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Abstract

Perfluorooctanoic Acid (PFOA), a type of per-and polyfluoroalkyl substance
(PFAS), is an environmentally persistent and highly stable organic pollutant. Both the
industrial use of PFOA prior to the early 2000’s and ineffective water treatments for
PFAS have resulted in the contamination of drinking water sources. Photocatalysis is a
diverse degradation method utilizing light for the formation of reactive oxidative species
capable of targeting and breaking PFOA’'s C-C and C-F bonds. Titanium Dioxide, TiO,,
is an abundant photocatalyst with three crystalline polymorphs: anatase, rutile, and
brookite. Due to the previous difficulty in synthesis, brookite has limited research in
photocatalytic applications. Smaller size and greater surface area of TiO, nanoparticles
(NPs) can increase photocatalytic lifespan as well as rate of degradation. Commercially
purchased and synthesized TiO, NPs differ in size and homogeneity, therefore a
comparison study was conducted to determine their effects on PFOA degradation.
Purchased brookite with a degradation of PFOA at 44% out-performed synthesized
brookite samples made from a synthetic route “Method 1”. A newer method of
hydrothermal synthesis, “Method 27, resulted in particles with unique shape and size
distribution that show promise for degradation.

1.Introduction

With the progression of modern technology, there has been a movement to
understand and investigate the use of certain chemicals meant for industrial
manufacturing, as well as develop new technologies towards proper disposal of such
substances. This holds true in the U.S. as Per-and Polyfluorinated Substances, also
known as PFAS, have become an ever-growing concern, even with a decline in their
use nationally since the early 2000s’'. PFAS is the all-inclusive name covering a
multitude of chemicals that have been incorporated into products ranging from
adhesives, cosmetics, and pesticides, to non-stick cooking ware, fire-fighting foams,
and paints.”? Their stability, ability to repel oil and water, and low reactivity are what
make them a truly multi-purpose group of chemicals, allowing for a plethora of uses
even outside the aforementioned products, many of which are still needed and
consumed in the U.S. frequently.”? Though PFAS contamination occurs in air, soil, and
water, they have been found in the bloodstreams of both humans and
animals.’23 Kotlarz, Nadine, et al. ran a study that detected two commonly found
legacy PFAS, Perfluorooctane sulfonic acid (PFOS) and Perfluorooctanoic Acid (PFOA),



in the water of the Cape Fear River and consequently, in the bloodstreams of
Wilmington inhabitants in the surrounding area.# In the City of Asheville, PFAS have
been found in trace amounts within water bodies such as the French Broad River and
Mills River after a 2019 study was conducted by Duke University and UNC Chapel Hill.®
Since the initial study, the City of Asheville takes annual source and treated water
samples for detectable PFAS compounds.®

Alongside uncertain and unpredictable impacts in contaminated ecosystems,
long term PFAS exposure leads to accumulation in the human body that can be traced
to health risks including, but not limited to, kidney cancer, testicular cancer, heightened
infertility, thyroid disease, and risk of miscarriage and pregnancy-induced
hypertension.367

The low reactivity and environmental longevity of PFAS like PFOA is caused by
the overall structure of the compounds, which consists of a carbon chain with strong,
high energy C-F bonds rather than C-H bonds, and overall low polarity.>® Long-chain
PFAs are generally labeled such if a molecule within the perfluoroalkyl carboxylic acid
(PFCA) subgroup, such as PFOA, contains eight or more carbons if within the
perfluoroalkyl sulfonic acid (PFSA) subgroup contains six or more, while the newer
alternative short-chain PFAS are the smaller counterparts in respect to each subgroup
(see figure 1).3
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Figure 1: Structures of common legacy perfluoroalkyl substances (PFAS) and
replacement PFAS.*

Many long-chain PFAS have limited regulation, with restrictions being imposed to
keep their numbers out of excess. The World Health Organization, WHO, set a standard
for a PFAS limit in its Drinking Water Directive Proposal in 2018, setting an advised limit
of 0.5 pg/L of total PFAS in water as well as a 0.1 pg/L limit for a singular type of PFAS
compound.® The most recent and lowest advisory level is currently for PFOA, at 4.0
parts per trillion, making its prevalence a concerning hazard.®



The research for finding methods to manage PFOA contamination through
removal or degradation is still ongoing, with various techniques being developed that
have greater success with certain PFAS subgroups or specific PFAS compounds
themselves. Conventional methods often used in water treatment plants such as aquatic
aerobic and anaerobic treatments, UV irradiation, and photolysis don't have as
substantial PFAS degradation resulting from the inability to break down the C-F
bonds.3? In the field, existing methods currently known that have more success in PFAS
decontamination include adsorption, anion exchange processes, plasma treatments,
and photocatalysis.3*° The best adsorption implemented for PFAS is the utilization of
hydrophobic and electrostatic attractions to create attachments between the adsorbent
of choice and the target PFAS molecules, with anion exchange resins used in the same
manner via ionic attractions, particularly from the anionic end tail.>1° Plasma treatment
is an advanced oxidation method in which plasma is introduced to water through
technological means, generating oxygen species such as OH radicals and Oz radicals,
which can then chemically degrade organic pollutants, as shown in Figure 2.%11
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Figure 2: Photocatalysis of PFAS general scheme, courtesy of Victoria Magyar.

Photocatalysis as an oxidative process alternative to plasma treatments has
shown promising results in the degradation of varying PFAS compounds. Unlike
previously mentioned methods that solely utilize PFAS removal from water sources,
photocatalysis is energetically favorable in its degradation of PFAS, long and short
chained, with a variety of photocatalyst options, of which there are opportunities for
them to be implemented into infrastructure or dispersed in solution.®

This study will focus on a particular photocatalyst with known abilities regarding
light induced degradation. As a photocatalyst, Titanium Dioxide, TiOz, has the
capabilities of degrading pollutants and volatile organic compounds under the
preference of UV or while still being nontoxic, stable, and a good semiconductor
material.*?> The TiO2 photocatalyst was investigated by Chowdhury, Nusrat, et al. as a
degrading agent for select PFAS. From the study it was observed that TiO2, along with
sulfur radicals generated by persulfate or sulfite, were able to chemically decompose
specific long chain perfluoroalkyl carboxylic acids (PFCAS), a type of long chain PFAs,
with success, as well as short-chain 6:2 Fluorotelomer Sulfonate (FTS)’. Dillert, Ralf, et
al. used UV photocatalysis with TiO2 and phosphotungstic acid for the degradation of



certain PFCAs, yielding relatively small but observable efficiencies to lay the
groundwork for future research, and has increased the PFCA degradation compared to
without the photocatalyst.!3

Titanium Dioxide, as a promising photocatalyst, would need the right conditions
to be able to properly degrade specific PFAS subgroups and specific compounds.
PFOA specifically has shown favorable photodegradation outcomes under lower pH and
oxygen-rich conditions.'# 1> The properties of TiO: itself matter greatly for the efficiency
and success rate of photocatalytic degradation. TiO2 groupings in nanoparticles exists
as three crystal polymorphs: brookite which will be the target polymorph of this study,
Anatase, and Rutile, all of which are stable, though have the ability to undergo phase
transformations.*?1417 Figure 4 shows a general lattice structure for each polymorph.
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Figure 3: The conventional cells for anatase (a), rutile (b) and brookite (c) TiO2. The big
green spheres represent Ti atoms, and the small red spheres represent O atoms."?

Out of the three polymorphs, Orthorhombic brookite lacked the most research
due to past difficulty of synthesis, however now brookite has been observed to be stable
and shows significant promise as a photocatalyst due to its wide bandgap between 3.1-
3.4 and higher photocatalytic activity in a pure phase with high surface energy; the {210}
facet of brookite is recognized by high reactivity, similar to the 101 face of anatase.’®
This variety of bandgaps is in an ideal range for UV light. Figure 4 shows a difference in
polymorph XRD phases, each with distinguishable peaks. Specific peaks, depending on
the 20 angle of incidence where intensity spikes, represents a 3-digit lattice plane
orientation (miller indices) — the spectra containing these peaks on a large 26 range
represent each distinguishable TiOz crystal polymorph diffraction pattern.
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Figure 4: XRD Patterns of Purchased Anatase, Rutile, and Brookite.2°

Current research has allowed for brookite to become more popular, allowing for a
continual progression of altered synthetic routes. Though phase transition instability is
an area of concern for Brookite, factors such as pH, temperature, and surface area are
able to improve stability, and create specific formations of Brookite with differing sizes
and possibly different levels of photocatalytic activity, such as nanosheets, nanocubes,
or nanoflowers 71819 Kandiel, Tarek A., et al. observed synergies between Anatase
and Brookite from higher photocatalytic activity, with pure-phase Brookite showing the
greatest amount of catalytic activity.'®

The comparison of purchased and hydrothermally synthesized gives a better look
into the nuances among the shape and size variation of TiO2 brookite alone. Through a
facile thermal synthesis, it would be expected to see possible larger sizes for particles,
even if surface area may be greater depending on their specific shape and surface.

2_Experimental Methods

2.1: Materials

Pure phase brookite nanocrystals were used as-purchased from Sigma Aldrich.
Titanium Oxysulfate Hydrate — Sulfuric Acid (TiSO4°xH20) was purchased from Alfa
Aesar. PFOA (solid) was purchased from VWR. C'3-PFOA Isotopic Internal standard
and 96% C'? PFOA was purchased from Wellington Labs



2.2: Safety

Caution should be taken when conducting experimental synthesis of TiO2
brookite, particularly regarding the use of acids. NoChromix is a strong oxidizer when
mixed with sulfuric acid for glass cleaning. Take caution when handling NoChromix, as it
causes harm upon ingestion and eye exposure, and can irritate upon skin contact and
inhalation. Gloves and safety splash goggle should always be worn when working with
NoChromix.?’

Caution should also be taken when using Hydrochloric Acid (HCI). HCl is very
corrosive, has high toxicity, and can cause severe damage to organs, skin, and eyes.
Hydrogen chloride gases can also pose a health risk upon inhalation. It is necessary to
always wear splash goggles and gloves when working with HCI, as well as always
handling HCI under a fume hood.??

Solid TiO2 has few acute hazards, and though it is not a known eye or skin
irritant, it is best to avoid inhalation of particles, as well as allowing contact with skin,
and oral consumption. TiO2 should be stored in a dry location at room temperature or
below. Goggles and gloves should still be worn when working with solid TiO2
nanoparticles.?3

PFOA in solution (methanol) is highly flammable and is greatly toxic upon
inhalation. It is not only possibly carcinogenic but may also cause fertility issues and
organ damage upon invasive exposure. Because methanol is highly volatile, gloves and
splash goggles should always be worn when handling the PFOA solutions. PFOA in
methanol should be handled under a fume hood.?

2.3: Synthesis of particles

Method 1: 2.5 grams of Titanium Oxysulfate Hydrate precursor (TiSO4*xH20)
were added to 50 mL DI Water. The precursor solution was stirred until clear, and 25
mL of 0.21M NaOH was added, forming a white precipitate. While the solution stirred,
concentrated NaOH was added dropwise to the mixture to increase precipitation and
bring the initial solution pH to 12.5. The resulting gel-precipitate was then washed via
centrifugation at 5000 rpm for 10 minutes and decanted with DI water three separate
times. Concentrated NaOH was used again to bring the final pH back to 12.5. Solutions
were put into polyphenylene polymer (ppl)-lined autoclaves inside a steel autoclave and
placed inside a muffle furnace. All samples were heated to 220°C with reaction times at
21 and 24 hours. Thermally treated samples were centrifuged 3 times for 20 minutes
and decanted three times. Samples were oven-dried and ground for SEM and XRD
analysis. Figure 5 shows a visual scheme of the synthetic route.

Method 2: 1.19 grams of TiSO4+*xH20 was stirred into 25 mL of DI water until
clear. 50 mL of 0.5 M NaOH was added to the 25 mL of precursor solution to form a
precipitate with an initial pH of 12.5, with no concentrated NaOH needed. The resulting
gel-precipitate was then washed via centrifugation at 5000 rpm for 10 minutes and
decanted with DI water three separate times. Similar to Method 1, Concentrated NaOH
was used again to bring the final pH back to 12.5. Solutions were put into



polyphenylene polymer (ppl)-lined autoclaves inside a steel autoclave and placed inside
a muffle furnace. All samples were heated to 220°C with reaction time of 24 hours.
Thermally treated samples were centrifuged 3 times for 20 minutes and decanted three
times. Samples were oven-dried and ground for SEM and XRD analysis. Figure 5
shows a visual scheme of both synthetic routes.
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Figure 5: Hydrothermal brookite Method 2 (blue) and Method 1 (grey) synthesis steps
2.4: Characterization

Purchased and synthesized NPs were characterized using a Bruker D2 Phaser
Benchtop X-Ray Diffractometer and a Jeol JSSM-IT700HR SEM. XRD was used for
phase identification via comparison to an embedded crystal phase references courtesy
of the Crystal Open Database. Photodegradation trials occurred inside a Rayonet
reactor (12W, 254nm). Photodegradation analysis was conducted using a Shimadzu
8040 Liquid Chromatography Tandem Mass Spectrophotometer with a C18
Phenomenex reverse-phase column.

2.5: Calibration Curve

All PFOA standard solutions were made using 80:20 H20:MeOH solvents. A
calibration curve was developed using vials containing 390 uL of PFOA standards in
solution and 10 uL of 1000 ppb isotopic internal standard, with concentration of
calibration points ranging 0.5, 1.0, 5.0, 10, 25, 50, 100 ppb. All standards were diluted
from a 96% PFOA 2000 ppb solution. The LOD was measured at 6.312 ppb and LOQ at



19.13 ppb, with an R? value of 0.9772. An ideal R? reaches values even higher with the
improvement of running more 100ppb standards. The LOQ is higher than the 10ppb,
however it is not above the value of any data points, therefore making all data valid.
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Figure 6: PFOA Calibration Curve. LOD = 6.312 ppb LOQ =19.13 ppb.

2.6: PFOA Degradation

. Photocatalysis samples were contained as a 60 ppb PFOA solution in 80:20
water: acetonitrile solvent in a quartz tube. The pH was kept unaltered. Afterwards, 6.0
mg of Brookite were added to every tube, and left in darkness under cold conditions to
equilibrate. All photocatalysis runs were performed UV reactor for two total hours of UV
irradiation. An initial 1.0 mL was collected from the tubes, followed by samples taken
every 30 minutes during irradiation. Brookite NPs were centrifuged out at 10,000 RPM
for 15 minutes. Subsequently 500 uL were collected via syringe from the
microcentrifuge tubes and syringe-filtered out into a separate vial. A 0.3 ym polyvinyl
difluoride (PVDF) filter was used for syringe filtration. From the separate vial, 390 uL of
solution were pipetted from each vial into labeled, corresponding LC vials. 10 uL of
internal standard were added to each LC vial.



3.Results and Discussion

3.1: Characterization of brookite TiO2 NPs

Both particles resulting from the Method 2 synthesis and the Method 1 synthesis
were characterized under SEM and XRD. Table 1 shows the differences in surface and
size as both the synthesis method changes along with thermal treatment times. For the
synthesis Method 1, NPs had a “hop”-shape, with slightly amorphous nature shown by a
flaky and fragmented surface. For the 21-hour synthesis, particles had both less shape
homogeneity and exaggerated amorphousness with some particles forming a clumped,
agglomerated appearance. Measurements are shown along the particles in nm and pm
where necessary. All particles follow XRD diffraction patterns with both reference lines
for brookite standards, as well as following the same diffraction pattern as purchased
brookite itself (Figure 8 a-d).

The hop-like NPs for the 21 hour thermally treated samples from Method 1
synthesis had an average length range of 450-550nm, while the diameter was on
average 100-150nm (Figure 7 A-C). For the 24 hour thermally treated NPs under
Method 1, average length range was 500-650nm, while average diameter range was
around 170-250nm (Figure 7 D-F). For the first 24 hour thermally treated samples under
Method 2, particles formed large aggregates on the microscale, ranging from 1.0-1.5 pm
in at least one diameter on average (Figure 7 G-I). These aggregates however are
composed of much smaller scale nanoparticles, which appear spindled and curved like
rings. In length these rings had a variety of lengths, many of which averaged around
300-400nm. The thickness of these spindles averaged around 30-60 nm (Figure 7 G-I).



The second 24-hour thermally treated sample from Method 2 appeared to be
more amorphous than the previous sample, attributed to slightly lower drying time and
possibly escaping of supernatant from the autoclave under pressure and heat (Figure 7
J-L). The presence of agglomerates and aggregates with TiOz spindles show a low
homogeneity in both size and shape overall (Figure 7 J-L). The spindles, however,
retain the same characteristics as the more crystalline sample under Method 2, with ring
lengths around 260-380nm and thickness ranging from 30-60nm. The purchased
brookite follows a similar trend of large microscale aggregates around 2-3um. The
aggregates are made up of small NPs with no defined shape and average lengths in at
least one diameter of 80-120nm (Figure 7 M-N).

Figure 7: SEM images with digital measurements, in green, for (A-C) 21 hour Method 1
brookite , (D-F),) 24 hour Method 1 synthesized brookite, (G-1) 24 hour Method 2
synthesized brookite, (J-L) Second 24 hour Method 2 synthesized brookite, (M-N)
purchased brookite. Scale bars are shown in the bottom right.
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Figure 8: XRD spectra for TiO2 samples including (a) purchased brookite [COD
9004139 brookite], (b) Method 1 brookite at 21 hours [COD 9004139 brookite], (c)
Method 1 brookite at 24 hours [COD 9004139 brookite], (d) Method 2 synthesized
brookite at 24 hours [COD 9004139 brookite]. The second Method 2 synthesized
brookite samples at 24 hours was assumed to have brookite diffraction patterns.

3.2: Photocatalytic performance of purchased and
synthesized brookite TiO2

Resulting LCMS-MS sample curve area/lS curve area ratios were calculated and
plugged into the calibration curve to find resulting the concentration. The initial measured
concentration of the sample was used as the 100% value, and all percentages of PFOA
in solution were compared to the initial.

Purchased brookite NPs and brookite synthesized under Method 1 were
employed in photocatalysis trials. The trial for 24-hour brookite was run once (n=1),
while 21-hour brookite and purchased brookite were run twice (n=2) (Figure 9).
Purchased brookite and the second Method 2 brookite sample performed the best and
was able to degrade PFOA by 44% (Figure 9). The first Method 2 brookite sample had
been able to degrade PFOA by 24% (Figure 9). The 21-hour older synthesis brookite
NPs degraded PFOA by 29%, while the 24-hour older synthesis brookite NPs were only
to degrade PFOA by 5% (Figure 9). The dip in PFOA percentage values for the 24-hour
Method 1 brookite may reveal a better picture of brookite synthesis if repeated in trials
compared to the final value at 120 minutes of UV irradiation (Figure 9).

The 44% removal of PFOA from both purchased brookite and the second
Method-2 derived brookite can be attributed to how surface and shaping of the sample
particles differ from their counterparts. Purchased Brookite, though made up of
microscale aggregates, consists of a sponge-like surface with small, randomly shaped
nanoparticles that differ in size but remain small (<80nm). The grooves in purchased
brookite samples resemble more porous nanoparticles. This could allow for better
adsorption of PFOA, as well as greater coverage of light on the surface, as well as
further light penetration. This pattern can be seen in the second Method-2 derived
brookite. Aggregates from this sample had a similar general size, with small particles
(<60nm) protruding off the surface. These particles do not appear to be as sponge-like



as the purchased brookite, however the benefit of Method-2 brookite spindles should be
the same as having the grooves in purchased samples.

The first sample of brookite synthesized from Method 2 also has spindles,
however worse performance can be attributed to much larger aggregates, and longer
spindles which take up more space. Both 24- and 21-hour brookite particles synthesized
from Method 1 were larger overall compared to the spindles and oblong-amorphous
particles on the purchased brookite surface. This contributes to worse performance, as
larger size results in a decreased amount of surface area. The greater shape and size
homogeneity of these particles decreases the chance of smaller particles being present
in the sample.
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Figure 9: Plot comparing the degradation of PFOA under UV Irradiation with varying
photocatalyst types.



4.Conclusion and Further Research

Purchased brookite NPs were observed to have formed large, rough-surfaced
aggregates which were on the microscale. The individual nanoparticles were not
homogenous in shape or size, though the larger aggregates had relatively greater
homogeneity. All Method 1 NPs formed a hop-like shape after thermal treatment,
centrifugation, and drying. Method 2 NPs, though both run for 24 hours, have formed
what appear to be nanoflowers with curly/curved rings protruding from the center.
Method 2 NPs had smaller individual particles similar to purchased brookite.

Under photodegradation trials, purchased brookite and 24-hour brookite [Method 2]
(2) performed the best, while 24-hour Method 1 brookite performed the worst. At a pH of
7, the increase in amorphousness in the 24-hour Method 1 brookite appears to have
greatly impacted its final degradation of PFOA, even if it had slightly smaller particles. It
would be in the best interest to continue testing these specific particles to determine
accurate performance. The greater performance of purchased brookite could be
attributed to the ability of smaller NPs forming the aggregates to have a greater surface
area compared to other synthesized NPs, as well as having a higher crystallinity. This
could mean that synthesized brookite using Method 2 may have promising results for
degradation.

Preliminary studies and data still have room for further method development. The
synthesis of brookite nanoparticles has currently been focused on high pHs and long
reaction times. Amorphousness appears to increase as times for thermal
treatment/reaction decreases rather than particle agglomeration being prevented with a
remaining particle smoothness. A future step for the benefit of understanding the effect
of nanoparticle surface, shape, and size on degradation is to look at the effect of
photocatalysis and possible HF production on the particles themselves. This would be
done via a second post-irradiation characterization. It is an area of interest to change
the method of filtration, particularly switching from PVDF filters, change to using an
isotopic standard for decomposition products of PFOA, and begin doping TiOz2 to further
observe what facets of brookite NPs matter most when conducting photodegradation
trials. Increasing number of trials per sample will be able to further solidify the
photocatalytic performance of the varying photocatalyst types employed in the trials.
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