b)) concentrations at
pH 7. For all suspensions evaluated, no IONC aggregation was observed under any condition
evaluated as shown in Figs. 16(a) and 16(b), thus minimizing the loss of surface area as a
confounding performance factor.

[0077] PFAS sorption capacities also decreased in the presence of NOM (0-0.5 mg/L). To
quantify this process, the role of humic acid (HA) concentration on sorption density via QCM-D
analysis was evaluated. Figs. 17(a) and (b) depict normalized sorption density for PFOA (Fig.
17(2)) and PFOS (Fig. 17(b)) on FesOa@PEI25k NCs as a function of humic acid (HA)
concentrations via QCM-D method. As shown in Figs. 17(a) and 17(b), sorption densities
decreased with increase of HA concentration. Humic acid, with a large cation exchange capacity,
readily competes in bulk with positively active sites on IONCs for PFAS sorption, as observed
by others for negatively charged pollutants.

f0078] To demonstrate application potential, effluent breakthrough curves obtained following
the injection of solutions containing PFOA or PFOS into columns packed TONC treated 40-50
mesh Ottawa sand (80 g) are shown in Figs. 6(a) and 6(b). For the PFOA column study, a
solution containing 100 ug/L PFOA in 10 mM NaCl was introduced for 10 pore volumes (FVs),
with no detectable levels of PFOA observed in effluent samples. To assess the limiting
adsorptive capacity of the IONC-treated sand, the influent concentration of PFOA was then
increased to 10 mg/L (considered as a very high environmental PFAS concentration), which
resulted in detection of PFOA after approximately 31 PVs. The concentration of PFOA increased
steadily to a relative concentration (C/Co) of 0.83 after 39 PVs, and reached the influent
concentration (C/Co = 1) at 49 PVs (Fig. 6(a)). Over the course of the experiment, a total of 5.16
mg of PFOA were retained, which corresponds to 5.37 mM PFOA per g of [ONC (2.34 mg total
IONC in the column), in line with batch sorption study results.

[0079] For the PFOS column study, a solution containing 100 pg/L FFOS in 10 mM NaCl was
introduced for approximately 10 PVs with no detectable levels of PFOS observed in the column
effluent. Similar to the PFOA column study, the concentration of PFOS in the influent solution
was then increased to 10 mg/L and PFOS was subsequently detected in the effluent after
approximately 23 PVs, and increased steadily to the influent concentration (C/Co = 1} after 39
PVs (Fig. 6(b)). Overall, a total of 6.34 mg of PFOS was retained in the JONC-treated column,
which corresponds to 5.18 mM PFOS per g of IONCs (2.45 mg total in the colurun), also in line
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with batch studies. When compared to control columns conducted with clean 40-50 mesh Ottawa
sand, retention, thus treatment, of PFOA or PFOS in IONC-treated columns increased by more

than three orders of magnitude.
EXAMPLE:

Preparation of Organic (Surface) Functionalized IONCs

[0080] Iron oxide nanocrystals (IONCs) were synthesized by iron precursor decomposition at
high temperature. Synthesized 20 rum NCs were then functionalized with different organic
surfactants using probe sonication via ligand exchange and encapsulation methods. Branched
PEL CTAB, and OA were used as surface stabilizers. 0.4 mL of NCs in hexane solution was
snixed with particular amounts of surface stabilizer in 5 mL of ultrapure water (1 8.2 MQ-cm,
Millipore) by applying a probe sonicator (UP50H, Hielscher) at §0% amplitude and full cycle for
10 min. The remaining hexane in solution was removed by putting the solution under the fume
hood for 24 h. To remove excess surfactants the solution was filtered by ultrafiltration membranc
(cellulose, 100kDa MWCO, Millipore) with stirring, followed by syringe filtration (0.22 pm
PES, Millipore). The concentration of functionalized [ONCs in water was measured by
inductively coupled plasma mass spectroscopy (ICP-MS, Elan DRC-¢, Perkin Elmer).

Serption Isotherms

[0081] Engineered IONCs (10 mg/L NC) were tested for PFAS sorption in the range of (.01 1o
0.2 mmol/L of PFOA and 0.01 to 0.6 mmol/L of PFOS concentrations at different pH conditions
(4.0, 7.0, and 10.0 = 0.2). Solution pH was adjusted using HNO;3 and NaGH firstly after setting
the sorption tests, and further adjusted and/or confirmed again during the serption experiments
(after 4 h). At equilibrium (after 24 h), the NCs were separated using ultracentrifuge (Sorvall
WX 80, Thermo Scientific) at 50,000 rpm for 2 h, and the remaining concentrations of PFAS
were measured by ultra-performance liquid chromatograph (UPLC-MS/MS) (Waters
Corporation, Milford, MA).

[0082] The measured sorption density (mumol of adsorbed PFAS per mass of NCs in the sample)
as a function of equilibrium concentration of PFAS (numol/L) was fitied by both Langmuir and

Freundlich sorption isotherms. The Langmuir isotherm was cbtained by folowing equation:

- Tmaxkle
1= A1 ki,
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where g. is sorption density at equilibrium (mmol/g), gmax 1$ the maximum sorption density, kis
Langmuir sorption constant (L/mmof), and C, is equilibrium concentration of PFAS (mrnol/L).

And the Freundlich isotherm was determined as follow:
ge = K C;/n

where K and n are Freundlich sorption constants. Competitive sorption experiments were
conducted with the initial concentrations of both PFOA and PFOS from 0.02 to (.1 mmol/L at
pH 7. The solution pH was twice adjusted, and other experimental conditions and procedures
were identical to the single-sorbate sorption isotherm tests.

Quartz Crystal Micrebalance with Dissipation (QCM-D)

(0083} Quartz crystal microbalance was performed with dissipation (QCM-D, Q-sense E4,
Biolin Scientific) measurements by frequency (f} and energy dissipation (D) of silica coated (J-
sensor (QSX-303, Q-sense). The mass deposited on the crystal surface per unit area {Am)} was
determined by measuring frequency shift of the crystal using Sauerbrey relationship as described

below:
C
Am = -~ - Af,

where C is the crystal constant (17.7 ng/(cm? Hz) for 5 MHz quartz crystal), n is the overtone
mamber (1, 3, 5, 7,9, 11, and 13}, and Afq is frequency shift at overtone number n. Considering
the stability of the instrument, third overtone was used for the analysis of data in this study. For
all measurements, the flowrate of solutions was maintained at 0.1 mL/min and the temperature
inside the unit at 20.0°C.

Determination of PFAS Sorption Behavior via QCM-D Study

[0084] Real time frequency shifts were obtained to determine PFAS sorption isotherm on FONCs
using QCM-D as following sequence. First, positively charged IONCs (PEI and CTAB coated)
were introduced to quartz crystal sensor. Different concentrations of NCs were tested to
determine the concentration of NCs that can fully cover the (-sensor. Sensors were saturated
with NCs (solution) for 20 min, and subsequently flowed with ultrapure water to stabilize and
climinate any loosely associated NCs to the Q-sensor. After stabilization, PFAS solutions were
introduced, which showed additional frequency shifts regard to mass of PFAS attached to the
IONCs on sensor. Sorption isotherm is determined from the deposited mass of PFAS and IONCs

on the Q-sensor, which calculated from frequency shift through Sauerbrey equation.
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QCM-D Factor

[0085] To compensate the underestimation of sorption capacity in QUM-D measurement due to
attachment of water molecules on (-sensor, QCM-D correction factor for sorption density was
applied and the QCM-D factor was calculated as described below.

Mass of (NCs + Water)
Muss of NCs

QCM-D factor =

The mass of sorbed water is calculated from the difference of volume between NC core size and
hydrodynamic diameter by multiplying density of water.

Thickness of Deposited Layer on the (J-sensor

[0086] The thickness of deposited layer was calculated by analyzing the recorded Af and AD

data through Voigt model. The resulting thickness (d) was obtained by equation as below.

;2770

N Wiy

where 3 is shear viscosity, o is angular velocity (o = 2af), and p is density.

Column Studies

(00871 Column experiments were performed to quantify the adsorption of PFOA or PFOS by
[ONCs under dynamic flow conditions. A suspension of IONCs (20 mL at 145 mg/L) was mixed
with 80 g of 40-50 mesh Ottawa sand and allowed to dry at 60°C for 48 hours. The IONC-treated
sand, which contained approximately 2.9 mg IONC, was then packed into 3 borosilicate glass
column (2.5 em i.d. # 10 em length) in -cm increments, flushed with CO2 gas for 1 h, and then
saturated with degassed background electrolyte solution (10 mM NaClj ata flow rate o 1.0
mL/min. The resulting pore volume (PV) of the water-saturated colurnns was approximately 20.5
mL. Non-reactive tracer tests were performed after water saturation of each column by injecting
3.5 PVs of 10 M NaBr followed by 3.5 PVs of 10 mM NaCl using a Chrome Tech P-010
isocratic pump (Apple Valley, MN) at a flow rate of 0.12 mL/min, which corresponds to a pore-
water velocity of approximately | m/day. A schematic diagram of the experimental system used
for the column studies is shown in Fig. 18.

{00881 To assess the ability of the IONC-treated sand to sequester PFQOA and PFOS, aqueous
solutions containing either PFOA (100 pg/L) or PFOS (100 pg/L) in 10 M NaCl were injected
into the columns at a flow rate of 0.12 mL/min. After approximately 10 PV, the influent

concentration of PFOA or PFOS was increased from 100 pg/L to 10 mg/L to determine to
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maximum adsorption capacity of the IONCs. Effluent samples were collected continuously using
a Spectra/Chrom® CF-2 fraction collector (Spectrum Chemical Mfg. Corp., New Brunswick, NJ)
to monitor for PFAS breakthrough. Effluent samples were filtered through 0.45um GE
Healthcare Whatman™ GID/X Glass Micro Fiber (GMF) syringe filter (GE Healthcare, Chicago,
11} and diluted to an appropriate concentration range prior (o analysis using a Waters Xevo™
TQ-8 Micro triple quadrupole mass spectrometer (LC-MS/MS).

[0089] Fig. 7 depicts transmission electron microscope (TEM) images of monodisperse iron
oxide nanoparticles (IONCs) and histograms of the size distribution of NCs. Average diameter of
NCs was measured using Image-Pro 6.0 with over a thousand counted. Scale bar is 50 mm. The
TEM micrographs in Fig. 7 show as synthesized, monodisperse JONCs, and their size
distribution (20.9 + 1.5 nm, 55.3 m*/g of core specific surface area). [ONC crystaliine structure is
well matched with magnetite (Fes0s) (JCPDS card #190629) by XRD analysis, which is
superpatamagnetic in this size range. Superparamagnetic functionality was included as part of
the material platform for potential applications in low energy, precise ( magnetic) separations
from larger volumes and/or as a safety feature with regard to untwanted release. IONCs were
subsequently surface functionalized with a series organic coatings, including branched
polyethyleneimine (PEI) with different molecular weights {10kDa and 25kDa},
cetyltrimethylammonium bromide (CTAB), and oleic acid (OA), all allowing for phase transfer
into water, termed here as FesO4@PEL FesOa@CTAB, and Fe;04@O0A, respectively. Surface
functionalized IONCs were characterized in water by dynamic light scattering (DLS) to measure
hydrodynamic diameter and surface zeta potential at pH 7+ 0.2,

[0090] Figs 8(a) and 8(b) depict hydrodynamic diameters (Fig. 8(a)) and zeta potential (Fig.
&(b)) of organic functionalized IONCs with polyethylencimine (PEI), cetylirimethylammonium
bromide (CTAB), and oleic acid (OA) at pH 7.0 + 0.2. As tabulated in Fig. 8(a), the
hydrodynamic diameter is 63.0 + 2.4 nm for Fe;04@PEI25k, 404 £ 2.8 nm for Fes04@PEIL0K,
25.8 = 3.0 nm for Fes(Ou@CTAB, and 32.6 + 3.6 nm for Fes04@OA. Zeta potential of
FesO4@PEI25k, FesOu@PEIL0k, FesQu@CTAB, and FeaO4@OA is 54.3 & 1.3,574+1.5,29.1
+ 4.9, and -24.2 + 1.8 mV, respectively. Coating analysis, including gratting densities and
composition are presented in Table 3.

{0091] Batch surface coating dependent PFAS sorption tests were performmed at pH 7 £ 0.2, As
shown in Fig. 1, positively charged Fe;04@PEI nanocrystals (NCs) demoustrate significantly

hisher sorption density compared 1o negatively charged Fe;O4@OA NCs. The maximum
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sorption capacity of PFOA and PFOS was 18.3 mmol PFOA ¢! NC and 88.8 mmol PFOS g!
NC for Fes04@PEI25k, and 11.9 mmol PFOA g NC and 83.5 mmol PFOS g™ NC for
FeaOs@PEI10k, respectively. Negatively charged FesOQs@OA have significantly lower sorption
capacities for both PFOA and PFOS (1.83 mmol PFOA ¢l NC and 6.58 mmol PFOS o NC).
As highlighted in Table 1, Fe;04@PEI materials described in this study demonstrate some of the
highest sorption capacities reported to date. This is believed to be not only a function favorable
amine — anion PFAS head group, in which electrostatic interactions coupled with a large
number of active {amine sites) as part of the PEI dendritic structure as shown in Table 3, but also
due to high particle (agueous) stability, thus maximum surface area/site availability as shown in
Figs. 8(a) and 8(b). Comparatively, Fe;04@PEI25k is observed to have higher sorption
capacities than Fe;Os@PEI Ok despite having a similar number of amine groups. This is likely
due to a combination of relatively higher grafting (mass) density of PEI25k and a higher amine

to carbon ratio compared to PEI10k.

Table 3. Organic loading on the nanocrystals,

Total Mumber

Molecular ) ‘ .. Number of  Number of
. organic  Numberof ofamine .
. weight of amine molecules
Nanocrystals ) carbon  carbonper  groups
coating . groups per per
. {(ppm of  nanocrystal per
material ,1 8 nanocrystal  nanocrystal
carbon) carbon™ ¥
Fe;Oa@PERSk 25,000 63£13 690,306 0.5% 345,153 297
Fe;O4@PEIIOk 10,000 57x0.7 627,729 g.5 313,864 676
FeaOs@CTAB 364.45 6301 685,526 0.6377 25,364 25,364

"Total organic carbon {TOC) for organic functionalized iron oxide nanocrystals (10 ppm Fe).
PNumber of amine groups per carbon of PEI coated IONCs was obtained by considering repeat
unit of multi branched PEI structure.

"Number of amine groups per carbon of CTAB functionalized 1ONCs was obtained based on an
assumption of full surfactant encapsulation.

[0092] All batch sorption isotherms were well matched with a Langmuir adsorption model as
shown in Table 4 below and then a Freundlich isotherm with the corresponding sorption constant
(k) for PFOA was calculated to be much higher than that of PFOS regardless of sorbent.
Interestingly, PFOS is observed to have higher maximurm sorption density {Qmax) compared to

PFOA, for all material combinations explored. For example, the k and Qmax values on
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Fe;s04@PEI25k are 657 L/mmol and 18.3 mmol/g for PFOA, and 4.22 L/mmo!l and 88.8 mmol/g
for PFOS, respectively. This difference indicates that PFAS functional group(s) significantly
contribute to the sorption behavior as PFOA and PFOS having identical “tail” structure. It is
believed that the PFOA carboxyl group, with a lower pKa value (~ 5) than the PFOS sulfonic
group {~ 7), has a lower interaction energy. Amine — carboxyl interactions typically have a low
enthalpy (AH) value (-21.41 k¥/mol) compared to amine — sulfonic interactions (-42.81

kJ/mol). 55! Despite this, PFOS is observed to have a much higher maximum sorption density
(Qmax) than PEOA. To explain this, the average geometrical orieniation of the sorption event
must thus differ (PFOA vs. PFOS) if all other variables are held constant, which is further

explored and discussed below.

Table 4. Sorption isotherm constants and regression data for Langmuir and Freundlich
adsorption isotherm models.

Langmuir Isotherm Freundlich Isotherm
Target Adsorbents uac k 3 Koo a R2
(mmol/g}  {L/mmol}

FesOq@PEI2Sk 18.3 657 0.99 41.9 4.28 (.88

PEOA FesOu@PEI Ok 11.9 148 0.95 29.9 2.92 0.98
' FesOgnCTAR 3.14 112 0.99 4.16 5.36 0.90
 FesCu@OA 1.83 16.5 0.70 3.60 1.94 0.89
FesOu@PEIZSk 88.8 4.22 0.99 98.6 1.73 (.99

PFOS FmOz;@PEHOk 83.5 9.27 0.99 %8.5 3.20 0.95
FeaOu@CTAB 6.58 16.3 0.99 7.02 316 097
FesQuda 5.30 6.89 0.61 16.0 1.17 0.75

“Unit of Kt is (mmol/g) (L/mmol)'™,

[0093] To better understand fundamental sorption dynamics, a quartz crystal microbalance with
dissipation ((3CM-D) monitoring technique was developed to observe real time, in situ sorption
behavior of PFAS. Fig. 9 depicts real time frequency responses of QCM-D for PFAS sorption on
organic functionalized iron oxide nanocrystals (IONCs) coated Q-sensor. For this, a stable,
monolayer of IONCs was arranged at the sensor inferfaces so that varied agueous solutions can
be introduced sequentially and equilibrated, including changes in water chenstry and PFAS
concentration/type as shown in Fig. 9.

[0094] Figs. 10{a)-(f) show the frequency shift and slope with respect to the different
concentration of IONCs with various surface coatings; CTAB (Figs. 10(a) and 10(b)), PEI25k
(Figs. 10(c) and 10(d)), and PEI10k (Figs. 10(e) and 10(f)), respectively. Figs. 10(a)-(f) show the
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kinetics (slope of frequency shift) of IONC deposition and sensor surface saturation (i.e.
monolayer coverage) at or above 5 ppm of concentration of NCs. Once stabilized IONCs
demonstrate relative fast responses upon introducing PFAS solutions and reached equilibrium
within minutes. These results are consistent with the batch sorption isotherm and kinetic tests for
both PFOA and PFOS using JONCs as set forth in Figs. 11{a) and 11(b), which depict time
dependent normalized sorption density of PEI coated IONCs ( Fe304@PEI25k) for 0.6 mM of
PFOA (Fig. 11{a) and PFOS (Fig. 11{b).

[0095] To further understand PFAS sorption kinetics on IONCs, the slope of the frequency shift
(Futope) wass calculated from the data obtained during QCM-D sorption experiments. Since the
frequency shift (Af) is proportional to a change in mass (Am) on the crystal surface, the rate of Af
change is equivalent to the rate of mass change on the crystal surface (i.e., the rate of PFAS
attachment or release). Thus, the PFAS sorption rate (kinetics) can be determined by calculating
the slope of frequency shift (fuope). Figs. 12(a) and 12(b) depict real time deposition rates (-

13 slope) 0f PFOA (Fig. 12(a)) and PFOS (Fig. 12(b)) on IONCs with respect to the different
surface coating (PEI25k, PEI10k, and CTARB). As shown Figs. 12(a} and 12(b), Fe:Os@CTAB
N('s showed highest value of fiope, followed by FesO«@PEI Ok and FeaOs@PEL25k, which is
inversely proportional to the hydrodynamic diameter of IONCs. It is expected that the thicker
PEI {(and more dense) surface coating layer requires more time for PFAS to fully sorb which 15
likely due to mass transfer limitations, while showing overall higher sorption densities due 1o
relatively more binding sites.

[0096] Based on both frequency shifts from flowing IONCs and PFAS solutions to (-sensor, [
was determined that both PFOA and PFOS sorption density of IONCs using deposited mass via
the Sauerbrey equation. Figs. 13(a) and 13(b) show frequency shift of quariz crystal sensor
{overtone = 3) with 0.6 mM of PFOA (Fig. 13(a}) and PFOS (Fig. 13(B)) solutions at pH 7. It
was confirmed no PFAS was directly attached to quartz crystal sensor without [ONCs as set
forth in Figs. 13(a) and 13(h), thus any observed frequency shift in the presence of PFAS is due
to its association with IONCs.

[0097] Fig. 14 details sorption isotherms for both PFOA and PFOS for IONCs with different
surface coatings (PEI25k, PEI10k, and CTAB) as calculated by mass per IONC (mass) via
QCM-D. The initial calculated sorption density obtained from QCM-D showed relatively lower
values than those from batch sorption tests . No correction factor was applied here to consider

water sorption. Frequency shifts can be observed with the release of sorbed water associated with
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certain polymers, thus interfering with sorbate association measurements. To address this 1ssue,
a cotrection factor was developed based on calculated mass of water associated with IONCs.
[0098] PFOA and PFOS concentrations were measured along with their corresponding C-labeled
internal standards. A Waters ACQUITY ultra performance liquid chromatograph coupled with a
Waters Xevo triple quadrupole mass spectrometer (UPLC-MS) (Waters Corporation, Milford,
MA) was used and the injection volume was 10 uL. Solvent A contained 95% DI water and 5%
methanol with 2 mM ammonium acetate. Solvent B contained 100% methanol with 2 mM
ammonium Acetate. All solvents were prepared with LC-MS grade, purchased from Honeywell
Rurdick & Jackson (Muskegon, MI}. The gradient started with 90% A and 10% B and held for 1
min, then ramped to 15% A and 85% B at 5min, then 0% A and 100% B at 5.1 min, maintained
at 100% B until 7 min and ramped back to 90% A and 10% B at 7.5 min.

[0099] The eluent was then held at 90% A and 10% B until the end of the 10 min run. Colurmn
temperature was 50°C and source temperature was 150°C. Desolvation temperature was 350°C
and desolvation gas flow was 650°C. Analytes were separated on a Waiters BEH C-18 columm
(1.7 ym dia., 2.1 x 50 mm?) at a flow rate of 0.4 mL/min with an eluent gradient containing 2
mM ammonium acetate in water or methanol. The mass spectrometer was operated in negative
electrospray ionization (ESI-) with multiple reaction monitoring (MRM). The method was able
to detect 40 PFAS, precursors and C labeled standards with a total run time of approximately 10
min and detection limits ranging from 5 to 20 ng/L.

[0100] Addittenal embodinments:

[0101] Clause 1: An adsorbent for removing perfluoroaikyl and polyfluorcalkyl substances from

an agueous solution, wherein the adsorbent comprises iron oxide nanocrystals, wherein the
absorbent has an adsorption capacity for perfluoro-octanoic acid (PFOA) of at least 5000 mg/g or
an adsorption capacity for perfluoro-octane sulfonate (PFOS) of at least 25,000 mg/g.

[0102] Clause 2: The adsorbent of Clause 1, wherein the adsorbent has an adsorption capacity
for PFOA of at least 6,000 mg/g, preferably an adsorption capacity for PFOA of at least 7,000
mg/g, more preferably an adsorption capacity for PFOA of at least 7,500 mg/g.

[0103] Clause 3;: The adsorbent of Clause | wherein the adsorbent has an adsorption capacity
for PFOS of at least 30,000 mg/g, preferably an adsorption capacity for PFOS of at least 40,000
mg/g, more preferably an adsorption capacity for PFOS of at least 44,000 mg/g.

[0104] Clause 4; The adsorbent according to any of Clauses 1-3, wherein the iron oxide

nanocrystals are coated with a positively charged polymer.
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(01057 Clause S: The adsorbent according to Clause 4, wherein the positively charged polymer
is a positively charged polyethyleneimine polymer having a molecular weight of at least 8,000
g/mol or at least 10,000 g/mol or at least 15,000 g/mol or at least 20,000 g/mol or at least 25,000
g/mol.

[0106] Clause 6 The adsorbent according to Clause 3, wherein the polyethyleneimine polymer
is a branched polyethyleneimine polymer.

[0107] Clause 7: The adsorbent according to Clause 5 or Clause 6, wherein the
polyethyleneimine-coated iron oxide nanocrystals have a number of aming groups per
nanocrystal of at least 300,000 or at least 325,000,

[0108] Classe 8: The adsorbent according to any of Clauses 1 to 7, wherein the adsorbent is
superparamagnetic.

[0109] Clause 9: The adsorbent according to any of Clauses 1 to 8, wherein the adsorbent may
be regenerated.

(01107 Clanse 10; A method of removing contaminants from an agueous solution, wherein the
contaminants comprise perfluoroalkyl and polyfluoroalkyl substances, the method comprising
the steps of:

a. passing the aqueous solution containing contaminants through an adsorption
column, wherein the adsorption column contains the adsorbent of any of Clauses
1t09; and

b. removing the treated aqueous solution from the adsorption column;
wherein the adsorbent adsorbs some or all of the contaminants present in the

aqueous solution.

[0111] Clause 11: The method according to Clause 10, wherein the aqueous solution is pumped
through the adsorption column at a pressure in the range of 1-10 atm.

(0112} Clause 12: The method according to Clause 10 or Clause 11, wherein the agueous
solution comprises ground water or contaminated water.

[0113] Clause 13: The method according to any of Clauses 10 to 12, wherein the aqueous
solution has a pH in the range of about 2 to about 8.

[0114] Clause 14: The method according to any of Clauses 10 10 13, wherein the perfluoroalkyl
and polyfluoroalkyl substances are selected from the group consisting of perfluoro-octanoic acid,
perfluoro-octane sulfonate, shorter-chained perfluoroalkyl and polyfluoroalkyl substances, and

combinations of foregoing.
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[0115] Clamse 15: The method according to Clause 14, wherein the shorter-chained
perfluorcalkyl and polyfluoroalkyl substances are selected from the group consisting of
perfluorohexanoic acid (PFHxA), perfluorobutanoic acid (PFBA), perfluorohexanesulphonic
acid (PFHxS), and combinations of the foregoing.

[0116] Clause 16: The method according to any of Clauses 10 to 15, further comprising the step
of regenerating the adsorbent, wherein the adsorbent is regenerated by contacting the adsorbent
with a solvent at a pH of at or above about 10.

{0117] Clause 17: A system comprising an adsorption column, cartridge, or housing containing
the adsorbent of any of Clauses 1-9, wherein the adsorbent is capable of removing contarginants
from an aqueous solution, wherein the contaminants comprise perfluoro-octanoic acid, perfluoro-
octane sulfonate, shorter-chained perfluoroalkyl and polyfluorcalkyl substances, and

combinations of foregoing.
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WHAT IS CLAIMED IS:

-2

An adsorbent for removing perfluoroalkyl and polyfluorcalkyl substances from an
aqueous solution, wherein the adsorbent comprises iron oxide nanocrystals, wherein the
absorbent has an adsorption capacity for perflucro-octanoic acid (PFOA) of at least 5 0G0
mg/g or an adsorption capacity for perfluoro-octane sulfonate (PFOS) of at least 25,000

i
mg/g.

The adsorbent of claim 1, wherein the adsorbent has an adsorption capacity for PFOA of

at least 6,000 mg/g.

The adsorbent of claim 2, wherein the adsorbent has an adsorption capacity for PFOA of

at least 7,000 mg/g.

The adsorbent according to claim 3, wherein the adsorbent has an adsorption capacity for

PFOA of at least 7,500 mg/g.

The adsorbent of claim 1 wherein the adsorbent has an adsorption capacity for PFOS of

at least 30,000 mg/g.

The adsorbent of claim 5, wherein the adsorbent has an adsorption capacity for PFOS of

at least 40,000 mg/g.

The adsorbent according to ¢laim 6, wherein the adsorbent has an adsorption capacity for

PFOS of at least 44,000 mg/g.

The adsorbent according to claim 1, wherein the iron oxide nanocrystals are coaied with a

positively charged polymer.

The adsorbent according to claim §, wherein the positively charged polymerisa
positively charged polyethyleneimine polymer having a molecular weight of at least
8,000 g/mol or at least 10,000 g/mol or at least 15,000 g/mol or at least 20,000 g/mol or

at least 25,000 g/mol.
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0.

i1,

13.

14.

15.

16,

7.

18.

The adsorbent aceording to claim 9, wherein the polyethyleneimine polymer s a

branched polyethyleneimine polymer.

The adsorbent according o claim 9, wherein the polyethyleneimine-coated iron oxide
nanocrysials have a number of amine groups per nanocrystal of at least 300,000 or at

least 325,000.

. The adsorbent according to claim 1, wherein the adsorbent is superparamagnetic.

The adsorbent according to claim 1, wherein the adsorbent may be regenerated.

A method of removing contaminants from an aqueous solution, wherein the contaminants
comprise perfluoroalkyl and polyfluoroaikyl substances, the method comprising the steps

of:

a. passing the aqueous solution containing contaminants through an adsorption
column, wherein the adsorption column contains the adsorbent of any of clairs 1

to 12: and

b. removing the treated aqueous solution from the adsorption colummn;

wherein the adsorbent adsorbs some or all of the contaminants present in the agueous

solution.

The method according to claim 14, wherein the aqueous solution is pumped through the

adsorption column at a pressure in the range of 1-10 atm.

The method according to claim 14, wherein the aqueous solution comprises ground water

or contaminated water.

The method according to claim 14, wherein the agueous solution has a pH in the range of

about 2 to about 8.

The method according to claim 14, wherein the perfluoroalkyl and polyfluorcalkyl

substances are selected from the group consisting of perfluoro-octanoic acid, perfluoro-
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1.

21

octane sulfonate, shorter-chained perfluoroalkyl and polyfluoroaitkyl substances, and

combinations of foregoing.

The method according to claim 18, wherein the shorter-chained perflucroalkyl and
polyfluoroalkyl substances are selected from the group consisting of perfluorohexanoic
acid (PFHxA), perflucrobutanoic acid (PFBA), perfluorohexanesulphonic acid (PFHxS),

and combinations of the foregoing.

. The method according 1o claim 14, further comprising the step of regenerating the

adsorbent, wherein the adsorbent is regenerated by contacting the adsorbent with a

solvent at a pH of at or above about 10.

A system comprising an adsorption column, cartridge, or housing containing the
adsorbent of any of claims 1-13, wherein the adsorbent is capable of removing
contaminants from an aqueous solution, wherein the contaminants comprise perfluoro-
octanoic acid, perfluoro-octane sulfonate, shorter-chained perfluoroatkyl and

polyfluoroalkyl substances, and combinations of foregoing.
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