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ABSTRACT

Uranium contamination in drinking water sources, such as ground or surface water, poses
a potential health risk. In areas, such as the Navajo Nation, uranium levels can be found at
concentrations ~300 times higher than the maximum concentration limit (MCL) set by the
Environmental Protection Agency (EPA) of 30 ng/L. Exposure to these contaminated waters can
result in elevated uranium concentrations within the body even after several months of
eliminating the source. Inside the body uranium is a nephrotoxin (damages the kidney) and has
been linked to cancer among other health problems. Reducing these health risks towards
individuals requires methods for cleaning uranium from aqueous systems and sensing it within
water and body fluids for biomonitoring.

The objective of this work was to synthesize, characterize, and test electrospun polymer
nanofiber mats capable of extracting uranium from water with applications in sensing and/or
point of use (POU) treatments devices. Materials were synthesized with a suite of functional
groups capable of extracting uranium from agqueous systems such as amidoxime, phosphonic
acids, and quaternary ammonium salts (QAS) then characterized to evaluate materials physical
and chemical traits. Batch uptake studies evaluated materials uptake rates, efficiency at varying
pH’s, and ability to remove uranium over a range of initial concentrations. Flow through studies
assessed materials abilities to be used as a POU treatment technology for removing uranium from

drinking water.



PUBLIC ABSTRACT

Within the Four Corner regions of the United States there are elevated uranium
concentrations in unregulated drinking water sources. Using these water sources has associated
health risks such as damage to kidneys and cancer, among other health issues. In order to
mitigate these health risks the ability to detect and remove uranium from water is greatly desired.
Current technologies for determining if water is contaminated can be time consuming and costly
meanwhile removing uranium from water can require units which may require proper
infrastructure. In order to overcome these issues, engineers have turned to using electrospun
polymer nanofiber mats to be used as a potential solution for removing uranium from water.

In this work, electrospun polymer nanofiber mats were developed to be used for
extracting uranium from water. These materials were tested to evaluate how much uranium they
can capture in a variety of conditions. Flow through tests investigated how the materials were
able to remove uranium in flow like conditions. These materials can be potentially used in
sensing devices for detecting uranium concentrations in water or used as a treatment device for

providing clean drinking water to those who use uranium contaminated source.
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CHAPTER 1: INTRODUCTION

1.1 Uranium legacy contamination within the Navajo Nation

The Atomic Era is said to have begun on July 16", 1945 after the successful detonation of
a nuclear bomb code named Trinity." After the close of World War 11, America saw the potential
for uranium (U) to be used as a source of military weaponry and as a civilian energy source.
Consequently, the four corners region of the U.S. (Colorado, New Mexico, Arizona, and Utah)
saw a subsequent increase in uranium mining activities to meet this new demand. Within this
region is 27,000 square miles of land with abundant uranium ore deposits owned by the Navajo
Nation.? Tribes leased these lands between 1944 and 1986, during which four million tons of
uranium? was mined from the ore deposits. Mining operations typically hired Navajo Nation
workers who were tasked with extracting uranium from the surface (e.g., canyon walls and mesa
tops) or from underground.” High grade uranium ores (0.1-0.63 % U3Og)* were removed from
the mines to be processed later while low-grade uranium ore and nonradioactive host rock was
either left in waste piles or dumped down the sides of mesas.? By the 1970s the U.S. Atomic
Energy Commission (USAEC) discontinued purchasing uranium due to their ample reserves.?

The decline in uranium demand led to the abandonment of approximately 523 uranium
mines (AUMs) within the area (Figure 1-1). Surveys of these mines found that 78% exhibited
radiation two times above background, while 50% of the mines were ten times above
background.? At present, these AUMs are considered a major source for ground and surface
water contamination by uranium and other radionuclides. For those who live within the Navajo
Nation, these waters can be a source of drinking water for human and livestock consumption and

irrigation of crops.?



Concern over uranium contamination in the Navajo nation and the desert southwest in
general led to further investigations of the levels of uranium in surface and groundwater within
these regions. A study conducted by Blake et al. investigated the uranium contamination in a
spring in the vicinity of an abandoned mine in Northeastern Arizona. Uranium concentrations
from the acid mine waste (pH 3.8) were elevated to ~160 ug/L,* which exceeds that of the
maximum contaminant limit (MCL) set by the Environmental Protection Agency (EPA) (30
ug/L).> These concentrations were higher than observed in the nearby spring (~pH 7), which
possessed values of 67 and 135 pg/L.* Kamp et al. also conducted a study near Shiprock, New
Mexico to investigate the contamination of groundwater at a former uranium mill site adjacent to
a floodplain. Uranium concentrations in the area varied from 1.5 ug/L to 9280 ng/L, with 32 of
the 33 samples being above that of the MCL.°

At high uranium concentrations in water there is potential for increased toxicological risk
for the public. Exposure studies found that people exposed to high uranium concentrations in
water (620 ug/L average) had an average uranium concentration of 0.162 ug/L in their urine
(highest detected at 9.55 ug/L) several months after exposure.” These levels are approximately 5
times higher than that of a reference range concentration at 0.0345 pg/L (95" percentile; 500
U.S. residents to establish a baseline concentration).? There is no established legal limit for
uranium in urine for civilians, although the U.S. Nuclear Regulatory Commission (NRC) has set
an action limit of 15 pg/L for those with occupational exposure to uranium.’

High levels of uranium in drinking water can lead to health effects, although it is the
chemical toxicity rather than the radiotoxicity that is of concern. Short-term exposure of
uranium is normally not of concern due to the poor absorbing efficiency of uranium in the

gastrointestinal tract (0.1%-6%)."° During long-term exposure uranium will start to accumulate



within the kidney, liver, and bones with a majority being stored in bones.** The accumulation of
uranium has shown to result in pathological alterations within the kidney? while other studies

suggest that it imposes greater cancer risks than those without exposure.™

1.2 Radiochemistry of uranium within the environment

Uranium ([Rn]5f%6d7s?) is located in the actinide series at the bottom of the periodic table
and is the heaviest element to naturally occur at significant quantities within the environment.
Three isotopes, 22U, 2°U, and %**U, occur at relative mass abundances of 99.28, 0.72, and
0.0055%, respectively.'* Other isotopes, most notably *°U and 2*?U, can be synthesized in
nuclear reactors; both 2°U and #*2U have practical applications as tracers for chemical yield
during uranium analyses. All of the isotopes undergo alpha decay in which a helium atom is

ejected from the nucleus, creating a daughter atom in the following process:

2381 _ 234Th 4 4He Eq. 1-1

Rates of decay are quantified by their half-life, which is defined as the time it takes for a specific
isotope to decay to half of the original value.®®> All three natural isotopes have considerably long
half-lives of 4.5x10°, 7.0x10%, and 2.5x10°y for 28U, U, and ***U, respectively. Although
each uranium atom undergoes alpha decay to produce a daughter product atom, these daughter
products also decay to produce other elements until they ultimately end at a stable element. For
2% and #°U, twenty-five radioactive daughter products are formed that span thirteen different
elements in either the uranium or actinium series and include the production of **U through

decay of the “*U parent (Figure 1-2).



The radioisotopes produced through these decay series can lead to environmental and
public health concerns. As each new element is created, the chemical properties of the daughter
product changes, which can influence the fate of this and subsequent radionuclides. A notable
example of this phenomenon is the intimate relationship between radium and its daughter
product radon. Radium-226 is a divalent cation that is part of the “**U decay series and highly
soluble in water.”® Its daughter product is radon-222, an inert noble gas, that typically diffuses
out of water and into the air. This behavior has public health implications because radon can be
released from water distribution systems or seep through cracks in concrete foundations, leading
to inhalation by inhabitants.® Radon rapidly decays (ty» = 3.823 days), emitting alpha particles
that can cause damage to lung tissues."’

Although there are environmental and public health concerns regarding some of the
daughter products within these decay series, others have beneficial uses as an investigative tool
for researchers. A famous example is their use in geochronology, the method of dating rock
formations, to determine the age of the Earth at 4.54 billion years old.'®* Because both decay
series end with stable lead, 28U to “°Pb and ***U to °’Ph, scientists are able to measure their
concentrations in rocks to calculate their age.*®

Uranium can occur in multiple oxidations between +111 and +VI, with +1V and +VI being
the dominant oxidation states within environmental systems. The +V oxidation state can occur
in some cases, but it rapidly undergoes disproportionation reactions to form +1V and +VI
oxidation states.® In acidic conditions (less than pH 1) uranium +IV can be found as a U*" ion,
although as the pH increases it will readily hydrolyze to form uranyl oxhydroxide clusters,
colloids, and amorphous uranium dioxide (UO,).*> The +IV state is relatively stable under

anoxic conditions, but it will typically slowly oxidize to +V1 in the presence of oxygen. In the



+1V state, uranium is not found as the free ion but rather it forms two strong bonds to O atoms to
create the UO,*" cation. Within oxidizing surface waters, the chemistry associated with the
UO,** cation dominates, whereas more anoxic conditions can sometimes occur within
groundwater (Figure 1-3).

The chemistry of uranium and how it behaves in the environment is dependent largely on
the pH and the presence and abundance of suitable ligands. Uranyl exists as a linear molecule,
with two strongly bound oxygen atoms located in the axial positions to form the dioxo cation.
Four, five, or six additional bonds between the metal cation and ligands in the equatorial plane
can form an overall square, pentagonal, or hexagonal coordination geometry.*® As pH increases,
uranyl will readily hydrolyze through olation and oxolation reactions, causing polymerization of
the uranyl coordination complex to form dimeric, trimeric or larger uranyl colloidal species.?

As uranium is a strong Lewis Acid, it will readily accept electrons from O- and N-
functional groups associated with inorganic or organic ligands. Uranyl coordination occurs as an

equilibrium reaction, below:

UO2*t + L" =2 U0, L™ Eqg. 1-2

where uranyl and the ligand (L) with a certain charge (n) will form a uranyl-ligand complex

(UO,L) with a new overall charge (m). This reaction is characterized as follows:

[v0,L™]
[voz*]iL™

i)
I

Eg. 1-3



where the ligand constant (B) is the ratio of the uranyl-ligand complex concentration ([UO,L™])
over the free uranyl and ligand concentrations ([UO,**] and [L.,], respectively). For inorganic
oxyanions, the strength of bonding weakens in the order of PO,* > CO3* > SO4% > NO3"
suggesting that a higher valence state of the ligand results in stronger bonds with UO,** cation as
seen by their associated ligand constants (Table 1-1). Molecules that contain carboxylate,
alcohol, and amidoxime groups are common organic ligands that strongly bind the uranyl cation
in aqueous solutions.?™2

While there are many ligands that can interact with the uranyl cation to form a stable
complex, the environmental relevance of these molecular species is related to their natural
abundance in surface and groundwater and their solubility in water. Carbonate is considered the
most important ligand for uranium mobility due to its natural abundance in ground and surface
waters.* Sources of carbonate in surface and groundwater include dissolved carbon dioxide from

the atmosphere and dissolution of rocks (e.g. limestone and dolomite).?* Carbon dioxide from

the atmosphere can dissolve into water and react to form carbonic acid as follows:

C0,(aq) + H,0 = H,C05(aq) Eq. 1-4

Carbonic acid can then lose a proton to create bicarbonate (Eq. 1-5) with a pKa of 6.35% while

another proton can be lost to create carbonate (Eq. 1-6) with a pKa of 10.33% as follows:

H,C05(aq) = H*(aq) + HCO3 (aq) Eg. 1-5

HCO3 (aq) = H*(aq) + CO% (aq) Eq. 1-6



Carbonate containing mineral dolomite?® contributes carbonate to water by dissolving and

releasing carbonate as well as calcium and magnesium and is governed by its solubility as seen

below:
CaMg(C05), = Ca?**t + Mg** + 2C03~ Eq. 1-7
Ksp = [Ca®*][Mg?**][CO57]? =~ 1077 —1071? Eq. 1-8

where the solubility constant (Ksp) is related to the soluble species activity raised to the power of
their molar coefficient.

Within the Navajo Nation, high bicarbonate/carbonate concentrations have been found in
surface and ground waters. For example, surface waters near Laguna Pueblo, NM had COs*
concentrations between 43.2 — 223.2 mg/L (pH’s between 7.07 and 8.58).%” This is compared to
that of groundwater near Shiprock, NM that had concentrations of HCO3 between ~100-1500
mg/L (pH’s between 6.4 and 7.7)° where COs* would be at ~ 0.5% of these concentrations (0.5-
7 mg/L). Atsuch high concentrations in surface waters and ground waters, carbonates can
compete with uranium hydrolysis products, creating highly soluble uranyl carbonate species and

contributing to enhanced mobility of uranium in the environment.

1.3 Analysis of uranium in agueous systems

There are multiple analytical methods that can be used for the detection of uranium in
aqueous systems. These range from spectroscopic (e.g., absorption, vibrational, or fluorescence),
inductively coupled plasma in tandem with mass spectrometry or optical emission spectrometry

(e.g., ICP-MS/OES), or radioanalytical techniques. When choosing an analytical method for



detecting uranium in water, the main concern is being able to detect levels relevant to the
drinking water standard or bodily fluids (e.g. urine and blood) for biomonitoring of those
exposed to uranium. This means the method should be able to at least detect uranium at the 30
ug/L MCL set by the EPA and robust enough to analyze complex chemical matrices such as
blood and urine. There may also be concerns towards obtaining isotopic data, which can give
insight into natural fractionation and uranium source information. Based upon the criterion
above, alpha spectrometry and inductively coupled plasma mass spectrometry/optical emission
spectroscopy (ICP-MS/OES) are the two gold standards for uranium analysis in water and in
bodily fluids (e.g. urine or blood) for biomonitoring. Both methods have their advantages and
disadvantages, and choosing which is most appropriate for use must account for factors such as

cost, labor, and availability.

1.3.1 Alpha spectrometry

Alpha spectrometry detects the emission of an alpha particle with an energy specific to
that of the parent material. For the natural uranium isotopes, these energies are considered
monoenergetic at 4.27, 4.67, and 4.86 MeV for 28U, U, %*U, respectively.? The area of the
peaks can be integrated to provide quantitative information on the concentration of the sample
while the energies correlate to the identity of the specific isotope. To collect quantitative data,
samples are spiked with a uranium tracer (to confirm yields) and then undergo an extensive
separation procedure to remove any radionuclides that may have overlapping energies and
interfering ions. These separations can be laborious, time consuming, and typically generate a
lot of acidic and caustic waste. After the uranium is separated, it is deposited on a planchette by

either micro-coprecipitation or electrodeposition, with both methods producing a thin layer of



uranium on the surface. These sources can then be counted in a vacuum chamber, where the
alpha particles have a direct path to hit a semiconductor surface, producing an electric signal
which can be detected and converted to isotopic information. Using the radiotracer, the
efficiency of chemical separations can be determined and thus the original uranium concentration
can be calculated based upon separation efficiencies. The benefits of this technique is that it is
can detect uranium at low levels, such as 0.3 pCi/L (150 mL samples and 300 minutes count
times), which correlates to 0.892 pg/L for 28U and 0.139 pg/L for “*U.%* Alpha spec is capable
of being detecting uranium in complex matrices and provides isotopic data, but it also requires

skilled labor, is time intensive, and generates significant quantities of waste.

1.3.2 ICP-OES/MS

ICP-OES/MS has an easier sample preparation procedure because it does not require
extensive separation processes that are necessary for the alpha spectrometry. Filtering samples
with a 0.45 um filter can separate suspended metals (metals stuck on filter) and dissolved
metals® while also removing large particles that can be harmful to the instrument. Samples are
typically acidified in nitric or hydrochloric acid to keep samples stable and dissolved in the
solution. The timing of the sample acidification can aid in determining the level of suspended
solids in solution. If you add acids to samples initially, total metals are analyzed (suspended and
dissolved). Filtering and then acidifying the sample will leave just the dissolved metal fraction
and this can be subtracted from the total to determine the concentration of suspended and
dissolved metals. Samples are commonly diluted when total dissolved solids (TDS) are present
at concentrations greater than 0.2 wt% to protect the instrument and allows for lower detection

limits.*°



Samples are introduced into the machine by nebulization in an argon carrier gas,
producing small liquid droplets. These small droplets are then ionized via electromagnetic
induction to create a plasma, which reaches temperatures between 9000 to 10,000 K.** Both
ICP-MS and ICP-OES use the same sample introduction system (ICP), but utilize different
detectors. In ICP-OES, this plasma contains ionized atoms that emit a specific wavelength of
radiation and the intensity can be correlated to the elemental abundance.® Interferences in
analysis typically occurs when elements emit overlapping wavelengths, which must either be
accounted for or eliminated from the samples. In ICP-MS, the ionized atoms are focused in an
electrical field by their mass to charge ratio (m/z), where only ions with a specific m/z make it
through to the detector.® Interferences can occur when ions become doubly charged or
polyatomic, which can typically be reduced with a collision gas or by eliminating them from the
samples. The benefits of this analytical approach are the low detection limits for uranium and
relatively easy sample preparation, but the instrumentation costs are high and require a skilled

technician for analysis due to the many potential interferences that can occur.

1.4 Technologies for removal of uranium from drinking water

Current small system compliance technologies (SSCT) for removing uranium from small
drinking water systems (e.g. homes) includes point of entry (POE) and point of use (POU)
devices. POE devices treat all of the water as it enters the home whereas POU treats water
where it is used (e.g., the tap). POE devices are typically more expensive and complex than that
of POU devices due to the larger volumes that are processed. Since uranium is only harmful
when inside the body, only drinking water is required to be treated in homes. This means that

both systems work for treating water but POE is not necessarily required since it treats more
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water than what is necessary for mitigating human health risks. Factors to consider when
choosing POE and POU systems includes capital costs, operating and maintenance schedules,
and water quality parameters among other factors.*

Existing EPA approved POU systems for uranium include anion exchange and reverse
osmosis technologies, while POE systems includes anion exchange, reverse osmosis, and
activated alumina.®* All of these systems are typically able to treat large amounts of uranium and
reduce its concentration to below the MCL. For example, Sorg® investigated the bench scale
removal of uranium in pond water using activated alumina resins. The original uranium
concentrations in the pond water were measured at 273 to 432 pg/L U (pH 7.2-8.2), but
application of activated alumina resins could reduce the uranium concentration in the treated
supply to ~1 pg/L for up to 2000 bed volumes.** Sorg was also able to demonstrate that anion
exchange columns were able to remove >90% of uranium at concentrations between 175 to 300
ug/L (pH 7.4-7.7). This study also indicated that the system was relatively robust, with this level
of uranium removal occurring over 7,500 bed volumes when using just 55 mL of resin.*
Reverse osmosis was demonstrated to have the best performance, with 99% removal of uranium
(initial concentration of 300ug/L) with no sign of breakthrough.** Although all of these systems
are capable of removing uranium to below that of the MCL, the technology can be difficult to
use with underserved populations (e.g., the Navajo Nation) due to costs and lack of
infrastructure. For example, reverse osmosis allows for great removal of uranium but requires
high operating pressures which can be costly and requires the proper piping and pumping to

allow for treatment.
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1.5 Electrospinning of polymer nanofiber mats

The aforementioned treatment technologies (anion exchange, reverse osmosis, and
activated alumina) are all efficient at removing uranium, but may not be practical choices for
those who live in areas of low infrastructure such as the Navajo Nation. Factors such as high
costs, routine maintenance, and dealing with potentially low level nuclear waste can be potential
problems. Electrospun nanofiber mats offers a potential solution to these issues with low capital
costs, little to no maintenance, and can be replaced frequently to avoid the accumulation of
uranium at levels of low level nuclear waste.

Polymer nanofiber mats are an attractive material for use as an adsorbent for a wide range

of inorganics and organic molecules.®* They have been previously used in water treatment®>**,

%236 and a variety of sensing devices* . Polymer nanofibers are

bone and tissue regeneration
desirable for many of their applications, including environmental treatment, due to their high
surface area to volume ratio, cheap and easy synthesis, mechanical stability, and high porosity.
One approach to fabricating nonwoven polymer nanofibers mats with high surface areas
for enhanced adsorption is electrospinning. An overview of the electrospinning process and
apparatus is provided (Figure 1-4). This method starts by dissolving a polymer in an appropriate
solvent to create a sol gel that can be used during the electrospinning process. The polymer
nanofibers are fabricated by pushing the sol gel through a small blunt needle with a high applied
positive voltage (~10-25 kV). This applied potential breaks the surface tension of the solution
and creates a whipping jet referred to as a Taylor cone that transforms the sol gel into the solid
nanofibers. The nanofibers deposit on a grounded collector surface, producing a non-woven

nanofiber mat structure while the solvent evaporates. This approach produces a mat that is

typically 25 cm x 10 cm with a thickness of a ~20-100 mm and can be spun with either
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hydrophobic (polyvinylidene fluoride (PVDF) and polystyrene (PS)) or hydrophilic polymers
(polyacrylonitrile (PAN) and poly(methyl methacrylate) (PMMA)).

Although some polymers like PAN have functional groups capable of metal binding (e.g.,
nitrile groups), additional functionalization of the polymer mats is typically required to improve
uptake of contaminants of interest to levels needed for treatment technologies. Functionalization
of electrospun nanofibers can be accomplished either by altering the synthesis precursor solution
(e.g., adding metal binding agents including surfactants or nanoparticles into the sol gel) or by
post-synthesis processing (e.g., reaction) of the polymer backbone itself. For example, arsenate
and chromate were successfully removed by a multi-functional nanofiber mat consisting of
ferrihydrate nanoparticles and quaternary ammonium salts (QAS) that were produced via a
single-pot synthesis using a sol gel mixture of all reagents.*® As an example of post-synthesis
processing PAN nanofibers have been modified with ethylenediaminetetraacetic acid (EDTA)
for capture of chromium and cadmium.*

For uranium uptake, post-functionalization of PAN mats has previously been explored for
treatment of contaminated water*, but less is known regarding the effectiveness of alternative
nanofiber formulations prepared via embedded surfactants or other types of binding agents
within polymers. A common post-functionalization route for PAN involves reducing its nitrile
groups to produce amidoxime groups (Figure 1-5A), which are highly selective to U(V1), thereby
generating a material that can scavenge ppm levels of uranium from seawater.?*** Surfactants
such as phosphonates have also been developed for uranium chelation and separations. Bis(2-
ethylhexyl) phosphate (HDEHP) is a widely used phosphonate based extractant for uranium used

in solvent extractions.*+*°
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1.6 Challenges for detection and treatment of uranium

1.6.1 Detection challenges

Although alpha spectrometry and ICP-MS/OES offer excellent detection limits, even in
complex chemical matrices such as urine or groundwater, they have drawbacks due to
instrumentation costs, need for highly trained personnel, and time-intensive sample preparation
and measurement. These techniques also do not provide information on the chemical speciation
(e.g., what ligands are bound to the uranyl). This information is desired to aid in risk assessment
for remediation efforts and chelation therapy.*®*" Therefore, it would be desirable to create a
new real-time detection method that is low cost, easy to use, and provides enhanced chemical
information.

A viable option for this advanced detection is Raman spectroscopy, which uses scattered
monochromatic light to uniquely identify molecules both in solution and solid-state samples. As
one wavelength of light moves through a sample, analytes shift this wavelength to that of lower
or higher energy which is unique for each molecule. Unfortunately, approximately 1 of 10’
photons that hit an analyte undergo inelastic Raman scatter, leaving it with poor detection limits
for uranium.

In order to enhance these signals, surface-enhanced Raman spectroscopy (SERS) can be
used which enhances Raman scattering by up to 10** when adsorbing analytes to rough metal
surfaces or nanoparticles.”*** The exact mechanism of this phenomenon is still debated,
although its usefulness has been exploited by scientists. For example, it has been investigated as
a potential biosensor for measuring glucose in vivo in diabetic patients with detection limits
below those established by the International Organization Standard.>® For uranium detection, it

has been found that gold nanostars (AuNS) can be used with SERS to detect uranium in aqueous
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solutions down to 0.12 pM (~28.56 pg/L),>* concentrations which are relevant for regulating
drinking water sources.

Although SERS can detect uranium at levels near the MCL of uranium, there are still
inherent concerns. There are issues with AuNS stability in aqueous solutions, which could be
further complicated in complex matrices such as urine and ground water. The ability to increase
the detection limit of U(V1) in solution with SERS is hampered by this instability and limitations
on binding. There are also inherent cost issues of having to use gold as a SERS substrate, which

hinders its economic viability.

1.6.2 Treatment challenges

In underserved populations, such as the Navajo Nation, economic and infrastructural
factors influence the ability to use POU technologies. For example, RO systems need high
operating pressures which requires the proper infrastructure, such as pumps, and is an energy
intensive process. Consequently, these high operating pressures also increases the cost of RO due
to energy costs. In order to make POU technologies viable for underserved populations, cheap
technologies that can remove uranium from complex matrices (e.g. ground and surface water)

while also being able to operate under ambient conditions (e.g. little pressure drop) are desired.

1.7 Research motivation and objectives

Currently, there are inherent issues that must be addressed before sensing of uranium
with SERS can be used to detect uranium at levels near or below its MCL. The ability to
concentrate uranium from complex matrices (e.g. urine and ground water) is required to

overcome the technological and economic factors hindering SERS. To address these issues,
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electrospun polymer mats can be developed to create a material that can selectively bind and
preconcentrate the U(VI) and remove chemical matrix interferences. AuNS can then be
deposited onto the polymer mats which will reduce the amount of AuNS used per sample.

Meanwhile, POU treatment of water in underserved populations is hindered by the costs
and infrastructure requirements of EPA approved POU technologies (anion exchange and reverse
osmosis). To make POU treatment viable in underserved populations a cheap, yet robust,
material is desired that can remove uranium from ground and surface water under conditions that
require little to no new infrastructure. Electrsopun polymer mats offer a material for POU
technologies which allows for high fluxes of water while inducing little pressure drop due to the
high surface area and porosity of the mats.

In order to maintain the affordability of materials, cheap synthesis techniques are
required. This can include cheap chemical modification, such as amidoximation, or by using
commercially available surfactants. Commercially available surfactants include phosphonic
based surfactants such as hexadecyl phosphonic acid (HDPA) and HDEHP as well as QAS such
as Aliquat 336® (Aq), which are all depicted in Figure 1-5B. HDPA and HDEHP are thought to
incorporate uranium via metal chelation due to the strong bonds formed between phosphates and
uranium. For example, phosphonic acid has been attached to the surface of TiO, or magnetic
nanoparticles, and previous work suggested that these materials have high uranium sorption
capacities (up to 1250 and 2330 mg per g of sorbent material).”>>* Comparatively, Aq is
expected to undergo anion exchange with the negatively charged uranyl in solution. For
example, strong base anion exchangers (similar to Ag) have been used to extract uranium from
sulfate, hydrochloric, nitric, and carbonate media.>**> The downside of using strong base anion

exchangers though is their dependence on uranium speciation in aqueous systems, which can
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vary depending on the ionic strength, pH, and ligand availability. All three of these surfactants
(HDEHP, HDPA, and Aq) and post-functionalization routes (AOPAN) are promising functional
agents for extracting uranium.

The overarching goals of this research project is to combine electrospun nanofiber mats
and functional binding agents (such as the ones mentioned above) to extract uranium from a

variety of aqueous systems. Specific objectives related to this goal includes:

Objective 1: Synthesize and characterize polymer nanofiber mats with incorporated functional
groups previously mentioned of post-functionalized amidoxime or HDEHP, Ag, and HDPA

surfactants.

Objective 2: Test materials in batch systems to determine influence of pH, uptake rates, and

uranium capacities on materials.

Objective 3: Test materials in dead-end filtration systems to investigate materials ability to

remove uranium under flow.

These three objectives will investigate the applicability of electrospun polymer nanofiber
mats as materials to be used for concentration of uranium from aqueous solutions onto a solid
material. In Chapter 2 the materials and methods used within this thesis are described. This
includes the synthesis and characterization of materials, experimental details, descriptions of the
materials used for experiments and the methods for obtaining data. This is followed with

Chapter 3 which displays and describes the results found and provides useful discussion of these
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results. Finally, Chapter 4 serves to summarize the conclusions made herein and the implications

of this work as well as the additional research required for technology development.
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Figure 1-1. Abandoned uranium mines scattered through the Navajo Nation area within the
four corners region of the US. Reproduced from US EPA Navajo Nation.
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Figure 1-5. Binding agents used in polymer nanofiber mats with (A) post-functionalization of
PAN to AOPAN and (B) surfactants incorporated into the polymer matrix.
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Table 1-1. Reactions of uranyl with oxyanions and their associated ligand constants

Oxyanion Reaction Logp™™’
PO,* UO,* + POs> > UO,PO, 13.25
COs* UO,* + COs” > UO,COs (aq) 9.94
S04~ UO,™ + S04~ > U0,S0, (aq) 3.40
NO; UO,*" + NOs > UO,NO,* 0.04
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CHAPTER 2: MATERIALS AND METHODS

2.1 Reagents

All reagents were used as received. Polymers used in electrospinning were
polyacrylonitrile (PAN; MW 150,000, Aldrich) and polyvinylidene difluoride (PVDF; MW
180,000, Aldrich). Solvents used to dissolve polymers included N,N-Dimethylacetamide (DMA;
99.8%, Aldrich), N,N-dimethylformamide (DMF; 99.85%, BDH Chemicals), dimethyl sulfoxide
(DMSO; >99.9%, Fisher Scientific), acetone (>99.5%, Aldrich), and glacial acetic acid (GAA;
>99.7%, Fischer Scientific). Surfactants added to precursor solutions were Aliquat® 336 (Adq;
Alfa Aesar), bis(2-ethylhexyl phosphate (HDEHP; 97%, Aldrich), and hexadecyl phosphonic
acid (HDPA,; 97%, Aldrich). Batch experiments were conducted in 10 mM HEPES buffer
(>99%, Aldrich), calcium chloride dihydrate (99%, Fisher Scientific), calcium nitrate
tetrahydrate (99%, Aldrich), sodium bicarbonate (99.7%, Fisher Scientific), or Surine™
Negative Urine Control (Cerilliant). Amidoximation of PAN mats used hydroxylamine

hydrochloride (98%, Aldrich) and sodium hydroxide (97.0%, Fisher Scientific).

2.2 Electrospinning of polymer mats

2.2.1 PAN-PVDF composite

To enhance the mechanical stability and handling of PAN nanofiber mats, a composite
material was created to have a PVDF backbone. The PVDF layer of the composite material, 12
wt% PVDF was dissolved in DMA and acetone (3:7 volume ratio) by mixing at 60°C for 2 h at
700 rpm (Eppendorf ThermoMixer C). For the PAN layer of the composite, 7 wt% PAN was
dissolved in DMF by mixing at 60°C for 2 h at 700 rpm. Six mL of the PVDF sol gel was added

to a 12 mL plastic syringe (HSW Norm-Ject) that was subsequently loaded onto a syringe drive
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(New Era Pump Systems, Inc.). A polyethylene (PE) 1/16” female luer lock fitting was
connected to the syringe and a 2.0 mm ID PE tube was attached to the lock fitting. The tubing
was then connected to a metal nozzle adapter (NanoNC Co., Ltd) by another PE 1/16” female
leur lock fitting and a %2” 25G needle attached to the other end of the nozzle. A distance of 10
cm was created between the end of the needle tip and the surface of a 9-5/16” circumference
metal drum collector (SPG Co., Ltd; Korea). The metal drum was grounded and covered in Al
foil for collection of the electrospun polymer composites. PVDF was electrospun first by eluting
the polymer solution through the needle at 0.4 mL/h with a positive voltage of 21 kV applied at
the needle tip (high voltage AC to DC converter, Acopian) and the grounded collector (Dingtuo
Technology) rotating at 500 rpm. After completion of PVDF layer, six mL of the PAN solution
was electrospun at 0.3 mL/h and 15 kV, with all other fabrication parameters being identical to
those described for PVDF. The resulting material was a composite containing 50 wt% PAN and
50 wt% PVDF. The two-layer polymeric composite was removed from the Al foil with tweezers
to prevent tearing and used in subsequent processes (e.g., amidoximation) without any additional

modification.

2.2.2 PAN with surfactants

Surfactants used to target uranium were HDEHP, Ag, and HDPA due to their previous
uses for uranium extraction. Mats containing Aq or HDEHP were prepared with 7 wt% PAN
and either 1, 2, or 3 wt% of Aq or HDEHP dissolved in DMF. The solutions were stirred at 60°C
for 2 h at 700 rpm to ensure complete dissolution of the surfactants and a homogenous solution.
Due to HDPA not being soluble in DMF, mats containing HDPA were prepared with 6 wt%

PAN and either 0.5 or 1 wt% HDPA dissolved in DMSO. Again, the HDPA was dissolved by
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stirring the solution at 60°C for 2h at 700 rpm. All PAN mats modified with surfactants were
electrospun using the same fabrication conditions described previously for layers of PAN on

PVDF.

2.3 Amidoximation of polymeric mats

This protocol was originally reported in Horzum et al.?* and optimized by varying
temperature (20 or 30 °C), reaction time (24 or 48 hours), and solution exchanges (reacted in
either one or two fresh solutions). A PAN-PVDF mat (2 g/L of mat, 1 g/L of PAN, ~0.65
cm?/mL) was placed into a glass dish containing a solution of 15 g/L hydroxylamine
hydrochloride (0.216 M) and sodium hydroxide (0.375 M) with the PAN side of the mat on the
surface of the solution. A lid was placed on the glass dish, which was then placed into a 30 °C
water bath for 24 hours. Afterwards, the mat was rinsed extensively with DI water to remove
any remaining salts; all mats were rinsed until the samples of the wash water were at the same

pH of DI water. Mats were then left to dry for 12 hours in air prior to use in any experiments.

2.4 Characterization of polymeric mats

Electrospun fibers were sputter coated with a thin layer of Au/Pd (Emitech Sputter Coater
K550) and characterized by scanning electron microscope (SEM) (S-4800, Hitachi). Average
fiber dimensions (e.g., diameter) were determined using ImageJ software, with at least 100 fibers
imaged and measured for determination of averages (with standard deviation). Amidoximation of
the PAN fibers was confirmed via Fourier Transform Infrared Spectroscopy (FTIR; Nicolet™
iIS™ 50 FTIR Spectrometer) while PAN fibers with surfactants were also scanned to investigate

their incorporation into the mats. The sample was loaded into the chamber and purged with dry
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air and nitrogen. Single beam scans with 128 sample scans, 1 background scan, and a resolution
of 2 cm™ were taken. Specific pore volume (13-point analysis) and surface area (7-point
analysis) were measured by N,-BET adsorption isotherms on a Quantachrome NOVA 4200e

Analyzer. Samples were degassed for at least 12 hours prior to analysis.

2.5 Uranium uptake experiments

2.5.1 Batch uptake

Sorption isotherms experiments were conducted in 50 mL plastic conical vials. Solutions
were prepared by diluting a 1000 mg/L depleted uranium (SPEX CertiPrep) stock to
concentrations of 0.1, 0.5, 1, 5 and 10 uM U. Depleted uranium is any uranium that has a mass
percent of “®U greater than that found in nature (99.28%). U uptake was monitored using a
radiotracer, with a 3.5 Bq spike of **U (NIST traceable standard, Eckert & Ziegler) per 20 mL
of solution. Chemical matrices consisted of either Milli-pure water, 10 mM HEPES, 500 mg/L
Ca®*, 500 mg/L HCOj3 or Surine™ Negative Urine Control (Cerilliant). All solutions except for
Surine™ were pH-adjusted to either pH 2 or 6.8 using 5 N NaOH or 5 N HNOs. For Surine,
uranium was added to the solution, which was then pH adjusted back to its ambient pH. After pH
adjustment, the U-containing Surine was left to sit for 24 hours prior to use to ensure stability of
U over time. Isotherms with HDPA- and HDEHP-modified PAN were collected at pH 2 while
isotherms for Ag-modified PAN and AOPAN were collected at pH 6.8. Minimal pH drift was
observed (<0.1 pH units) during the 16 hour reaction period. Mats were added to conical vials at
a constant mass of 0.25 g/L (~0.25 cm?/L) and incubated for 16 hours. Afterwards, mats were

removed from the solution and analyzed for sorbed uranium content as described below.
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Sorption isotherms were characterized by sorption models and parameters were fit to
experimental data. Freundlich isotherms [Ceorpeq = Kf-(Caq)l’”, where Ky is the Freundlich
isotherm parameter an n is the degree of linearity], were linearized in excel and parameters
calculated with linear regression at the 95% confidence interval.

Kinetic and pH edge experiments were conducted in identical systems to those described
for isotherm experiments. Kinetic experiments were tested at an initial U concentration of 10
uM at either pH 2 (Milli-pure H,O) or pH 6.8 (10 mM HEPES) for each respective binding
agent. Mats were added to reactors and left to react for 0.2, 0.5, 1, 2, 8, and 16 hours prior to
analysis.

For pH edge experiments, systems were assembled at initial pH values ranging between 2
and 7 (Milli-pure H,O pH adjusted with 5M NaOH or HNO3). Uptake of U as a function of pH
was measured at initial U concentrations of 1 and 10 uM and reacted for 16 hours. The final pH
value of each reactor was recorded to measure pH drift during incubation, which was typically
<0.5 pH units. Reactors with pH’s between 4 and 6 tended to show the largest amount of pH

drift with minimal drift at pH 2-3 and 7.

2.5.2 Flow through uptake

The performance of select nanofiber mat formulations was also evaluated in a dead-end,
flow-through filtration system (Figure 2-1) to simulate their application in water treatment. The
filter holder (Cole-Parmer) had a 25 mm outer diameter with an active filtration area of 3 cm*
Mats were cut to fit within this holder and typically weighed ~12 mg per layer of mat. Flow-
through conditions were created using influent flowrates of 0.4 or 0.8 mL/min (80 or 160 LMH,

respectively) driven by a 60 mL syringe (B-D) loaded on a syringe pump (New Era Pump
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Systems, Inc.). Filters were pre-conditioned with 20 mL of a 10 mM HEPES solution (pH 6.8)
followed by either 120 or 240 mL of a 1 uM U (0.24 ppm) solution in 10 mM HEPES at pH 6.8.

Effluent was collected in 3 mL samples for every 10 mL interval of filtered solution.

2.6 Uranium analysis

2.6.1 Analysis of batch uptake

Initial solution’s radioactivity concentrations were measured by adding 2 mL aliquots
from each reactor and 10 mL of Ecolite scintillation cocktail (MP Biomedicals) into a 20 mL
scintillation vial. Sorbed uranium was measured by removing the mat from the reactor and
placing them into a 20 mL scintillation vial with 10 mL of Ecolite scintillation cocktail. Vials
were shaken and left overnight to dark adapt (energy in scintillation cocktail from light is able to
leave) and provide ample time for the polymer mats to dissolve in the scintillation cocktail.
Samples were then counted on a liquid scintillation counter (LSC; Packard 1600CA Tri-Carb
Liquid Scintillation Analyzer) for 40 minutes. The range of 100 and 2000 keV was used to

exclude beta signals produced by daughter isotopes, **Th and #**Pa.

2.6.2 Flow through uranium analysis

Uranium samples were acidified with 2% HNO; (trace metals grade, Aldrich) and filtered
with 0.45 pm filters prior to analysis on an Agilent Technologies 7900 ICP-MS. Argon was
used as the carrier gas in low matrix mode and no collision gas. Masses 7, 89, and 205 were
used for tuning of the machine prior to running calibration standards and samples in triplicate.

299Bj was used as the internal standard at a concentration of 10 ppb.
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Feed Solution (C,)

. 1 uM U (240 ppb) .
- 10 mM HEPES (pH E
6.8), unless stated .

Filter Holder
25 mm filter
. 3 cm? active area

Effluent (C)
. Analyzed by ICP-MS
. 0.8 mL/min, unless
stated

Figure 2-1. Flow through experiment setup with the feed solution (purple),
filter (green), and effluent (red) depicted.
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CHAPTER 3: SYNTHESIS AND PERFORMANCE OF ELECTROSPUN POLYMER
MATS FOR URANIUM CAPTURE

3.1 Synthesis details

The functional binding agents used, shown in Figure 1-5, all created soluble and
homogenous sol gels in polyacrylonitrile (PAN) except for hexadecyl phosphonic acid (HDPA).
Upon heating, mixtures of HDPA and PAN formed a clear solution, but HDPA was relatively
insoluble and precipitated, creating a heterogeneous, but stable, suspension when the mixture
was cooled to room temperature. Due to the insolubility of HDPA in DMF, DMSO was required
as a solvent to create a sol gel. Upon dissolving PAN in DMSO (vacant of HDPA) a stable sol
gel was created, even when cooled, confirming that the addition of HDPA is causing the
instability of the sol gel.

During electrospinning, mats containing Aliquat® 336 (Aq) would deposit over a wider
area than unmodified PAN, under otherwise identical synthesis conditions. Because the same
amount of sol gel was used both with and without Aq, this resulted in Ag-containing mats that
were thinner than unmodified PAN. In contrast, inclusion of HDPA and bis(2-ethylhexyl)
phosphate (HDEHP) created mats that deposited over a smaller area than unmodified PAN,
producing HDEHP-containing mats that were generally thicker.

Hereafter, materials will be denoted as ‘PANX-SURFACTANTY’, where x and y denote
the wt% of PAN and the surfactant in the sol gel, respectively. PAN dissolved in either DMF or
DMSO will be denoted by a 6 or 7, respectively. PAN7 in DMF created more flexible mats
whereas PANG spun in DMSO typically created slightly stiffer mats which was an artifact of the
solvent used and not relating to the wt% of PAN in the sol gel. This difference in flexibility is

similar to the results reported by Kizildag et al, which found that PAN mats spun with DMSO

32



had higher breaking stresses relative to mats produced in DMF (breaking stresses of 10.58 for

DMSO mats versus 1.56 MPa for DMF mats, respectively).”®

3.2 Characterization of synthesized nanofibers

All synthesized materials were further characterized to determine their physical and
chemical properties and ensure reproducibility across synthesis methods and batches (e.g., day to
day variations). Characterization included Fourier Transform Infrared Spectroscopy (FTIR) to
verify the identity of the polymer and confirm the presence of integrated functional groups In
addition, the nanofiber morphology and diameter was examined via scanning electron
microscopy (SEM) and specific surface area and pore volume measurements for each material

were conducted via No-BET isotherm analysis.

3.2.1 Morphology of nanofibers

The particular solvent (DMF or DMSO) used for the electrospinning process resulted in
changes in the morphology of the nanofibers. When DMF was used as a solvent, all mats were
synthesized as smooth fibers and exhibited no beading (Figure 3-1). DMSO exhibited more
variability from batch to batch with a majority of nanofiber batches possessing smooth and bead-
free morphologies whereas a small subset of fabrication attempts displayed beading (ball and
chain like structure). Morphological differences between spinning with DMSO instead of DMF
may be attributed to different solution properties, such as volatility and viscosity, which has
previously been shown to affect morphology of electrospun nanofibers.** At room temperature
(20 °C), DMSO has a lower vapor pressure than DMF (0.42 mmHg compared to 2.7 mmHg,

respectively)® while PAN exhibits higher viscosity when dissolved in DMSO than DMF (4.48 to
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0.53 Pa-s, respectively).>” The lower vapor pressure of DMSO and increased viscosity should
create smaller fibers as well as reduce beading.”®
Harder to control environmental parameters, such as relative humidity (RH) may also

alter the ability to consistently synthesize homogeneous fibers.** The RH was monitored during
electrospinning of the PAN and modified PAN fibers was consistently measured at 16%.
Unfortunately, the RH gauge available in the laboratory reports a minimum RH value of 16%,
followed by 3% intervals from 21 to 80%, meaning the actual RH could have been below 16% or
up to 21%. It is important to monitor changes in RH because this environmental variable can
inhibit solvent evaporation and an increase in RH can results in larger nanofiber dimensions and
pore volumes.®® Grothe et al. previously demonstrated that RH was the most critical parameter
when spinning PAN in DMSO because mats could not be synthesized if the RH value rose to a
certain threshold, although the RH when this occurred was not reported.>®

Amidoximation of PAN fibers caused no change in the nanofiber morphology, which is

similar to observations reported by Horzum et al.#

This may be a result of the post-synthetic
modification, which only impacts the surface of the polymer nanofiber. The inclusion of
HDEHP and Aq into PAN also resulted in smooth fibers. The addition of charged surfactants
has been previously shown to increase sol gel conductivity which helps in decreasing nanofiber
sizes and reducing beading although Peter et al. has shown that at higher surfactant loadings
(~15-40% wt/ wt PAN) these benefits can be negated due to increased viscosity which offsets the
benefits from a more conductive sol gel.*® Aq fibers typically produced hair-like structures

(denoted by white arrows in images), which became more prominent as the surfactant wt% was

increased.
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3.2.2 Nanofiber dimensions

Diameters of the nanofibers produced with DMF were determined via SEM imaging of
100 fibers (Figure 3-2). PANTY creates fibers with the smallest diameter at 110 + 20 nm, where
these values represent the mean and standard deviation from SEM sizing analysis. Nanofiber
diameters were unchanged after amidoximation (110 = 30 nm) and uranium uptake (120 £ 20
nm). This invariance in nanofiber diameter after functionalization and U capture was also
previously reported by Horzum et al.**

Unlike with amidoximation, changes in nanofiber diameter were observed upon the
introduction of surfactants. Inclusion of Aq and HDEHP into PAN mats produced an increase in
nanofiber diameter compared to that of unmodified PAN (Ag-containing nanofibers ranged from
130 + 40 to 160 + 30 nm, while HDEHP-containing nanofibers ranged from 150 £ 30 to 190 +
40 nm). Addition of surfactants changes the physicochemical properties (e.g., viscosity,
conductivity, and surface tension) of the precursor solution, which ultimately influences the
morphology of the resulting fiber. For example, relatively low (<1 wt%/ wt sol gel) mass
loadings of surfactants have been shown to improve sol gel conductivity and decrease bead
formation and nanofiber diameters.®® At higher mass loadings of surfactants, these benefits can
be negated due to increased viscosity.®*

DMSO-based precursor solutions produced similarly sized nanofibers. For example,
SEM imaging of PANG revealed a mean diameter of 110 + 20 nm. With the inclusion of HDPA
into the sol gel with DMSQO, there was no apparent change in nanofiber diameter (HDPA-

containing fibers had diameters of 120 £ 20 nm).
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3.2.3 Surface area and pore volume

The specific surface area and pore volume for select materials was determined by N-
BET isotherms (Table 3-1). The specific surface area and pore volume of all materials were
similar (ranging between 15 to 21 m%/g for surface area and 27.7 to 39 10" mL/g for pore
volume) except for that of PAN7-HDEHP1. The surface area for PAN7 remained the same after
the amidoximation process, which is expected as only the polymer backbone is changed during
the post-synthetic reaction. The inclusion of Ag and HDPA into PAN mats resulted in little to no
change in its specific surface area compared to unmodified PAN, but inclusion of HDEHP
surfactant resulted in a decrease, although the reason is unknown and merits future investigation.
Specific surface areas and pore volumes for unmodified PAN mats (synthesized in DMF) from
Peter et al. were 18.8 + 0.3 m? g and 0.045 + 0.005 mL g™, respectively, which are similar to

the results found here.®?

3.2.4 Infrared spectra of polymer mats

FTIR spectra of PAN7, AOPAN7, PAN7-HDEHP1, PAN7-Aqgl, and PAN6-HDPAOQ.5
are shown in Figure 3-3, with analysis of functionalized materials for U capture providing
evidence of either amidoximation or surfactant inclusion. As a baseline for comparison, the
FTIR spectra of PAN7 has aliphatic peaks at 2940 cm™ and 1460 cm™, along with a
characteristic peak at 2400 cm™ associated with the C=N stretch.** The band at 1670 cm™ is not
observed in the FTIR spectra of the PAN polymer provided by the manufacturer (Sigma
Aldrich), suggesting this feature may be attributed to a C=0 stretch from residual DMF left

within the polymer matrix or from natural oxidation of nitrile to carbonyl.?*%°
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Amidoximation was confirmed with the addition of a broad band between 3000-3700 cm’
! after functionalization, which is indicative of stretching from -NH and -OH groups. Further, a
peak appearing at 1610 cm™ can be attributed to the formation of -NH, groups while the peak at
1670 cm™ may be attributed to the formation of —C=N or from carbony! groups due to oxidation
of nitrile or residual DMF.?*%*% Thijs spectral characterization of amidoximated PAN is
consistent with FTIR results also obtained by Horzum et al 2

The incorporation of all surfactants (HDEHP, Ag, and HDPA) resulted in the appearance
of a band at 2850 cm™ that can be assigned to the asymmetric stretch of -CH, This peak does
not appear in the spectrum of unmodified PAN and has been used previously to identify Ag and
HDEHP in a polymer matrix of polyvinyl chloride (PVC).%® Aq has strong bands from
symmetric stretching of ~CH3 and —CH, between 2956 and 2926 cm™, respectively, but these
cannot be distinguished from PAN at a similar wavelength.®® Unique to HDEHP is a strong
absorption band at 1034 cm™ that originates from the bending of the -C-O-P- bond.®® FTIR
spectra of free octadecyl phosphonic acid (2 carbon atoms longer than HDPA) shows
characteristic and strong intensity bands at 3795 and 1324 cm™ that corresponds to —~OH and
P=0 stretching, respectively.®” Notably, these bands were not found with the inclusion of
HDPA, which produced no new spectral features compared to that of unmodified PAN.

Some characteristic spectral features of these surfactants (e.g., hydroxyls in HDPA and
HDEHP) may not be present in the IR spectra due to their low abundance (8-15% wt /wt PAN)
in the polymer, which would lead to a weak signal and low signal to noise. Accordingly,
additional spectra were collected on samples with at highest surfactants loadings (>20 wt% / wt
PAN). However, these spectra (not shown) only resulted in greater intensities of asymmetric

stretching from —CH. in all surfactants and the —C-O-P- band from HDEHP, but no new
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characteristic peaks of the surfactant were observed in the spectra collected at these elevated

mass loadings.

3.3 Performance of materials in batch systems

3.3.1 Kinetic uptake

Kinetics studies were conducted to determine rates of uranium uptake on each material
and the time necessary to achieve sorption equilibrium (i.e., when solution phase concentration
no longer changes over time) (Figure 3-4). All materials showed relatively rapid uptake over ~2
h. Time to equilibrium for each material varied, with Ag and HDEHP mats reaching equilibrium
at 2 hours and AOPAN achieving steady-state near 16 hours. HDPA followed a much slower
period of uptake and never reached equilibrium during the course of the experiment. After 16
hours, the sorbed fraction of U bound to the mats decreased in the order of HDPA > AOPAN >
HDEHP > Aq, where the total percent of uranium removed from the aqueous phase was ~90, 75,
45, and 25%, respectively.

Prior studies with AOPAN nanofibers showed similar uptake rates (1 g mat L™; initial
uranium concentration of 100 mg/L; pH 4) in batch systems, with rapid uptake in the first 1.3 h,
followed by equilibration after 3 hours.®® Similarly, phosphate functionalized polyethylene
nanofibers also had similar uptake rates compared to our HDPA-functionalized materials (0.2 g
mat L'; initial uranium concentration of 50 mg/L; pH 8.2), with rapid uptake in the first 6 hours

and maintained sorption percent at any longer reaction periods.*®
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3.3.2 Effect of uranium uptake with varying pH

Materials were tested over a broad pH range (2-7) spanning conditions representative of
acid mine drainage to surface and ground waters. These studies were conducted to establish the
materials’ treatment efficacy for uranium removal as a function of the speciation of both the
surface functional groups of embedded binding agents and soluble uranium. Environmentally
relevant uranium concentrations of 1 and 10 uM® UO,** (Figure 3-5) were used throughout all of
the sorption experiments.

At an initial U concentration of 10 uM (Figure 3-5A), HDPA mats exhibited high uptake
(>60% of total U) over the entire pH range. The highest uranium removal with HDPA-
functionalized materials occurred at pH 2 (~95%) while the lowest uptake was at pH 5 (~60%).
AOPAN achieved relatively low removal at pH 2 (~40%), but U removal increased with pH,
producing relatively high and constant removal between pH 3 and 7 (~80%). HDEHP-
containing mats exhibited opposite behavior relative to AOPAN; its highest uptake at pH 2
(~50%), but U removal decreased rapidly at pH 3 (< 20%) and was maintained at this low level
for all pH values above 3. Finally, Ag-containing materials exhibited the lowest removal overall
(between 0-15%), but U uptake did modestly increase with increasing pH values.

At an initial U concentration of 1 uM (Figure 3-5B), different U removal trends were
observed for some, but not all, materials. Trends in pH-dependent U uptake at 1 uM were
comparable to those observed at higher initial U for HDEHP- and Ag-containing materials.
Once again for HDEHP, the best performance occurred at pH 2 (~50% U removal) followed by
much lower but constant removal (< 10%) at pH 3 and above. Likewise, Ag-containing mats
exhibited low but steadily increasing removal with increasing pH, although a higher maximum

percent removal was obtained at 1 uM of initial U (30% removal) compared to the 15% removal
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at an initial U of 10 uM. It should be noted that even though the percent of uranium removed at
the lower U concentration was greater than that of the higher U concentration, the total mass
removed (and thus sorbed on the mats) was greater at the higher U concentration (~1 pg/mg)
than at the lower U concentration (~0.3 pg/mg).

In contrast, AOPAN and HDPA-containing mats exhibited different pH-dependent
performance at low initial U relative to high initial U systems. For AOPAN, this difference was
only observed at higher pH values (pH >5). Specifically, whereas removal was relatively
constant (~80%) above pH 5 in high U systems, uptake decreased steadily from pH 5 (~80%) to
pH 7 (~40%) in low U systems. A much greater difference in performance between low and
high concentration U systems was observed with HDPA. While HPDA removal at 10 uM U was
always greater than 60%, removal in low U systems was a maximum at pH 2 (~50% U) and
decreased steadily until pH 4 (~10%), above which uptake was negligible.

We propose that the difference in performance between low and high U systems for
AOPAN and HDPA-containing mats reflect removal via surface precipitation at high U
concentrations. For AOPAN, we suspect this precipitation is driven by the relatively high pH and
elevated near-surface concentration of U on the nanofibers (recall, differences in performance
were only observed above pH 5). For HDPA, evidence of precipitation is observed across a
wider pH range. Uranyl phosphate complexes are known to have very low logKs, values (-49.00
to -53.33)"° compared to that of hexavalent uranyl hydroxides (-21.75 to -24.10)"* and uranyl
carbonates (-13.29 to -14.91),” which enables uranium phosphates to precipitate in even acidic
solutions. This behavior has been seen before with phosphate-functionalized TiO,, where an
insoluble sodium autunite (NaUO,PQO,) complex formed after uranium sorption in acidic

solutions (pH 2).>* The mechanism of uptake was described as a combination of absorption and
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surface complexation that shifts to surface precipitation; this scenario seems consistent with the
likely removal mechanism on HDPA mats.

For nanofibers without evidence of surface precipitation, trends in pH-dependent removal
lend insight into the mechanism of U binding on the functionalized nanofiber. For example,
while HDEHP performs similarly at both high and low initial U concentrations, its sorption
capacity is reduced considerably above pH 3. HDEHP has a pKa of 1.47,”% and thus will become
increasingly more deprotonated at pH 2 and above. Notably, while HDEHP become more
anionic from pH 2 to 3, U removal decreases from 50% to ~10% over this same pH range. Thus,
U removal does not appear to proceed via a purely electrostatic mechanism (i.e., positively
charged UO,** bound by negatively charged HDEHP sites). This means that U uptake can occur
by exchange of H* during urany! coordination which has been previously observed.” Also,
hydrolysis of UO,?* should not be affecting uranium uptake with HDEHP because hydrolysis
products are not abundant until pH 4 for solutions containing 1 or 10 uM U(V1) (Figure 3-6). As
a final consideration, the chemical differences between HDEHP and HDPA may provide insight
regarding the mechanism of uranium uptake. HDEHP is a phosphonate that contains only one
hydroxyl group available for uranium binding, whereas HDPA has multiple hydroxyls that allow
it to chelate and precipitate uranium similar to the phosphate anion.

At both low and high U, Ag mats resulted in a slight increase in uranium uptake as pH
increases. This behavior likely reflects that the uptake of Aq is dependent on the fraction of
anionic uranyl species present in solution. Aq is positively charged across the pH range
investigated, and as a strong base ion exchanger, it has been shown to scavenge negatively
charged uranium species from high ionic strength acid mine wastes.*” We therefore hypothesize

that anion exchange is the main mechanism for uptake of uranium on Aq mats, but further
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verification of this mechanism is warranted. In fact, for pure aqueous systems, anionic uranyl
species (e.g. UO,(OH)3") should not be formed until ~pH 7 (Figure 3-6). Furthermore, while
negatively charged species can form in the presence of carbonate (e.g., (UO,),CO3(OH)3 can
form as early as pH 4), these anionic carbonate species are only produced at dissolved CO;
concentrations higher than those in our current systems.”* Nevertheless, because increased
uranium removal on Aq mats typically occurred as early as pH 3, the dissolved U speciation may
not be entirely understood in our experimental system or an unknown mechanism of uptake is at
play.

For AOPAN, the binding mechanism for uranium to amidoxime is still widely disputed,
with arguments for either monodendate (binding with either N or O) or bidentate (binding to
both N and O) complexes in prior investigations.”® Pekel et al. suggested that deprotonation of
the imine group was important for chelation to uranyl by exchange of H* with UO,** while
Hirotsu et al. reported that ligand exchange (and ion exchange of H* depending on pH) occurs

during uranyl uptake when it is accompanied with a ligand.”®"’

In both high and low U systems
at pH 2, similar uranium removal occurs (~ 40%) with 100% of the uranyl species being UO,**
(Figure 3-6) suggesting that the high H* concentration competes with UO,%* in the amidoxime
group. A decrease in the H" concentration (increase in pH) allows for UO,** to compete with H*
in the amidoxime site which results in ~80% U removal between pH 3 and 5 at both high and
low U concentrations. It should be noted that in the high and low U concentrations tested (1 and
10 uM) hydrolysis of UO,*" starts at pH 4 and is no longer the dominant species by pH 5. In
higher concentrations, insoluble UO,(OH),.H,0 is the dominant species by pH ~5.5 which may

be precipitating on the surface as seen at pH 6 and 7 with U removal of ~80% still. This is

contrasted with low initial U concentrations in which U removal is reduced with increasing pH
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(~ 70% at pH 6 and ~40% at pH 7). The decreased uptake may be indicative of speciation
changes that occurs beyond pH 5 where UO,OH" is the dominant form at pH 5 and 6 (~50% and
~40% of total U, respectively) followed by UO,(OH),.H,0 at pH 7 (~90% of total U). Since
ligand exchange is expected to occur in these regions, the lower uptake may also be due to
slower kinetics involved with ligand exchange.”” Based on the results herein it seems that uranyl
uptake is pH dependent at pH 5 and below, where UO,** competes with H*, while being
speciation dependent at pH’s greater than 5 due to hydrolysis products of UO,*".

We note that IR spectra were also collected after uranium uptake experiments (not
shown) to explore the nature of bound uranium on each mat. Unfortunately, this analysis did not
produce any signals specific to uranium. This is likely attributable to FTIR being a bulk
analytical approach, while most of the uranium is expected to be bound on the nanofiber surface.
For example, even at the highest sorbed uranium content we observed, the final mass of uranium
on these mats represents between 0.1 and 1 wt% of the total mass (sorbent plus U) available for
analysis. Thus, the majority of the signal generated during FTIR analysis is associated with the
bulk polymer and functionalization agents because they comprise the majority of the system

mass.

3.3.3 Materials capability for uranium capture over varying uranium concentrations

Sorption isotherms (Figure 3-7) can be useful for determining a material’s capacity and
the appropriate models (e.g., Langmuir and Freundlich) that can be used to describe their
behavior as a sorbent. Materials were tested over a range of uranium concentrations that varied
from just below its MCL in drinking water (0.1 uM) to the more extreme levels of uranium

contamination that may be present in some affected water resources (10 pM).® HDPA and
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HDEHP were both tested in acidic conditions (pH 2) because those are the conditions where they
exhibited the best performance. Isotherm experiments with Aq and AOPAN were conducted at a
pH of 6.8, as these conditions are more representative of surface and drinking water samples
while also being a pH that both Ag and AOPAN performed well in.

Overall, a trend of increasing solution phase U concentration resulted in a nearly linear
trend of increased sorbed U concentration for all materials. This linear trend lacks a clear
plateau which is used as an indicator of monolayer sorption, an assumption made for Langmuir
isotherms. Consequently, this lack of plateau results in the maximum sorbed uranium content on
the mats to occur at the highest initial uranium concentration (10 uM) which gave 4.4, 7.5, 1.4,
and 6.1 ug/mg mat for HDEHP-, HDPA-, Ag- and AOPAN mats, respectively. In comparison,
these sorbed uranium loadings are dramatically lower compared to capacities reported for other
nanofiber mats. For example, AOPAN nanofibers with a PS core shell had a maximum sorbed
content of 137 pg/mg (1 g mat L™ initial uranium concentration of 100 mg/L; pH 4)* and
phosphate functionalized polyethylene had a maximum sorbed content of 176.6 ug/mg (0.2 g
mat L™; initial uranium concentration of 50 mg/L; pH 8.2).%° The similarity in these materials to
AOPAN and HDPA synthesized herein suggests that greater uranium uptake can occur, although
testing in similar conditions is required obtain a plateau that shows our materials are reaching a
form of capacity. Strong base anion exchangers, similar to Ag, have not been used for uranium
uptake in nanofibers but show high uptake in resins at ~50 pg/mg in groundwater (initial
uranium concentration of 1,200 ug/L; pH 6.5; flow through system).*’

In order to model these systems, Freundlich isotherms were fit to the data to determine
their model parameters (Table 3-2). The Freundlich isotherm model [Csorped = Kf-(Caq)l’”, where

Kt is the Freundlich isotherm parameter and n is the degree of linearity] is an empirically derived
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model and can be used to describe either mono- or multilayer sorption mechanisms. The
parameters for the Freundlich isotherms have relatively high standard deviations, which may be
from the relatively small number of concentrations (n = 5) used to construct isotherms. Due to
the linearity of uptake of the isotherm (i.e. uptake percent stayed relatively the same across all
concentrations) all materials seem to be best described by the Freundlich model although testing
at higher U concentrations may give better insight into what model fits best since no plateau was

formed which can aid in guiding model fits.

3.4 Performance of materials under dead end filtration conditions

Break through curves, plotting normalized U concentration (i.e., effluent concentration
normalized to influent concentration; Co,/Cin) as a function of volume of water treated (Figure
3-8), were used to examine how functionalized nanofiber mats perform under flow conditions
more representative of water treatment. Complete breakthrough occurs when the effluent
concentration is equal to that of the influent (Cou = Cin), Which means either that the materials
are saturated (i.e., all binding sites are occupied and thus not capable of removing any more
uranium) or that timescales for U uptake on the remaining available surface sites are far slower
than the residence time for U in the mat system. With an influent concentration of 1 uM U (238
ug/L) at pH 6.8, we note that any normalized concentration above ~0.1 would be considered
above the MCL for uranium. The fluxes used ranged from 80 to 160 LMH (0.4 to 0.8 mL/min; 3
cm? active area) which was at the high range for ultrafiltration (80 LMH) and low end of
microfiltration (160 LMH). To increase the mass of the filters used for treatment, thicker filters
were created by stacking extra layers of material with the same effective filtration area, thereby

increasing the residence time for U-containing influent within the nanofiber mat.
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For AOPAN, the lowest mass tested did not show complete breakthrough but produced
approximately constant, incomplete removal of U (Coyt ~0.6Cjy). Increasing the mass of AOPAN
(from 13 mg to 26 mg by adding a second filter layer) resulted in near complete removal of
uranium. In contrast, while all Ag mats had an initially brief period of good uranium removal
(Cout < ~0.1Cjy), effluent concentration levels for U rapidly increased thereafter to a level near
complete breakthrough (with Coy > 0.8Cj,) after 15 to 40 mL of treated water volume. This
general trend was observed even at higher Aq filter masses or at lower water flux (both of which
increase contact time between U and Ag mats). Meanwhile, HDPA mats removed more than
90% of the U under the same flow through conditions as AOPAN (11.5 mg verse 13 mg). We
note that for all materials tested, the effluent concentrations were quantifiable and above that of
the detection limit for ICP-MS, meaning that complete removal of U(IV) was not observed for
any mat under flow.

Based on these results, U uptake on AOPAN appears kinetically limited under our
experimental conditions. At lower mass (13 mg), breakthrough is effectively steady-state;
complete saturation of the filter did not occur (i.e., there was always some residual capacity for
U removal), but effluent U concentration was not zero nor was it changing over time. At the
conclusion of the experiment, the mass of U captured on the filter was 0.87 ug/mg at 120 mL
treated water, which is well below the maximum sorbed concentration of 6.1 ug/mg observed in
batch isotherm experiments. This suggests that AOPAN materials still have considerably more
sites available for U binding. When more mass is added to the filter (from 13 mg to 26 mg) then
the contact time between the U-containing solution and the AOPAN increases, which results in
near-complete removal of U from the 120 mL sample volume. A second run of a 26 mg filter

over 240 mL of water treated revealed that AOPAN was still able to remove more than 90% of
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the influent uranium. This sample still hadn’t reached saturation and contained the highest
sorbed content of U on AOPAN (2.62 ng/mg) which is ~40% of the max uranium sorption found
in batch (6.1 ng/mg). This suggests that AOPAN mats are kinetically and not capacity limited.
Ag mats were more susceptible to higher effluent concentrations relative to AOPAN.
When the effluent concentrations did stabilize, they usually remained between 80 and 90% of the
influent concentration. Increasing the mass of the mats (from 12 to 24 mg) resulted in the
effluent concentration reaching 90% of the influent concentration at a later treated volume (from
20 mL to 40 mL), corresponding to an increase in total U removed from 5.4 to 6.2 ng. When the
mass of the filter was held constant (at 24 mg), but the flowrate was decreased (from 0.8 mL/min
to 0.4 mL/min), the effluent concentration decreased from 90 to 80% of the influent
concentration, which occurred after 40 mL of treated solution volume. This corresponds to a
slight increase in the total mass of U removed from 6.2 at higher flow to 6.6 ug at lower flux.
We also explored the importance of the Aq loading in the PAN mat (from Agl to Ag2)
on U binding in flow through systems. The higher Aq loading resulted in the effluent
concentration reaching 90% of the influent concentration at the same volume of water treated (20
mL) although at 60 mL of treated volume it dropped and stabilized to 80% of the influent
concentration until 120 mL of volume was reached. Thus, the total U removed increased from
5.4 t0 6.0 ug. For all the conditions tested, sorbed uranium content was between 0.26 and 0.47
ug/mg, which is below the maximum found in batch of 1.4 ug/mg and suggests that U-binding
sites are still available on the surface of the mats. It can be seen for Aq materials that total U
removal can be increased by increasing the mass of the mats, or Aq loading in the polymer, or by

decreasing the flowrate. Changing any of these variables results in longer contact times between
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the U-containing solutions and the active sites from Aq in the polymer mats. This suggests that
the materials may exhibit a kinetic limitation in flow through systems.

HDPA removed more than 90% of the uranium when used in the same conditions as
AOPAN (11.5 mg verse 13 mg). This is indicative of a uranium loading of 2.73 pg/mg, which is
below the 7.5 ng/mg observed during batch sorption experiments. This suggests that the
material is either not kinetically limited or uranium is precipitating on the surface, which should
exhibit rapid uranium removal. In batch systems, minimal uranium uptake (Figure 3-6) is
expected to occur at these concentrations (1 uM U; pH 6.8) whereas higher U concentrations (10
uM) resulted in surface precipitation. This suggests that under flow conditions surface
precipitation may be able to occur at lower initial uranium concentrations compared to that of
batch.

Similar to batch systems, competing ions and the presence of ligands have the potential to
interfere with uptake in flow conditions. Thus, water quality effects were also tested in which
Ca”* (competing ion) or COs* (uranyl ligand) were added to the system to evaluate their impact.
For AOPAN, the presence of Ca** and COs* seemed to have no influence on the removal of
uranium. In both chemical matrices, the higher masses of mat (~26 mg) were used to ensure
there were no Kkinetic limitations and it was found that breakthrough never occurred during the
120 mL treated volume. Sorbed uranium from the Ca** and COs* runs were nearly identical to
the experiments performed in the absence of competing ions, with U contents of ~1.2 ug/mg for
all three trials. The lack of interference from Ca®* and COs* may due to the actual chemical
complexation of uranium on the surface of the mats as opposed to electrostatic interactions that
could potentially be impacted by co-solute ions. It should also be noted that the pH of the

solution varied from 6.8 to 7.5 over the course of experiments containing the COs anion,
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suggesting that HCO3" may have been scavenged by AOPAN during the run by either amidoxime

or nitrile groups.
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PAN7-HDEHP1

PAN6-HDPAO.5

Figure 3-1. Representative SEM images of synthesized nanofibers. Arrows denote “hair-like”
structures that were present in Ag-mats.
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Table 3-1. N,-BET measurements to determine specific surface
area (m2/g) and pore volume (mL/g) of select materials. Average
and standard deviations from duplicate measurements

Mat Surfacze Area PorggVqume
(m</g) (10” mL/g)
PAN7 16.3+0.7 -
AOPANT7 16.3+0.6 -
PAN7-Aql 16.5+4.0 27.7+3.3
PAN7-HDEHP1 11.0+45 126 £5.0
PANG6 21.1 39.0
PAN6-HDPA1 15.1 30.6
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C=N PAN

HDPA

Wavelength (cm™)

Figure 3-3. FTIR spectra of synthesized polymer mats. Key features associated with each material are identified.
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Figure 3-4. Sorbed uranium concentration as a function of time. All materials were tested at
an initial concentration of 10 uM U. Ag and AOPAN experiments were conducted in 10 mM
HEPES at pH 6.8, while HDEHP and HDPA experiments were conducted in water acidified to
pH 2 with HNO3. Uncertainties from standard deviation of duplicate experiments. Mass
loadings used were 0.25 g L™.
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Figure 3-5. Sorbed uranium concentration as a function of solution pH at an initial
uranium concentration of (A) 10 uM U and (B) 1 uM U. All materials were tested
in water (pH adjusted with 5 M NaOH or HNO3). Vertical error bars reflect
standard deviation of duplicate trials while horizontal error bars represent the range
of pH drift observed over the course of the experiment (~ 16 h). Mass loadings used
were 0.25 g L™
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Figure 3-7. Sorbed uranium concentration verse solution
concentration (A) at equilibrium. Sorption isotherms were conducted
in either 10 mM HEPES at pH 6.8 (Aq and AOPAN) or in water
acidified to pH 2 with HNO3; (HDEHP and HDPA). Freundlich
equation fits (B) shown for each material, with model fit parameters
summarized in Table 3-2. Mass loadings used were 0.25 g L™,

57



Table 3-2. Freundlich isotherm parameter fits and standard deviations
determined at the 95% confidence interval. Ktis the Freundlich isotherm
parameter and n is the degree of linearity.

‘ Freundlich

Meterial | (g g g U o ¥
AOPAN -1.7+-0.9 0.87 £0.47 0.921
Ad 2309 071£036 | 0929
HDPA -1.3+-0.7 0.76 £0.35 0.942
HDEHP -20+-04 0.79+0.15 0.949
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Figure 3-8. Normalized concentration (effluent concentration
divided by influent concentration) of uranium over the volume
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treated in a dead-end filtration setup at an influent
concentration of 1 uM in 10 mM HEPES (pH 6.8) and a

flowrate of 0.8 mL/min (160 LMH), unless otherwise stated.
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CHAPTER 4: CONCLUSIONS

4.1 Project summary

Work conducted herein has helped to illustrate the promise of functionalized electrospun
polymer nanofiber mats for capturing uranium from water and (more generally) aqueous-based
systems. Electrospun nanofiber mats have long been touted as low-cost yet robust materials for
sorption of inorganic and organic species from aqueous solutions, with widespread applications

3% and water treatment®>**, By modifying the

in sensor developing®°, bio scaffolding
composition of electrospun polymer nanofiber mats, we show here that uranyl (UO(V1)2**) can
be specifically targeted for capture in drinking water, as well as biologically relevant media (e.g.,
see evidence of U capture from synthetic urine in Figure A-2C). Broadly, these findings address
the overall goal of this thesis to develop polymer mats exhibiting enhanced U(V1) removal for
applications in point of use (POU) water treatment and as a platform for concentrating otherwise
dilute U concentrations to improve detection limits of next-generation sensing approaches (e.g.,
surface enhanced Raman spectroscopy, or SERS).

There are several notable outcomes of the research conducted herein. In Chapter 3,
mechanically stable nanofiber mats were synthesized in reproducible fashion, both with respect
to the properties of nanofibers, which were extensively characterized, and their performance
toward U uptake driven by functional groups added as part of material fabrication. Several

formulations of nanofibers were considered, including:

¢ Amidoximated polyacrylonitrile (or AOPAN): AOPAN nanofiber mats were synthesized

and amidoximation confirmed by vibrational spectroscopy. Small nanofibers were
synthesized (~110 nm) that results in a high surface area material (16 m?g™), which is

advantageous since uranium capture is a surface based process.
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Surfactant-modified nanofibers: Aliquat® 336 (Aq), hexadecy! phosphonic acid (HDPA),

and bis(2-ethylhexyl) phosphate (HDEHP) were embedded into the mats at varying wt%
while also keeping nanofiber diameters relatively small (~200 nm or less). Again, this
creates high specific surface area mats (between 11 and 21 m? g™) which allows for a
more surface reactive material. Inclusion of all three surfactants was confirmed with
vibration spectroscopy.

After fabrication, performance testing of these materials in batch and flow through

systems gave insight into their potential ability to remove uranium in various conditions. In batch

systems, these materials were tested over a range of environmentally relevant uranium

concentrations (between 0.1 and 10 uM U)°, pH values and timescales to evaluate their efficacy

and mechanism responsible for U capture. Key outcomes of performance testing are

summarized below:

Kinetics: All materials showed rapid uptake within 2 hours. Equilibrium was reached
with Ag- and HDEHP-containing mats in 2 hours, AOPAN in 16 hours, and HDPA not
reaching equilibrium in the 16 hour reaction period but removed ~95% of uranium (initial
U concentration of 10 uM). The rapid uptake exhibited by these materials is desirable for
both sensing and POU treatment applications. For sensing, it reduces the time required to
concentrate uranium and thus reduces detection time while for treatment it means that
uranium capture can occur rapidly which is vital for the low contact times experienced in
flow conditions.

pH edge: All materials were tested in environmentally relevant pH’s between acid mine
drainage to groundwater (pH 2-7) and at high and low U concentrations (1 and 10 puM,

respectively). HDEHP and Aq performed similarly at high and low concentrations while
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HDPA and AOPAN had varying performance depending on the U concentration. At the
high and low concentrations, HDEHP’s max uptake occurred at pH 2 (~50%), decreased
at pH 3, and maintained below <10% at pH’s higher than 4. Aq followed a general trend
of increasing uptake with increasing uptake, which ranged from 0-15% at 10 uM U and
0-30% at 1 uM U. HDPA performed well over the entire pH range at high U
concentrations (10 uM) at 60% removal or above. At lower initial U concentrations
HDPA followed the same trend as HDEHP with maximum uptake at pH 2 (~50%),
decreased at pH 2, and maintained below <10% at pH’s higher than 4. At high initial U,
AOPAN had low uptake at pH 2 (~40%) but maintained ~80% U removal at pH 3-7. At
the lowest U concentration, AOPAN followed a concave curve trend with 40% uptake at
pH 2, 80% between pH 3-5, and 40% uptake between pH 6-7. These experiments gave
useful insight into the potential mechanisms at play (described below).

Isotherms: When testing the materials at their optimal pH (pH 2 for HDEHP and HDPA)
or relevant pH of ground water (pH 6.8 for Ag and AOPAN) a nearly linear isotherm was
observed (U concentrations of 0.1, 0.5, 1, 5, and 10 uM) which exhibited no plateau.
This suggests that the materials can afford to remove more uranium from solution than
what was seen in the highest uranium concentration tested (10 uM U) which gave sorbed
U contents of 4.4, 7.5, 1.4, and 6.1 pg/mg mat for HDEHP-, HDPA-, Ag- and AOPAN
mats, respectively. Although further tests need to be conducted to ensure more uranium
can be sorbed, the potential to sorb more uranium could allow for lower detection limits
in sensing and extended performance of materials in flow through systems for POU

treatment.
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e Mechanism: Based on the pH edge experiments (summarized above) several types of
mechanisms seem to be at play. For HDPA, the discrepancies between U uptake at high
and low U concentrations suggest that surface precipitation is occurring. This may be
significant for long-term removal in POU treatment since it may create highly insoluble
U complexes which resist dissolving back into solution but can impact sensing which will
lack speciation information. With AOPAN, either monodentate or bidentate chelation
appears to be the mechanism at play although it can’t be distinguished within this study
which, if any, is the primary form of binding. At high enough U concentrations, surface
precipitation may also be occurring at higher pH’s (6-7). Chelation is ideal for both
sensing and POU applications as it is the least susceptible to interferences from co-
solutes in solution. HDEHP seems to undergo cation exchange (removal of H* during
uranium capture) which is not impacted by uranium concentration but is highly
dependent on pH. This limits its performance to only acidic conditions which may make
it useful when probing concentrations of uranium in abandoned mines. Finally, Aq is
most likely undergoing anion exchange (uranyl exchanging with CI") for uranium capture.
For sensing, anion exchange allows for more speciation data to be unlocked which can be
valuable information. In terms of POU treatment, anion exchange requires anionic uranyl
for removal which is ideal since uranyl is mostly UO,(COs),* and UO,(COs)s* in ground
water which is expected to be readily removed by anion exchange.

In flow through systems, AOPAN removed U(V1) even in the presence of competing
calcium and carbonate ions, which are common to many drinking water sources (e.g., ground
water) and effluent uranium concentrations did not exceed the MCL over 0.13 liters (with ~30

mg of filter material), which suggests that saturation of the available surface sites did not occur
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for this membrane. The material was kinetically limited, meaning increasing the flux will
require more mass to obtain sufficient contact time for removal of U. Assuming that an average
person drinks 2 L/day, only ~180 g of filter material would be required to treat their annual
drinking water requirement. Comparatively, Aq mats showed immediate uranium retention,
followed by uranium in the effluent stabilizing to 80-90% of the influent concentration. This
phenomenon occurred regardless of the Aq loading in the mats, mass loading, or flowrate used in
experiments, suggesting that uranium removal is dependent on the contact time. Over all of the
conditions tested the sorbed U loading ranged between 0.26 and 0.47 ug/mg, which is below the
maximum found in batch of 1.4 ug/mg, suggesting that active sites are still available. HDPA
mats removed uranium to 10% of the influent concentration during the first 100 mL of the flow-
through experiment while the last 20 mL of effluent had U concentration greater than 10% of the
influent. This high U removal may be indicative of surface precipitation because high uranium
sorption was observed under flow conditions (2.6 ug/mg; 0.1 g mat L™) which was not observed
when under similar conditions in batch uptake experiments (0.17 pg/mg; 0.25 g mat L™). For all
materials tested with the flow-through configuration, the sorbed U(V1) content on the mats was
below the maximum found in batch, suggesting that further removal may be afforded in these
systems.

The results herein suggest that these materials can concentrate U(VI) from aqueous
systems and, thus, may be viable as a platform in sensor development and POU water treatment
technologies. For sensing applications, these mats are capable of concentrating uranium while
also removing chemical matrix interferences, which should allow for lower detection limits and
improve their economic viability. AOPAN has already been shown to be applicable for

detection of uranyl in combination with SERS (Appendix A) even in complex matrices such as
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urine. Ag may be useful for gaining more detailed speciation information and the electrostatic
bond should allow for easier coordination to AuNS, although its lower sorbed uranium content
may not allow for lower detection limits. HDPA'’s surface precipitation makes it not ideal for
sensing, while HDEHP’s chelation to uranyl may make it useful for sensing of uranium in acid
mine drainage. For applications in POU water treatment, the AOPAN and HDPA mats were
capable of removing uranium to levels below the MCL, although more complex matrices still
need to be considered, in some cases. Aq mats did not reach acceptable levels of removal for
water treatment, although more environmentally relevant conditions and uranyl species (e.g.

carbonate present) may result in better removal than that observed herein.

4.2 Future work

This study was successful in developing materials for removing uranium from water but
questions remain regarding material capacities in batch systems, U(V1) sorption in both batch
and flow through systems, and performance of materials under real-world conditions.
Answering these questions would be valuable for the further optimization of the performance of
these materials for uranium capture.

In batch systems, questions regarding material capacities, influence of co-solutes and
competing ions, surfactant leachability, and reversibility merit future investigations. Material
capacities may be determined by increasing the mat loading (decreasing mat mass used with
same volume) or by increasing the initial uranium concentration, although concerns may arise
regarding the formation of surface precipitates and speciation if the level is too high. For mats
containing surfactants, determining U(VI) capacities could investigate the relationship between

surfactant loading in the polymer and the materials capacity. This would provide additional
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information for developing electrospun polymer nanofibers with the maximum U(V1)
concentration potential. Leachability of surfactants should also be investigated, as a materials
capacity may decrease from removal of surfactant and loss of surface active sites. Reversibility
of uranium binding should also be evaluated to give insight into the reusability of materials and
strength of U(VI) sorption.

There are also lingering questions on the mechanism of uptake, specifically for Ag and
HDPA mats. In Ag mats, multiple experiments can be done to probe if anion exchange is
occurring such as using competing counter ions, making solutions dominated with anionic uranyl
species and by measuring the release of chloride (anion present in Aq). By adding counter ions
(either during uranium uptake or after) the contribution of electrostatic verse non-specific
binding can be determined for Ag. For example, materials can be regenerated with both HCI,
NaCl or NaHCOj3 to determine the impact of cations (H*), anions (CI') or ligands (e.g., CO5*) on
U binding.** The importance of the overall charge on the uranyl complex can be evaluated by
adding U(V1) to chemical matrices known to produce predominantly negatively charged species
(e.g. carbonate or oxalate). Chloride concentrations in water can also be measured with ion
chromatography to see if there is a release of chloride (anion present in Aq) over time that
coincides with uranium uptake. The ratio of chloride release to U sorption could then be
evaluated to provide additional insight into the extent to which anion exchange sites are occupied
by U, and the type of binding of surface species that result (e.g., some ions have been known to
occupy two adjacent exchange sites).*” HDPA mats with suspected surface precipitation (batch
systems; 10 uM U) can be characterized using X-ray diffraction (XRD) or X-ray photoelectron

spectroscopy (XPS) to explore and potentially identify any specific solid phases generated via

66



precipitation. Identification of the solid U(V1) phases will provide additional insight into the
solubility and reversibility of the U(VI) sorbed to the surface of the polymer mats.

Initial studies with the flow-through system suggested U(V1) sorption, but a huge
determinant of their efficacy will be the presence of competing ions that can alter uranium
uptake. Although synthetic, complex matrices can be developed to evaluate these systems, the
ultimate test of the materials performance is to use either uranium spiked tap water or samples
from the Navajo Nation. Testing breakthrough conditions in these systems will be required to
determine the effectiveness of the system and the potential use of these materials for POU
applications. Due to the different mechanisms at play, it may also be of worthwhile to test
multiple of these materials in series for a multi-targeted approach that may allow for greater U
removal. For example, Aq mats could be added first to target anionic uranyl species followed by

HDPA or AOPAN which can chelate any remaining uranyl of non-anionic charge.
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Appendix A: Matrix-independent SERS Detection of Uranyl using Electrospun

Amidoximated Polyacrylonitrile Mats and Gold Nanostars

A.1 Introduction

Hexavalent uranium (U), found in contaminated soils and water as the uranyl cation

478 35 chronic

(UO,*"), presents a significant biological, chemical, and radiological threat,
exposure promotes adverse health effects in at-risk populations. Uranium is a naturally-
occurring, radioactive element that decays by alpha emission (ty, = 4.5 x 10° years) and is a
wide-spread contaminant in the southwest United States where U concentrations in unregulated
water sources can routinely exceed the US EPA maximum contaminant level (30 ug/L U) by as
much as five fold. “® From a public health perspective, this chronic environmental exposure to

U is concerning because it is a documented nephrotoxin, negatively impacts DNA repair, disrupts

regulation of transcription factors and gene expression, and promotes apoptosis thus increasing

the risk of cancer and other health problems.

Uranium detection in environmental and biological samples is the first step towards
addressing public health concerns and environmental remediation of impacted lands, but there
are issues with the complex nature of the matrix. In general, uranyl speciation in a biological or
environmental sample is dynamic and complex and depends on the abundance of other ions,
organic ligands, solid surfaces, and pH.”*®? This complexity leads to problems in separations and
data analysis; thus, samples are often altered using concentrated acids or separated using multi-
step, time intensive columns and precipitation reactions.?**® After these pre-treatment steps,
traditional radiometric and analytical detection methods, such as alpha spectroscopy and mass

spectrometry, provide excellent detection limits to quantify solution species but require

! Manuscript submitted to Analytical Chemistry
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expensive equipment and trained personnel. Thus, new approaches for simple and rapid detection

of U from complex matrices are needed.

Raman spectroscopy is an attractive alternative method for U detection because the
symmetric stretch associated with the uranyl bond is readily detectable from 870-800 cm™.
Furthermore, the vibrational frequencies of this bond are sensitive to inner sphere ligand
coordination, providing additional speciation information, and spectral signal can be acquired in
minutes.®”~"* Normal Raman spectroscopy, however, is limited by the inherently small Raman
cross sections associated with molecules so must be used in conjunction with enhancement
methods to achieve detectable signals. For instance, normal Raman signals can be enhanced by

92-94

2-9 orders of magnitude using surface-enhanced Raman scattering (SERS).

SERS detection of uranyl is feasible®™ % but limited by the inherent non-specific
adsorption of other molecules on SERS-active substrates'® as well as the previously discussed
complex and dynamic speciation of uranyl present in a complex sample matrix.”*° For
instance, humic acid was shown to coordinate with uranyl affecting its speciation in solution,
which in turn, reduced the adsorption of uranyl to silver SERS substrates. This resulted in lower

detectability of uranyl using SERS.*®

In the current study, we demonstrate the development of a SERS-based method for the
detection of U in buffer and in the presence of environmentally-relevant confounding ions or
synthetic urine by utilizing electrospun, amidoximated (AO) polyacrylonitrile (PAN) mats to
extract U from solution and Au nanostars to enhance spectral signals (Figure A-1). The key
advancement of this approach is the use of AO-PAN mats to initially isolate and pre-concentrate

U from complex matrices followed by SERS detection directly on the polymer mats. By doing
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so, Raman spectra become simplified and matrix effects minimized thereby providing fast,

reproducible, and quantitative detection of uranyl from complex matrices.

A.2 Materials and methods

A.2.1 Fabrication, functionalization, and characterization of electrospun PAN mats

Detailed descriptions'®%

of the fabrication and functionalized of the electrospun mats
are found in Appendix B. Briefly, polymer mats are prepared step-wise by first spinning a
polyvinylidene fluoride (PVDF) support layer onto a grounded drum collector. The PAN layer is
subsequently electrospun on top of the PVDF. Once removed from the drum, nitrile groups in the
polymeric mats are converted into amidoxime groups using reduction by hydroxylamine.'%¢%
After functionalization, the mats are rinsed with DI water until the pH of the rinse water is less
than 7, placed on parafilm (PAN side up), dried for at least 12 h in air at room temperature, and
stored at room temperature until use.

Scanning electron microscopy (SEM) is used to characterize the morphology and average
fiber diameter of the polymer mats. Electrospun fibers are sputter coated with Au/Pd (Emitech

Sputter Coater K550) then imaged using a Hitachi S-4800 SEM. Fiber diameter is analyzed

using Image Pro. At least 100 measurements are used.

A.2.2 Uranyl uptake and validation

Uranyl sorption is evaluated using 1 pM-10 mM U solutions by adding known amounts
of a 1000 mg/L depleted uranium (SPEX CertiPrep) stock solution and 85.0 pL of 22U
radiotracer (LSC measurements only; 3.5 Bq, NIST traceable standard, Eckert & Ziegler) in 10

mM HEPES (pH 6.8; adjusted using 5 N NaOH or HCI), 3.4 mM CaCl,, 5 mM NaCOsg, or 20
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mL Surine™ Negative Urine Control (Cerilliant). These solutions were chosen to reflect co-
solutes and concentrations typical of U-containing ground water samples. Five mg of the
amidoximated composite mat (dry weight) is added to these solutions and incubated for 18
hours. Each experiment is performed in triplicate with appropriate controls. Uranyl uptake is
confirmed using liquid scintillation counting (LSC) and normal Raman microscopy (see

Appendix B).

A.2.3 SERS measurements and analysis

SERS measurements are collected using 6-mercaptohexanoic acid (6-MHA)
functionalized Au nanostars. Previously reported protocols are used to generate these materials,>
which are described in detail in Appendix B. The functionalized Au nanostars are stored at
concentrations of 0.3 nM in 5 mM EPPS until use. Immediately prior to use, the materials are
concentrated to 8 nM using centrifugation (2000xg; 40 min) and dispersed in an 80% ethanolic
solution.

Nanostar structure is evaluated using transmission electron microscopy (TEM). A JEOL
JEM-1230 TEM equipped with a Gatan CCD camera and a 120 keV acceleration voltage are
used. Small volumes (10 uL) of the nanostars dispersed in 50% ethanol are deposited on 400
mesh copper grids coated with Formvar and carbon (Ted Pella). At least 100 Au nanostars are
analyzed using Image Pro to evaluate the radius of curvature of the nanostar tips and the overall
average sizes.

SERS measurements are collected using the same microscope setup used for normal
Raman measurements. AO-PAN mats are diced into 3 mm x 3 mm squares. Next, 1 uL of the

ethanolic Au nanostar solution is added every ~2 minutes until 10 pL of the solution is deposited
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on the mats, which are then allowed to equilibrate for 10 minutes. Mats evaluated in a hydrated
state are placed on a microscope slide (PVDF side down) and covered by 50 puL water. A
coverslip is carefully placed over the hydrated mats so that no air bubbles are visible.
Alternatively, mats are placed on a microscope slide (PVDF side down) and placed in a
lyophilizer for 24 hours prior to analysis. All measurements are collected using 785 nm
excitation and at ambient conditions (20 °C and 30-40% relative humidity). Hydrated samples
are collected using a 10x objective, power = 25 mW, and ti,: = 30 s. Lyophilized samples are
collected using a 20x objective, power = 1.5 mW, and tj,; = 50 s. Five measurements from
different locations are averaged. Reported spectra are raw minus identically collected spectra
from a control (matrix only). Detailed spectral analysis was reported previously®® and can be

found in Appendix B.

A.3 Results and discussion

A.3.1 Characterization of and uranyl uptake on PAN and AO-PAN mats
Previous studies indicated that amidoximation®>""1%-1¢ 33.43 of PAN led to uranyl
uptake that was dependent on pH, and additional gains in U extraction efficiency were achieved

17118 and electrospun fibers.?*%12° Here, high

using high surface area to volume nanomaterials
surface area materials (surface area = 16.3 + 0.6 m?/g) used are integrated for Raman analysis in
a step-wise fashion to maximize uranyl uptake and for reproducible and robust spectroscopic
detection. As shown in Figure A-1A, electrospun PAN fibers form a mat structure with an

121 hut did not readily

average fiber diameter (d) of 100 + 30 nm. PAN mats are hydrophilic
coordinate to uranyl (vide infra). Amidoximation of the PAN fibers (Figure A-2A) does not

significantly alter the average d (Figure A-1B) of 110 + 20 nm. FTIR analysis confirms the

72



presence of amidoxime groups on PAN after functionalization (see Appendix B), and spectra are
similar to previous literature reports. %

Fiber diameters remain constant upon incubation with uranyl (Figure A-1C, d = 120 + 20
nm). As shown in the photographs in Figure A-1, successful uranyl uptake is confirmed visually
by a slight yellowing of the AO-PAN mats when 10 uM uranyl concentrations are used. Time-
dependent uranyl uptake data from HEPES buffer (pH 6.8) are summarized in Figure A-2B. As
incubation time increases, the amount of sorbed uranyl increases systematically during the first
~16 hours before reaching sorption equilibrium. As a result, an 18 hour incubation period is used
for all subsequent uptake studies.

Additional sorption experiments with 1, 5, and 10 uM uranyl in the presence of 500 mg/L
Ca”* or 500 mg/L HCO5 as well as synthetic urine explores the influence of solution composition
on uranyl uptake. Uptake in relatively idealized 10 mM HEPES is provided for comparison. As
shown in Figure A- 2C, solution complexity produces no statistical difference in average uranyl
uptake across the concentration range investigated for Ca** and HCO3". Thus, uranyl binding by
amidoxime groups on the AO-PAN surface appears relatively insensitive to environmental
variables [e.g., components of hardness (Ca®") and alkalinity (HCO5)] that often limit the
capacity and selectivity of sorbents. Although uptake in synthetic urine is comparable to other
matrices when uranyl concentration is below 5 uM, uptake is significantly impacted by the
matrix at the highest U concentration investigated. We attribute these uptake differences to
variations in uranyl speciation in solution and/or the formation of insoluble U*#, which reduces

the effective concentration in solution.
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A.3.2 Evaluation of uranyl uptake on AO-PAN mats using normal Raman spectroscopy

Now that successful uranyl uptake for various sample matrices has been confirmed,
normal Raman detection is employed directly on lyophilized electrospun AO-PAN mats using
Raman microscopy through evaluation of the symmetric uranyl stretch. Near-infrared excitation
and a 50x objective are used to minimize mat damage by the laser and to reduce implications of
mat roughness on measurements, respectively. Uranyl coordinated to AO-PAN mats is confirmed
in Figure A-3A from the broad (full width at half maximum, T, 46 and 57 cm™ for pH 4 and 6.8,
respectively) spectral feature centered at 818 cm™. Several important details are noted. First, the
vibrational feature band width is larger than that of a single solution-phase;s uranyl species (~14-
20 cm™). This suggests that the vibrational bands arise from uranyl coordinated to the AO-PAN

mats (i.e., surface Raman spectra)'?

rather than from uranyl in solution. It is also possible that an
increase in linewidth arises from multiple uranyl coordination geometries to the AO-PAN mat,
but both hypotheses suggest that the UO,%* cation is bound to the mat surface. Next, the
vibrational band intensity is ~1.6 times more intense when uranyl uptake occurs at pH 6.8 vs. 4.
Finally, intensities and I increase but vibrational frequencies remain constant when the solution
pH used during uptake increases from 4 to 6.8. Because pH impacts both uranyl speciation®? and
AO-PAN functional group protonation'**?* both would influence the resulting vibrational
features.

Previously, several computational and well-controlled experimental studies were

110.114.116 514 formation

conducted to decipher the structure of amidoxime and uranyl complexes
constants. !0 113124125 \nje yild on this excellent foundation for understanding these spectral
features and uranyl binding mechanisms. First, we consider the pK, values (assumed at infinite

dilution) of acetamidoxime (5.78 and 13.50)**** as a model compound to gain insights on the
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thermodynamics of uranyl uptake on the functionalized mat surface. ***?* These details are
summarized in Figure A-1A and Table B-1. These pK, data are based on experiments performed
in solution (different from the AO-PAN surface chemistry, which is more complex and could
slightly impact the thermodynamic parameters). In addition, the amidoximation process was
previously shown to lead to carboxylate and cyclic amidoxime group formation, which further
complicates uranyl speciation and uptake. Use of this simplified model, however, provides
specific insights into U uptake mechanism and is corroborated by spectroscopy data as described
in detail below.

At pH 4, the amidoxime groups are positively charged (protonated hydroxylamine or
AOH,"), and uranyl uptake likely occurs via the formation of UO,AQ". In contrast, at pH 6.8 the
amidoxime groups are mostly neutral (AOH) and/or deprotonated (AQ") via residual hydroxide
groups that remain on the hydrophilic polymer surface after functionalization. The resulting
uranyl species would then be UO,AO(OH) and UO,AQ", respectively, as summarized in Figure
A-6. Normal Raman spectra shown in Figure A-3A support these coordination mechanisms. As
mentioned previously, the uranyl linewidths observed are consistent with surface-coordinated
species. From the spectroscopic data and thermodynamic constants, we hypothesize that both
UO,AO(OH) and UO,AQ" are isolated at pH 6.8 while only UO,AQ" forms at pH 4.

While the polymer mats are hydrophilic, hydration level influences swelling of the

polymer mats, %%

which could induce slight vibrational frequency differences and
irreproducibility in spectral intensities and band shapes. To improve measurement
reproducibility, two approaches are used including evaluation of uranyl from AO-PAN mats in
either hydrated or lyophilized states. First, AO-PAN mats are equilibrated in 1 and 10 mM uranyl

then rinsed in water and buffer to remove weakly bound species. The mats are then immersed in
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buffer and evaluated using normal Raman microscopy. Representative spectra for 1 and 10 mM
uranyl collected from hydrated mats are shown in Figures A-3B-1 and A-3B-2, respectively.
These spectra reveal that the vibrational band associated with uranyl collected on hydrated mats
are centered at 820 cm™, and band areas increase slightly as uranyl concentration increases. This
signal is easily detectable above the noise likely because of uranyl pre-concentration on the AO-
PAN. As a comparison, normal Raman spectra of PAN and AO-PAN mats incubated in 1 mM
uranyl is shown in Figures A-4A-1 and -2, respectively. No uranyl signal is observed from the
unfunctionalized mats. This is consistent with negligible uptake as quantified using LSC
(0.37£0.05 mg U per g mat). Uranyl uptake increases to 6.26 + 1.33 mg U per g mat of AO-PAN
and is confirmed from the small normal Raman signal observed in Figure A-4A-2.

Similar trends are observed for AO-PAN mats incubated in uranyl then lyophilized. These
data are summarized in Figures A-3B-3 and A-3B-4 for 1 and 10 mM uranyl, respectively. First,
similar increases in band area with increasing concentration are observed for the lyophilized vs.
hydrated mats. Two notable differences, however, are observed. First, the normal Raman
vibrational frequency for uranyl is slightly blue-shifted from that observed on hydrated mats. The
small 2 cm™ blue-shift of the vibrational frequency to 818 cm™ is attributed to Stark effects.?®
Second, uranyl intensities are larger after lyophilization. Upon dehydration, the fibers deswell
thus the amount of uranyl in the laser focal volume increases thereby increasing the signal
magnitude. As a result, concentration-dependent uranyl signals are reproducible if the hydration

state of the mats is maintained during these vibrational spectroscopy measurements.
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A.3.3 Maximizing and understanding uranyl detection using SERS and AO-PAN mats

Previously, we reported a SERS based assay using solution-phase nanoparticles that
resulted in the quantitative detection of uranyl down to 100 nM.>* While reproducible
measurements were achieved in buffer, uranyl detection was limited to solution conditions where

nanoparticles retained their physical stability.*?°

Using AO-PAN mats to extract uranyl from
solution before SERS-active nanostructures are equilibrated with a sample, is a plausible
approach for achieving reproducible and enhanced detection of these chemical species. This is
demonstrated in Figure A-4A-3.

To attain this result, 6-MHA functionalized Au nanostars are added drop-wise to AO-PAN
mats after uranyl uptake and rinsing. TEM and SEM images of the Au nanostars and AO-PAN
mats after nanostar deposition are shown in Figures A-1E and -1D, respectively. The Au
nanostars contain 3-7 spikes and average dimensions (diameter = 59.8 = 14.0 nm, radius of
curvature of tips = 3.8 + 0.6 nm) consistent with previous reports.”* When uranyl is present, the
Au nanostars adhere to the fiber surfaces (Figure A-1E). This observation is consistent with
nanostar coordination via terminal carboxylate groups on the nanostars to uranyl bound to the
AO-PAN mats.

To evaluate the impact of Au nanostar functionalization on uranyl detectability, SERS
microscopy is used. As shown in Figure A-4A-3, 10 uM uranyl is easily detected on hydrated
AO-PAN mats. The vibrational frequency of uranyl is centered at 837 cm™, a value that is blue-
shifted 17 cm™ from the normal Raman mode. Because vibrational frequencies observed in
SERS spectra typically red-shift relative to normal Raman frequencies (i.e., because bond

96,99,130

lengths tend to increase upon interaction with nanomaterial surfaces), we hypothesize that

the carboxylate groups on the Au nanostars coordinate to uranyl upon disruption of uranyl
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coordination to AO groups on the mats as shown in Figure A-6C. This is further confirmed in
that SERS enhancement of uranyl is not observed when unfunctionalized nanostars are used.
Uranyl coordination, however, likely depends on the density of both singly-deprotonated
amidoxime and 6-MHA groups on the Au nanostars. Because these values are not known
guantitatively, we use SERS data to provide evidence in understanding how uranyl is
coordinating to and/or interacting with the mats and nanostars for detection. To do this, SERS
responses are collected from 10 uM uranyl incubated with 0.5 nM Au nanostars for 24 hrs at
neutral pH. The solution is centrifuged for 5 minutes (2500 x g), the supernatant removed, and
the loose pellet deposited on glass, PAN mats, and AO-PAN mats. SERS spectra of these samples
are summarized in Figure A-4B and vibrational mode frequency and lineshapes compared. These
samples are selected because AO-PAN, PAN, and glass samples all contain carboxyl groups and
amidoxime/nitrile, nitrile, and no other functional groups, respectively. Vibrational mode
lineshapes are similar and vibrational frequencies are universally centered from 836-838 cm™ (I
=30-35 cm™) in all spectra. This surprising result suggests that 6-MHA on the Au nanostars
disrupt uranyl coordination to the amidoxime groups because of high densities of 6-MHA

molecules locally vs. amidoxime as shown in Figure A-6.

A.3.4 Evaluating matrix effects in uranyl detection using SERS

To assess how matrix effects (a common limitation in SERS) impact SERS
measurements, AO-PAN mats are incubated in 1-10 uM uranyl solutions adjusted to pH 6.8 in 10
mM HEPES with no other ion additions, 3.4 mM Ca(NOs),, or 5 mM Na,COs, or synthetic

urine. This approach allows for the evaluation of how ideal solutions as well as those containing
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common confounding ions and U coordinating ligands at their relevant concentrations in ground
water (Ca’* and CO5*) and biological matrices (synthetic urine) impact SERS detection.

Of note, SERS intensities directly correlate to the amount of U sorbed for each matrix
and are summarized in Figure A-5 and Table A-1. Uranyl signals using both lyophilized (Figure
A-5A) and hydrated (Figure A-5B) AO-PAN mats are shown. In general, uranyl successfully
coordinates to AO-PAN mats and carboxylated Au nanostars in all conditions. This result is
unexpected, and several trends are noted. First, on samples analyzed with SERS, LSC
measurements confirm that slight signal variations arise from differences in U uptake. Second,
differences in SERS spectral features in the uranyl window (i.e., vibrational frequency (v), T,
and/or integrated area of the entire uranyl window) are reproducible if mat areas with uniform
nanoparticle deposition are sampled thus suggesting robust detection and largely sample matrix-
independent SERS detection. This provides further evidence of the uranyl coordination
mechanism proposed in Figure A-6. Of note, sample dryness is impacted by the relative humidity
(30-40% RH) during data collection because of mat swelling. In addition, each spectrum
collected using lyophilized mats contains a vibrational mode centered at 817 cm™. This band is
attributed to a CH, bending mode from the 6-MHA molecules.*® This band was previously
observed for well-ordered, solid-like alkane monolayers. Because this band occurs in the uranyl
window, it limits spectral interpretation and must be considered when quantifying uranyl signals
on lyophilized mats. As such, SERS measurements using lyophilized AO-PAN mats must be
done carefully so that reproducible uranyl detection is realized.

An alternative route for reproducible detection is to use hydrated AO-PAN mat samples.
As shown in Figure A-5B, samples collected from hydrated AO-PAN mats exhibit less intense

uranyl vibrational modes; but these signals are more uniform, do not exhibit interference from
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the 6-MHA CH, bending mode, and reveal vibrational frequencies that are red-shifted vs. spectra
collected using lyophilized samples. For example, SERS spectra collected from samples
incubated in HEPES exhibit a uranyl band centered at 835 cm™ (Figure A-5B-1) when hydrated
and 844 cm™ (Figure A-5A-1) upon lyophilization. A red-shifted vibrational frequency upon
hydration is attributed to Stark effects'?® as detailed in Appendix B and Table A-1.

We hypothesize that hydration increases the distance between nanostars on the polymer
mats, which decreases the electric field strengths between the nanoparticles'*? in a sample matrix
dependent manner thus inducing a red-shift in each vibrational frequency relative to the
dehydrated samples. In addition to the vibrational frequency Stark effects, measurements
collected on hydrated mats exhibit vibrational frequencies that differ by only ~2 cm™ for all
sample matrices. The vibrational frequency of uranyl in HEPES, Ca?*, COs%, and synthetic urine
are 835.3 + 0.4, 832.8 + 0.3, 835.0 + 0.5, and 833.0 + 0.6 cm™, respectively. Total integrated
areas follow similar trends in the amount of U sorbed to the mats. That is, the largest signals are
associated with samples incubated in HEPES followed by Ca®* and COs%, then urine. While
these trends can be partially attributed to different amounts of uranyl sorbed from the various
sample matrices, the SERS signals likely also depend on electromagnetic coupling differences
between Au nanostars on the AO-PAN mats.

Finally, evaluation of samples using both lyophilized and hydrated mats reveal useful
information regarding uranyl coordination. For instance, all SERS spectra from lyophilized
samples reveal intense (vs. normal Raman and hydrated mat SERS measurements) vibrational
bands with frequencies ranging from 845-844 cm™ for samples incubated in HEPES and Ca®*
and ~845-830 cm™ for carbonate and urine samples. This suggests that the ligands coordinated to

uranyl are similar (in HEPES and Ca®*) and distinct from the second two (COs* and urine (PO,*
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)). Furthermore, these bands are consistent with uranyl coordinated to a carboxylate group from
6-MHA on Au nanostars and possibly to hydroxide as proposed in Figure A-6. The vibrational
frequencies observed for the carbonate and urine samples suggest that either carbonate or

phosphate™*

(urine) are coordinated to uranyl. In addition, the signals collected from urine are
relatively broad and contain multiple vibrational frequencies each of which could arise from
uranyl species coordinating to phosphate and/or those interacting with cations (i.e., Na*) or small
organic molecules that are present in urine. Exact confirmation of the proposed U speciation is
beyond the scope of this work and will be explored in future studies. Furthermore, the integrated
areas in the uranyl vibrational window obtained from the SERS spectra from both lyophilized
and hydrated mat samples follow trends consistent with variations in uranyl uptake (Figures A-

5C and A-5D) obtained from LSC of uranyl uptake on the AO-PAN mats thus demonstrating the

powerfulness of this approach for detecting uranyl in complex matrices.

A.4 Conclusions

The successful sorption and detection of uranyl from four unique sample matrices was
achieved using AO-PAN mats followed by addition of 6-MHA functionalized Au nanostars and
SERS. AO-PAN mats exhibit high surface areas that facilitate large scale fabrication and
functionalization that are ideal for uranyl isolation from near-neutral pH solutions. This was
verified using structural as well as spectroscopic characterization of the mats at each stage of
fabrication and uranyl detection. By comparing vibrational band frequencies, a potential
mechanism of uranyl uptake using AO-PAN mats and functionalized Au nanostars was proposed.
This includes initial isolation of uranyl via amidoxime coordination to the equatorial plane of

uranyl followed by replacement of these coordinating groups by locally high densities of

81



carboxylate on the nanostars used for SERS detection. Given this likely coordination mechanism,
simplified SERS spectra are observed from uranyl samples prepared in buffer, in the presence of
confounding ions including Ca?* and CO3%, as well as synthetic urine. Vibrational frequencies
collected using hydrated AO-PAN mats from all four of these matrices vary by only ~2 cm™.
This result is impressive given large matrix effects are normally observed for uranyl detected
from these solution conditions using traditional detection methodologies and with SERS in
general. Thus, this study demonstrates that electrospun AO-PAN mats efficiently isolate uranyl
from different matrices and that the subsequent addition of functionalized Au nanostars results in
simplified Raman features for reproducible and robust uranyl detection. This work lays the
foundation for a promising method for the rapid detection of trace uranyl from complex sample

matrices that does not require radioactive tracers or sample pretreatment.
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Figure A-1. Overview of the isolation and detection of uranyl using AO-PAN mats and
Au nanostars. Representative photographs and SEM images of the PAN mats (A) as
fabricated (d = 101 + 28 nm), after (B) AO functionalization (d = 113 = 22 nm), (C)
uranyl uptake (d = 116 + 24 nm), and (D) Au nanostar deposition are shown. In addition,
(E) TEM images of the 6-MHA functionalized Au nanostars are shown (size = 59.8 +
14.0 nm).
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Figure A-2. Confirmation of U uptake. (A) Deprotonation of AO groups as a function of pH.
(B) Evaluation of uranyl sorption as a function of incubation time using AO-PAN mats and
LSC. A standard kinetic model is used to fit the data (y = 8.5*x/(4.43+x)). (C) Adsorbed U
determined using LSC as a function of initial U concentration in 10 mM HEPES buffer as well
as in HEPES buffer with 500 mg/L of Ca®* or HCOj3 or synthetic urine.
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Figure A-3. Evaluation of uranyl detectability using Raman microscopy. (A) Normal Raman
spectra of 10 mM uranyl uptake from pH (1) 4 and (2) 6.8 solutions onto lyophilized AO-
PAN mats. (B) Normal Raman spectra of (1) 1 and (2) 10 mM uranyl collected using
hydrated and (3) 1 and (4) 10 mM uranyl using lyophilized AO-PAN mats. Spectra are
collected using the following parameters: Aex = 785 nm; ti,= 50 s and P = 55 mW, 5 averages;
50x objective; 10 mM HEPES was used (18 hour incubation).

85



8375
. cts
A 1 1B : |‘l'omW-s
21 12 A N
I cts L—k
0.5 Cts
mW-s
3 i——k-—
2000 1600 1200 800 400 920 880 840 800

Wavenumber (Acm™)

760
Wavenumber (Acm™)

Figure A-4. (A) Normal Raman spectra of 1 mM uranyl after uptake on hydrated (1) PAN
and (2) AO-PAN mats as well as (3) a representative SERS spectrum of 10 uM uranyl after
uptake on hydrated AO-PAN mats. (B) SERS spectra of 10 uM uranyl incubated with Au
nanostars then deposited onto a (1) glass slide (5 =836.2 + 1.5 cm™ and ' =35.2 + 1.5 cm™),
(2) PAN mat (0 =836.1 + 0.7 cm™and I' = 30.9 + 1.0 cm™, (3) AO-PAN mat (5 =837.0 +
0.5cm™and I' = 30.3 + 0.6 cm™) and 10 uM uranyl (4) uptake on hydrated AO-PAN mats
followed by addition of Au nanostars (5 = 838.0 + 0.5 cm™ and I' = 30.3 + 1.0 cm™).
Collection conditions for normal Raman spectra are the same as in Fig. A-3. SERS
collection parameters: P = 25 mW, t;,; = 30 sec, 10x objective (hydrated) or P = 1.5 mW, tin

= 50 sec, 50x objective (lyophilized).

86



817

835 833

880 860 840 820 800 780

g Wavenumber (Acm™) =
£400{C ® 5
o o® T
2 L
= 300- e -
> * P z
£

g 200+ g
= ©
© ® s
5100{ g% e >
) ° n
A 4
DC 0 T T T T v : L
% 01 2 3 456 7 8 9n

Mass U Sorbed (mg U/g mat)

N W B OO O

N
o O

880 860 840 820 800 780

o

Wavenumber (Acm™)

o O O O

D

" an

a "=

0

1

2 3456 7 8 9
Mass U Sorbed (mg U/g mat)

Figure A-5. SERS spectra of 10 uM uranyl (pH 6.8) in 1) 10 mM HEPES, 2) 3.4 mM Ca**, 3)
5 mM HCOs%, and 4) synthetic urine using (A) lyophilized and (B) hydrated AO-PAN mats
and 6-MHA functionalized Au nanostars. SERS on (C) lyophilized and (D) hydrated mats vs.
mass U sorbed determined by LSC. The CH, bending mode from 6-MHA is observed in
lyophilized spectra and is centered at 817 cm™. All other spectral features are from urany!

(Table A-1). Collection same as Figure A-4.
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Figure A-6. Proposed pathway of uranyl uptake on AO-PAN mats from solution via

hydroxylamine coordination to uranyl with (A) all aqua and (B) two aqua and one
hydroxyl ligands and (C) coordination with carboxylic acid from 6-MHA functionalized

AU nanostars.
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Table A-1. Summary of U sorbed and correlated SERS measurements in various sample
matrices
Total
'[JSSO;E@ZS SERS Integrated SERS Total Ratios of
Matrix (mg U/ (lyophilized Area (- (hydrated) | Integrated I (cm™) areas
g~ ) v (cm™) MHA v (cm™) Area
mat)
band)
HEPES | 6.26+1.33 | 8444+05 | 373+22 |8353+04 | 51.4+54 31+1 7.3
Ca** 599+0.82 | 8457+0.4 | 267+5 |8328+0.3| 38.7+0.3 28+1 6.9
HCOs 5.73+0.49 | 840.3+1.1 | 28416 |8350+0.5| 39.6+0.3 302 7.2
Synthetic 8319+ 1.1,
Urine 248150 | 0o n o0 | 79%24 | 833.0:06 | 11421 26+1 6.9
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Appendix B: Supplemental Information?

B.1 Synthesis, functionalization, and FTIR characterization of electrospun PAN mats

For fabricating electrospun PAN mats, a polyvinylidene fluoride (PVDF) support layer is
first prepared from a 12 wt% PVDF (average 180,000 g/mol) solution in dimethylacetamide and
acetone (3:7 v/v). Next, a polyacrylonitrile (PAN) layer is prepared from a 7 wt% PAN (average
150,000 g/mol) solution in N,N-dimethylformamide (DMF). Both solutions are mixed for 2 h at
700 RPM and 60°C (Eppendorf ThermoMixer C) prior to use. For conversion of nitrile groups in
the PAN mat into amidoxime (AO) groups, a solution containing 15 g/L hydroxylamine
hydrochloride and 0.375 M (15 g/L) sodium hydroxide is added to a 190 x 100 crystallizing dish.
Next, 2 g/L (~0.065 m?/L) composite PVDF-PAN mat is placed in this solution (PAN side
down), which is then covered with aluminum foil to reduce solution evaporation and immersed
into a Precision Scientific water bath (30 °C, 30 RPM) for 24 h. Mats are then rinsed extensively
with DI water until the pH of the rinse water is less than 7, placed on parafilm (PAN side up),
and dried for at least 12 h in air at room temperature. The functionalized PAN mats are stored at
room temperature until use.

For electrospinning each layer, the appropriate sol gel is loaded into a 12 mL plastic
syringe (HSW Norm-Ject) that is placed into a syringe drive (New Era Pump Systems, Inc.) and
connected to a 2.0 mm ID polyethylene (PE) tube via a 1/16” PE female luer lock fitting. The
tubing is connected to a metal nozzle adapter (NanoNC Co., Ltd) using a second 1/16” PE
female luer lock fitting and a '2” 25G needle attached to other end of the nozzle. The tip of the
needle is placed 10 cm from the surface of a 9 5/16” circumference metal drum collector (SPG

Co., Ltd; Korea), which is grounded and covered in aluminum foil. The PVDF solution is

2 S| submitted to Analytical Chemistry
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electrospun first using a pumping speed of 0.4 mL/hour, a +21 kV tip voltage (Acopian), and a
grounded collector rotating at 500 RPM (Dingtuo Technology). The PAN solution is electrospun
using identical parameters except that 0.3 mL/h pumping speeds and +15 KV tip voltages are
used. The PAN layer is deposited directly onto the underlying PVDF support layer, after which
the bilayer polymeric composite mat is removed from the foil using tweezers for further
processing.

FTIR spectroscopy (Gold Infinity) is used to confirm mat functionalization. Samples are
placed on KBr salt plates, loaded into the chamber, and purged with dry air. Single beam scans
are performed in transmission mode. Data shown represent 250 averaged spectra and were
collected using a spectral resolution of 4 cm™. From FTIR spectroscopy (Figure B-1), PAN mats
before and after incubation in hydroxylamine exhibited up to four spectral features. First, the
C=N stretch at 2240 cm™ was observed in both spectra, but the relative absorbance with respect
to the 1450 cm™ (CHj scissoring, internal standard) decreased by ~10% with conversion of
nitrile groups into C=N during amidoxiation. This is consistent with previous studies in which up

h'** at 1650 cm™ was

to ~30% of nitrile was converted into amidoxime.?* Second, a C=N stretc
observed after amidoxime functionalization. Finally, vibrational modes associated with N-H
scissoring™* at 1600 cm™ and O-H stretching®® from 3000-3700 cm™ were observed upon
amidoximation. These functional groups directly coordinate to uranyl for sorption from the
various sample matrices. These results are consistent with prior analysis by Horzum and co-

workers, 108107
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B.2 Additional details for U uptake on the mats

Uranyl sorption experiments were performed in 50 mL conical tubes by adding known
amounts of a 1000 mg/L depleted uranium (SPEX CertiPrep) stock solution. For analysis by
LSC, 85.0 uL of **?U radiotracer (3.5 Bg, NIST traceable standard, Eckert & Ziegler) was added
to the depleted uranium stock solution. CAUTION: ***U and #**U are both radioactive isotopes
and are only handled by trained personnel in a properly licensed facility. It is important to note
that the radiotracer was only used to validate the U uptake and the spectroscopic analysis was
performed on mats that only contained depleted uranium. The stock solution is diluted to a final
volume of 20 mL in 10 mM HEPES (pH 6.8), 3.4 mM CaCl,, 5 mM NaCOs, or 20 mL Surine™
Negative Urine Control (Cerilliant). Uranyl concentrations ranging from 10 uM-10 mM are used
and the final pH of 6.8 using 5 N NaOH or 5 N HCI.

Next, 5 mg of the amidoximated composite mat (dry weight) is added to the prepared
solutions and incubated in the uranyl solution on a tube rotator for 18 hours unless noted. The
mats are then rinsed with water and stored at room temperature in scintillation vials until
analysis. Mats are prepared in triplicate. In addition, one mat incubated in the matrix without

uranyl is prepared for control measurement purposes.

B.3 Initial characterization of U uptake using LSC and Raman microscopy

Uranyl uptake is confirmed using liquid scintillation counting (LSC). Mats (5 mg dry
weight) and 3 mL of 0.1 M HCl are placed in 20 mL scintillation vials to desorb uranyl. After 2
hours, 17 mL of a liquid scintillation cocktail is added to the vial, which is mixed well then

allowed to equilibrate until bubbles are no longer visible. A Liquid Scintillation Counter
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(Packard) is used. Signals are measured from 75-2000 keV for 40 minutes. All measurements
represent averages and standard deviations collected from a minimum of three mats.

Normal Raman microscopy confirmed uranyl uptake. A semi-homebuilt Raman microscope
(Olympus BX51) modified with a CCD detector (ExamineR785, DeltaNu) is used. Prior to
analysis, mats are dried for 1 hour at room temperature in air. Lyophilized samples are then
placed in a freeze dryer (Thermo-Fisher) for 24 hours and stored in a vacuum chamber until
analysis. Hydrated samples are placed on a microscope slide. Next, 50 puL water is added to the
mats and covered carefully with a cover slip to ensure no air bubbles are trapped. Measurements
on at least three samples are taken using an excitation wavelength (Aex) of 785 nm, laser power
(P) of 53 mW, an integration time (tjr;) of 50 seconds, 5 averages, and a 50x objective. The
detector is calibrated using a polystyrene standard, and raw spectra are collected. Reported
spectra are generated by subtracting identically collected blank measurements from the uranyl

containing samples.

B.4 Synthesis, functionalization, and characterization of gold nanostars

Briefly, gold nanostars are synthesized by adding 20 mM HAuCI, (200 uL) into 50 mM
EPPS (pH 7.4, 20 mL), mixing, and equilibrating the solution for 2 hours. Next, an additional 50
uL of the 20 mM HAUCI, solution is added and allowed to equilibrate for 1 hour at 35°C. Gold
nanostar functionalization proceeds by adding a 10 mM 6-MHA solution to a 1 nM gold nanostar
solution using a syringe pump at a rate of 10 uL-min'1 until the final 6-MHA concentration is
0.91 mM. The gold nanostars (e724 nm = 2.31 x 10° cm™ -M™)** are stored in 5 mM EPPS at a

concentration of 0.3 nM. The localized surface plasmon resonance wavelength of the gold
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nanostars shifts from 723.5 to 735.8 nm upon functionalization. Thus, these materials exhibit

plasmonic properties that are appropriate for near-infrared SERS measurements.

B.5 Detailed protocol for and understanding of Raman and SERS data

Uranyl spectral features are confirmed by second derivative analysis of the uranyl
window from 900-780 cm™.% Briefly, the spectra were smoothed using an 8-12 point Savitzky-
Golay and a second order polynomial function. The second derivative is calculated, and all
wavenumbers above a 20% threshold are considered significant and possible uranyl species.
Next, overlapping vibrational bands in this spectral window are found by defining a baseline
from 900-780 cm™. Gaussian functions are fit with full width at half maxima (') ranging from
25-30 cm™ and centers at the previously determined vibrational frequencies (+ 1 cm™) found in
the second derivative spectra (fitting tolerance = 10°®). Band intensities that are less than three
times the noise (calculated from 1850-1950 cm™) are considered insignificant and not further
analyzed. Peak areas of the uranyl window are reported using integration.

A red-shifted vibrational frequency upon hydration is attributed to vibrational Stark
effects, in which local electric field effects on vibrational frequencies are considered.*?® These

local electric fields can be approximated from calculated SERS enhancement factors (EF):

EF= (|Eexc|?/|Eol?)-(IEemI|?/IEql?) = E* EqB-1

where Eqy is the excitation field, Eqp,, is the emitted field, and Ejy is the incident field. Both the

excitation and emitted fields are normalized relative to the incident field. Furthermore, the
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emitted field is approximately equivalent to the excitation field, thus the EF is proportional to the
electric field to the 4™ power.

Effects of electric field differences can be assessed from the collected SERS data. To do
this, the integrated areas from lyophilized sample matrices (minus the 6-MHA band contribution)
and from hydrated samples are calculated by integrating the total area in the uranyl window (see
Table A-1). A ratio of these areas can then be used to roughly compare the enhancement factors
and electric field enhancement differences between lyophilized and hydrated SERS-active mats
as a function of sample matrix. For instance, the EF from the lyophilized sample compared to the
hydrated sample collected from HEPES is ~7x larger (i.e., integrated areas of 373/51.4 in the
lyophilized vs. hydrated samples). As a result, the electric field strengths between the two
samples vary by approximately the same amount. Ratios of these signals vary from ~6 to 10x for
uranyl detected from the various sample matrices. As such, the observed SERS signal
magnitudes likely depend on this enhancement. We hypothesize that the presence of water in the
hydrated samples increases the distance between nanostars on the polymer mats, which decreases
the electric field between the nanoparticles'®” in a sample matrix dependent manner thus

inducing a red-shift in each of the vibrational frequencies relative to the dehydrated samples.

B.6 Summary of thermodynamic constants for uranyl speciation predictions

The relative abundance of each uranyl species can be estimated using the equilibrium
constants found for each coordinating ground (Table B-1) and can be represented as a ratio of
each uranyl species to uncoordinated uranyl (i.e., [UO,AO*]/[UO,**] or
[UO,AO(OH)]/[UO,**]).* Because uranyl coordination depends on the local density and

chemical composition, we can qualitatively predict relative ratios of uranyl species to
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uncoordinated uranyl for the various coordination sites. As this ratio increases, a particular
species will more readily form. This applies both before and after gold nanostar addition. As
such, when uranyl coordinates to 6-MHA bound to gold nanostars, an effective species is

*2+

expected to form (UO,S**" where S represents adsorbed 6-MHA on gold nanostars (4.58 x 10**
molecules/cm?)).*® The ratio of complex uranyl to free uranyl is [UO,S*?*]/[UO,**]. As such,
the equilibrium constant (log(Ky)) of uranyl and 6-MHA on functionalized gold nanostar surfaces
can be used. Previously, this was quantified using Langmuir adsorption isotherm analysis and
determined to be 5.85 (from Keqmia = 0.71 + 0.18 uM™).%! These values are included in Table
B-1, and (JUO,S*/[UO,*]) is equal to Ko[S] when functionalized gold nanostars are incubated
with uranyl. When considering these thermodynamic values and experimental results, local not

bulk densities of uranyl, 6-MHA, and amidoxime are hypothesized to lead to the observed

results.

96



1% T |'1() %
1 1600

2240 %9
2

3600 3400 3200 3000
1 Wavenumber (Acm™)

) s

Transmittance (%)

4000 3000 2000
Wavenumber (Acm™)

Figure B-1. Characterization and confirmation of PAN mat functionalization and 10
mM uranyl uptake (pH 6.8, in 10 mM HEPES for 18 hrs). (A) FTIR spectra of (1)
PAN and AO-PAN mats (2) before and (3) after incubation in uranyl. Mat
functionalization is confirmed via vibrational bands centered at 1600 (NH,
scissoring), 1650 (C=N stretching), 2240 (C=N stretching), and 3000-3700 cm™
(magnified spectra shown in the inset, OH stretching).
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Table B-1. Summary of chemical reactions and formation/equilibrium constants (K)

Reaction Log K Eq. Reference

AOH," = AOH +H* -5.78 1) 113

AOH =2 A0+ H* -13.21 ) 113, 124

UO3* + AO” 2 UO,A0" 13.6 (3) 113

UO3" + A0+ OH'= UO,AO0(OH) 6.8 (4) 113

UO3" + AOH," =2 UO,AQ0" +2H* -5.39 5) Derived from (1),
(2), and (3)

UO3* + AOH = UO,AO0" + H* 0.41 (6) Derived from (2)
and (3)

UO3" + AOH + OH = UO,A0" + H,0 14.41 (7 Derived from (6)
and K,

UO3" + OH + AOH = UO,AO(OH) + H* 721 (8) | Derived from (2),
(3),and (4)

UO3" + 20H + AOH = UO,AO0(OH) + H,0 20.21 ©)

UO3* + S* = UO,S*** 5.85 (10) 51

*S: the adsorbed 6-mercaptohexanoic acid on the nanostar surfaces.
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