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Environmental significance

Bias enhanced electro-photocatalysis on TiO,
nanoporous materials for decomposition of forever
chemicals in saltwaterfy

Sapanbir S. Thind, ©2° Bobby A. Ryane,? John. B. Hayden,” lan Chagunda, 2
Mathias Paul® and J. Scott Mcindoe @ *@

In this study, a TiO,-based bias-enhanced photocatalytic system was prepared with the aim of achieving
high photocatalytic activity in deionized as well as in saltwater systems. Highly ordered TiO, nanoporous
materials were fabricated via a double-anodization method. A potential bias was applied that suppresses
electron—hole recombination and deters interference from the ions present in the solution while
minimizing electrochemical reactions. Photodegradation reactions involving Rhodamine B (RhB) were
conducted to evaluate the efficacy of the nanomaterials with and without the applied bias. Our
experimental results revealed that the synthesized TiO, nanomaterials possessed high photochemical
activity under UVA light, substantially enhanced with the applied bias. A very significant enhancement
was observed when the Bias Enhanced Electrolytic Photocatalysis (BEEP) system was used in saline
solutions. Higher photocatalytic efficiency was achieved with the increase in the salinity level in the
reaction mixture. These bias-enhanced nanomaterials were successfully tested for the degradation of
per- and polyfluorinated substances (PFAS), recognized as a significant threat to the environment and
human health. The results indicated that the presented technology could eliminate a wide range of
fluorinated molecules. The simplicity, efficacy and scalability of the new BEEP approach described in this
study make use of the TiO,-based advanced oxidation process (AOP) possible in designing high-
performance water purification technologies applicable to fresh and salt water.

Accumulation of per- and poly-fluoroalkyl substances (PFAS) in the environment has gathered increasing attention from the scientific community because of

their potential adverse effects on the ecosystem and humans. Traditional methods such as electrolysis and supercritical water treatment are very energy-
inefficient and expensive. With 96% of Earth's water being saltwater or brackish, an energy-efficient treatment method that can operate across all levels of
salinity is needed to support the natural processes and reduce aquatic concentrations of these “forever chemicals”. Here we report the development of an
advanced photocatalytic system for energy-efficient water treatment applications. To circumvent the issue of ionic interference during photocatalysis a potential
bias was applied which significantly enhanced the photocatalytic activity in the saline water.

Introduction

chemicals and microorganisms, from either point or non-point
sources of pollution, which interfere with the beneficial use of

Fast urbanization and increased industrialization are putting
enormous stress on our water environment. Polluted water is of
great concern to the aquatic biome, humanity, and climate and
negatively affects the ecosystem."> The World Economic Forum
has listed the degradation of freshwater resources among the
top ten biggest global risks for the past decade. The world's
water resources have become contaminated, primarily by
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the water or with the natural functioning of ecosystems. Up to
5.5 billion people worldwide could be exposed to polluted water
by 2100, a modelling study has found.?

Some of the most challenging pollutants that society faces
are per- and polyfluoroalkyl substances (PFAS), which form
a huge group of diverse anthropogenic chemicals. The unique
properties of PFAS, for instance, water-, stain-, and oil repel-
lency and their high chemical stability, led to widespread use in
areas as diverse as fire-fighting foams and upholstery coatings.
The PFAS are highly stable due to the strong C-F bond which
resulted in their worldwide distribution. Perfluoroalkyl acids
(PFAAs) in particular were detected throughout the water cycle,
plants, and animals of a region including humans, air, indoor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environments, and soils.* Today, selected PFAAs fall under
global regulations to restrict their use due to high persistence,
bioaccumulation potential, and adverse health effects. The
main technologies currently in use for PFAS removal, are
supercritical water treatment,>® foam fractionation,” and elec-
trolysis.®* These technologies usually operate under extreme
conditions and consume high energy.

Heterogeneous photocatalysis (HPC) based Advanced
Oxidation Process (AOP) is an eco-friendly technique for puri-
fying water from organic and biological pollutants in environ-
mental systems.”® Upon light irradiation, the HPC process
harnesses photon energy resulting in photoexcitation of the
electron from the valence band to the conduction band causing
an electron-hole pair separation (e"/h") and activation of
surface redox reactions. The reactive oxygen species resulting
from the redox reactions on the surface of the photocatalyst play
a vital role in converting adsorbed organic/inorganic pollutants
into less harmful compounds.*»** Light harvesting, photo-
generated charge separation and surface reactivity play a very
significant role in the performance of photocatalysts.

TiO, as a photocatalyst is considered one of the best mate-
rials for the degradation of hazardous pollutants due to its
strong oxidizing power, high photocatalytic activity, chemical
and biological stability, relatively low cost, nontoxicity, and
long-term photostability.’>** TiO, with different morphologies
such as nanospheres," nanotubes,'® nanorods,'” nanofibers,
nanowires' have been reported for the removal of pollutants
from water. In addition, TiO, surfaces become super hydro-
philic with a contact angle of less than 5° under UV-light irra-
diation, due to chemical conformation changes on the
surface.” Among the current methods, different forms of TiO,
have been shown to break down perfluorooctanoic acid (PFOA),
but it has been mostly focused on TiO, particles.**>* Where TiO,
particles show some promise, they still leave the issue of low
removal rates of PFOA and PFOS and require the removal of the
TiO, particles from the water source. TiO, modified with
different particles have also been investigated for the photo-
degradation of PFOAs, such as Pb, Bi,>* In,* and Fe.* TiO,
array sheets have not yet been investigated for PFAS
degradation.>**’

While pilot-scale HPC and TiO,-based photocatalysts have
explored photocatalytic system scalability, their practical
implementation is restricted for various reasons. These include
low efficiencies, complicated photoreactor designs, high oper-
ation and synthesis costs, photocatalyst poisoning, and fast
electron-hole recombination.”®?"* In the past four decades,
a variety of strategies have been proposed to adjust the physical
and chemical properties of semiconductor photocatalysts to
effectively improve the scope of light absorption, reduce the
recombination of photogenerated charge carriers, and accel-
erate surface redox reactions. Anionic and cationic doping,**-**
composite materials synthesis,***” and nanomaterials with
complicated morphologies®**® are stuck at the proof-of-concept
level. Although a lot of work has been done on basic photo-
catalytic research, there is still a gap between laboratory and
industrial applications.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Accordingly, we have developed a technology we call Bias
Enhanced Electrolytic Photocatalysis (BEEP), where a potential
bias to the anode is applied to boost the redox reactions on the
surface of TiO,. Applying potential bias on the TiO, can seize
photo-generated electrons from the conduction band. The
electric potential enhances this system whether in saline water
or non-saline water. The enhancement can be attributed to two
factors. (1) band bending which leads to helping oriented
transfer of the photogenerated electrons, thus a reduction of
electron-hole recombination takes place as the positive voltage
on the anode keeps the electron longer in the conduction band,
thus giving the hole enough time to react with the water
molecules to form hydroxyl radicals that help in oxidizing the
pollutant molecules.* (2) A positive charge on the anode (TiO,)
helps to keep an electric charge on the photocatalyst's surface,
repulsing the unwanted inorganic cations. Accordingly, less
interference by these ions on the photocatalytic activity of the
photocatalyst is observed. For TiO, semiconductor materials,
the applied potential bias collects the electrons made available
by the interfacial photocatalytic reactions. Maximum (100%)
photogenerated-electron collection efficiency can be achieved
only when the applied potential bias is sufficiently positive.**
We tested the developed BEEP technology against a typical
photocatalytic reactor and a significant increase in the photo-
catalytic reactivity was observed in distilled water as well as in
seawater level salinity. The result is significant because it means
that the technology can be effectively deployed for degrading
pollutants in distilled water, brackish water, and seawater with
only minor modifications to the reactor. We also successfully
tested BEEP with some of the most challenging pollutants,
namely per- and polyfluoroalkyl substances (PFAS). The results
show that BEEP is capable of destroying various PFAS. BEEP is
energy efficient compared to other processes currently used to
eliminate PFAS from water such as supercritical water treat-
ment, foam fractionation, and electrolysis. Defluorination of
the PFAS chains can also be achieved.

Experimental
Materials

Titanium metal tubes were purchased from Ticon Industries
(Leander, Texas, USA). Hydrochloric acid (38%), ethylene glycol,
Rhodamine B, acetone, ammonium fluoride, per-
fluoronanonoic acid and perfluorotetradecanoic acid were
purchased from Sigma Aldrich and used as is. To check the
photocatalytic removal of PFAS mixtures (Method 537 and 537.1
M), solutions were obtained from Weck Laboratories Inc.
California.

Fabrication and modification of nanoporous TiO,

The highly ordered nanoporous TiO, was grown using an
anodization process in a one-compartment two-electrode cell
that contained ethylene glycol + 0.3 wt% NH,F + 2 wt% H,O0,
with a Ti tube as the anode, and a titanium mesh as the cathode.
Briefly, the Ti metal tube was initially sonicated in acetone for
15 min, after which it was etched in 18% HCI at 85 °C for

Environ. Sci.: Adv,, 2025, 4,1024-1034 | 1025
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10 min. Subsequently, the etched Ti was anodized at 50 V over
5 h, after which the rough as-grown nanoporous TiO, layer was
removed by applying masking tape. The same Ti then under-
went a second-step anodization at 50 V for 15 min to obtain
a uniform nanoporous TiO, structure. The plates were annealed
at 450 °C for 3 h to obtain an anatase crystal structure.

Characterization of the synthesized nanoporous TiO,

The synthesized nanoporous TiO, was characterized by energy-
dispersive X-ray spectroscopy (EDX), and scanning electron
microscopy (SEM, Hitachi-S400). X-ray diffraction (XRD)
measurements were done on a PANalytical Empyrean system
using a Cu (Ka, 1.5406 A). An LED assembly containing 365 nm
UVA LEDs was employed to evaluate the prepared nano-
material's photocatalytic activity. The LEDs were purchased
from Mouser USA (Mouser #:416-LST101G01UV01).

Photocatalytic reactor

The photoreactor consists of a titanium tube (Fig. 1A) with TiO,
nanoporous material grown on the inner surface. A stainless-
steel pipe runs through the middle of the titanium tube and
connects the pump at the bottom to the sprayer at the top.
Water is sprayed vigorously onto the TiO, surface, scrubbing the
air. The water runs down as a thin film on the TiO, nanoporous
material inside the titanium tube. The UVA-LED assembly
(fifteen 365 nm UVA LEDs secured in a glass tube wrapped
around the stainless-steel pipe) irradiates the inner surface of
the titanium tube as shown in Fig. 1B. The treated water falls
into the reservoir from which it can be recycled for further
treatment. The volume of this reservoir is 2 L and the flow rate

during the experimentation was approximately 3 L min~".

Photocatalytic activity measurements

The photocatalytic activity of synthesized nanoporous TiO, was
evaluated by measuring the photocatalytic degradation of
Rhodamine B (RhB) under different conditions. A 10 uM solu-
tion was prepared in tap water. The reaction mixture was stirred
for 30 min in the absence of light to obtain a homogeneous
dissolution of dye in the water and achieve an adsorption-

Sprayer _EW

Phuto:ata!yst—e A @1 B
{

UVA LEDs
Assembly

Thin water film

Ti metal tube
coated inside
with TiO,
nanoporous
material

Water reservoir

Fig. 1 (A) Design of the photoreactor. (B) Inside view of the reactor
showing design of the LED assembly.
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desorption equilibrium. The UV intensity on the TiO, surface
was measured to be around 8000 mW cm™>. DC electricity for
the LED assembly was maintained at approximately 21 watts
(2.0 amps constant current with a forward voltage of ~10.7
volts). Samples were collected from the reaction mixture at
regular intervals. The samples were used to measure the
degradation of Rhodamine B using a UV-vis spectrometer (ASEQ
instruments LR1-B). After taking the reading the solution was
added back to the reactor. For bias-enhanced electrolytic pho-
tocatalysis, 2 V was applied between TiO, coated metal tube and
the stainless-steel chalice which contains the solution. When
the pump is off there is no water flow in the system and thus no
circuit is established between the anode and cathode as they are
separated by a silicone ring. When the pump is on, the water
gets sprayed on the TiO, and falls back into the chalice resulting
in establishing an electrical connection through the solution
between the anode and the cathode.

PFTeDA/PFNA degradation analysis

Samples were taken from the reactor (Fig. 1), and data was
collected by a Waters (Milford, USA) Synapt G2-Si mass spec-
trometer and analyzed using Waters MassLynx V4.2 software.
The Synapt was operated in negative ion mode. Parameters used
were: capillary voltage 2.50 kV, source temperature 115 °C,
desolvation temperature 220 °C, sampling cone 20, source
offset 0, desolvation gas flow rate 150 L h™", cone gas flow 50 L
h™', mass range m/z 50-800, and scan duration 1 s (Fig. S67).

Electrochemical testing

The electrochemical testing was performed using linear sweep
voltammetry on a Gamry Instrument Interface 1010 E, using
Gamry Framework Data Acquisition V. 7.10.3 software. A Ag/
AgCl reference electrode was placed at the top of the BEEP
system near the top of the anode and UV lights. The data
collection was performed at a scan rate of 10 mV s, step size of
2 mV, with an initial volt of —0.215 V, and final volts of 3 V. The
experiment used the BEEP system shown in Fig. 1A.

Results and discussion

The SEM image (Fig. 2A) of the highly ordered nanoporous
material fabricated on the Ti substrate by the anodization
method revealed that the diameter of the nanopores was
~150 nm and that the nanopore consisted of several smaller
nanopores. The diffraction peaks (Fig. 2B) were attributed to the
tetragonal anatase TiO,,' which confirmed the anatase phase
after heating at 450 °C for 3 h."® The peaks marked with aster-
isks are derived from the Ti substrate. Strong oxygen and tita-
nium peaks were observed in the EDS (Fig. 2C), which
confirmed the formation of the TiO, nanoporous arrays. We
tested the BEEP photoreactor under various conditions. The
degradation reaction of RhB under UVA light (365 nm) irradi-
ation was used to evaluate the photocatalytic activity. It was
compared with the bias-applied degradation and the photo-
catalyst with bias enhancement (BEEP). Fig. 2D presents the
disappearance of RhB wunder photooxidation conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) SEM image of prepared TiO, nanoporous materials. (B) XRD spectra of TiO,. (C) EDX spectra. Scanning kinetic curves for (D) photo- (E)

BEEP oxidation of Rhodamine B in distilled water on TiO, nanoporous material. (F) The relationship between In(C/Cp) and time.

Substantial removal of the organic dye was noted and within
four hours of testing, the dye concentration was reduced by
approximately 65%. In our next experiment, BEEP technology
was engaged where the UVA light was turned on and a potential
bias of 2 V was applied to the TiO, nanomaterials. As seen in
Fig. 2E the rate of photocatalytic removal of RhB with BEEP was
faster compared to when only the photocatalyst was applied.
The kinetics of these reactions are presented in Fig. 2F,
revealing that a ~50% enhancement in the photocatalytic
activity was observed when BEEP was used. Even when no
electrolyte is present in the solution, applying 2 V on the anode
helps in the reduction of electron-hole recombination and
improves the redox kinetics at the surface thus improving the
overall photocatalytic activity of the photocatalytic system. TiO,
is a wide bandgap semiconductor (3.2 eV)* and cannot be used
as an electrocatalyst on its own. Fig. S17 presents an attempt to
use our reactor where TiO, is behaving as an electrocatalyst with
an applied voltage of 2 V. During this experiment, there was no
UVA irradiation on the TiO,. As expected, little electrocatalytic
removal of RhB was observed and after four hours only 18
percent was oxidized. There was no electrolyte in the solution
and the current was in microamperes.

Photocatalysts have been studied in the presence of different
inorganic salts, and it is well-established that the photocatalytic
efficiency significantly decreases due to the ions in the solu-
tion.**** The vast majority of water on the earth's surface, over
96 percent, is saline water in the oceans. Most of the pollutants
released by different industries ultimately find their way into
the oceans and there is no efficient way of getting rid of these
pollutants. The salinity of oceans is usually around 35 000 ppm,
which badly compromises the efficiency of a typical

© 2025 The Author(s). Published by the Royal Society of Chemistry

photocatalytic reactor. Thus, there is an urgent need to develop
new technologies for the treatment of saline wastewater. To test
the BEEP technology and to understand the effect of salinity, we
performed experiments on solutions with different salinity.
Fig. 3A and B represent photocatalytic experiments conducted
with 35000 ppm salt water without and with BEEP engaged
respectively. The results indicate that as expected, the photo-
catalysis was severely hindered by the presence of salt in the
water and the reaction was much slower compared to the pho-
tocatalysis in fresh water. Although there is a large amount of
salt in the water that contributes as an electrolyte, the electro-
catalysis experiment where 2 V was applied without the UVA
irradiation on the photocatalyst did not increase the rate of
reaction (Fig. S2t). This lack of activity is because 2 V is not
enough of a potential bias to activate the TiO, as an electro-
catalyst in such conditions. When BEEP was engaged, a faster
reaction was observed and within the first hour, most of the
stand-in organic pollutant (RhB) was oxidized. The inset image
in Fig. 3B shows that nearly all the colour of the dye disappeared
within one hour and the two-hour sample was clear with no
trace of the dye molecule shown in the UV-Vis spectra. Reaction
rates obtained from these results revealed that when the BEEP
reactor was used for the treatment of RhB in 35 000 ppm water,
it showed approximately 16 times faster degradation of RhB as
compared to just the photocatalyst without engaging BEEP
(Fig. S37). This result demonstrates that the synergistic appli-
cation of applied bias greatly boosts the photocatalytic proper-
ties of the system due to the repulsion of unwanted inorganic
cations on the surface of the anode, leading to less interference
on the photocatalytic activity of the photocatalyst, in addition to
lower recombination.

Environ. Sci.: Adv., 2025, 4,1024-1034 | 1027
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Fig. 3 Scanning kinetic curves for (A) photo- (B) photoelectrochemical (BEEP) oxidation of Rhodamine B in 35000 ppm saltwater on TiO,
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photocurrent at 3500 ppm salinity.

To further study the effect of the salt concentration on the
photocatalysis, we altered the experimental conditions. Fig. 3C
shows the effect of different salinity levels on the performance
of photocatalysis and BEEP. When just photocatalysis was used
and no potential bias was applied, with an increase in the salt
concentration, the photocatalytic activity of the TiO, decreased.
An 8% decrease in the activity was observed when the salinity
level of the solution was increased from 0 to 100 ppm. With
further increases in the salinity, 16%, 48%, and 52% decreases
in reaction rate were observed for the 1000, 3500, and 35
000 ppm solutions respectively. In contrast, when BEEP was
engaged (i.e. the photocatalyst was irradiated with UVA and
a 2 V potential bias was applied), instead of a decrease
a significant increase in the activity was observed, and 113, 146,
187, and 740% increases in the photocatalytic activity was
observed for 100, 1000, 3500 and 35000 ppm solution. The
kinetic curves for these experiments are presented in Fig. 3D
and E. These results signify that BEEP is not only advantageous
in freshwater treatment systems but is transformative in
a saline environment. BEEP not only keeps the photocatalyst
engaged but also significantly enhances its activity. This
enhancement in activity can be attributed to the higher
photocurrent observed when the bias is applied in the presence
of UVA (Fig. 3F). The effect of applied bias on the photocurrent
in 3500 and 35 000 ppm salt solution is present in Table S1 and
S27 respectively.

The effect of applied bias in pure water (0 ppm salt) and salt
water (35000 ppm) on the photocurrent is represented in
a Linear Sweep Voltammetry (LSV) graph which is an electro-
chemical technique that measures the current at an electrode

1028 | Environ. Sci.: Adv, 2025, 4, 1024-1034

while linearly increasing the potential between the electrode
and a reference electrode. The results are presented in Fig. S4.+
From 0V to 2.25 V a linear response is observed, indicating that
no water splitting is taking place at this potential range. After
2.5 V exponential growth is seen in the current which presents
the water-splitting. Thus, 2 V was used to operate BEEP as it has
a high enough positive bias to eliminate most of the electron-
hole recombination without causing water splitting. Water-
splitting negatively affects the photocatalysis.

PFAS have been used as water repellants on fabrics and
household textiles and non-stick coatings on and in food
packaging and cookware for decades.**>*® These PFAS are now
being linked to a wide range of health issues.*’>* Eventually, the
PFAS are solubilized in aqueous landfill leachate. Removal of
aqueous PFAS typically requires more energy- and resource-
intense methods such as reverse osmosis, nano-filtration, ion
exchange processes, supercritical conditions or sorptive filtra-
tion using granular activated carbon or biochar.>>** Heteroge-
neous photocatalytic oxidation has emerged as an effective
alternative technique for the degradation of PFAS.***® Most
studies have been done with slurry reactors and UVC lights and
photocatalysts like In,O; or Ga,0;, and degradation of PFAS has
been demonstrated.>® However, these photocatalysts are very
expensive to utilize in industrial applications.

For experimentation, PFAS samples were obtained from
Weck Laboratories Inc. California, USA, and were used as
received for the BEEP-based photocatalytic redox studies. Two
different types of methods/solutions were obtained for this
study. EPA 537.1, which is commonly used for drinking water
testing, and EPA 537M, which is for non-potable water and soil/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solids.?”® In the first experiment, a solution containing 42 PFAS
with different functional groups and different chain lengths was
used to evaluate the efficiency of the BEEP photocatalytic
reactor toward the removal of these PFAS. The results are shown
in Fig. 4. Fig. 4A shows the amount of different per-
fluorocarboxylic acids (PFCAs) chains in the initial sample (red)
and after 24 h BEEP treatment (orange). It can be concluded
that complete removal of perfluorooctadecanoic acid [PFODA

(C417F35COOH)], perfluorohexadecanoic acid [PFHXA
C15F3,COOH], perfluorotetradecanoic acid [PFTeDA/PFTDA
(C13F,,COOH)], perfluorotridecanoic acid [PFTrDA

(C12F,5COOH)] were achieved. All these analytes were unde-
tectable by the LC/MS/MS after 24 h experimental run. It is to be
noted that all these PFCA chains were the longest fluorocarbon
chains present in the solution. This shows that longer mole-
cules of the PFAS are more susceptible to photocatalytic elimi-
nation. In the case of PFCAs, with an increase in the number of
carbon atoms in the molecule, their water solubility decreases.
The negative charge of the carboxylic acid group on the PFCA is
attracted to the positive charge applied to the TiO, nanoporous
material. These hydrophobic molecules have the tendency to
easily come out of water and adsorb onto the TiO, surface where
they react with hydroxyl radicals and holes, which are highly
oxidizing in nature resulting in the breaking of C-C bonds in
the PFAS. For the PFCA chains with 12, 11, 10, 9, and 8 carbon
atoms, approximately 97%, 95%, 85%, 56%, and 26% decreases
in PFCA were observed, respectively. The PFCA chains with
a lower number of carbon atoms showed higher accumulation
after 24 h of the photocatalytic redox process. For example, for
perfluorooctanoic acid [PFOA C,F;5COOH (C8)], the amount
present in the 24 h sample was 169% more than the amount
present in the initial sample. All these results indicate that the
longer chain molecules are getting decomposed on the surface
of the TiO, photocatalyst resulting in the formation of PFAS
with smaller carbon chains. The overall mechanism for this
fragmentation can be provided as follows with an example of
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== 24h == 24h
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Fig. 4 537 M testing with 42 analytes. Effect of BEEP photocatalytic
redox reaction on the concentration of (A) PFCAs, (B) PFSAs and (C)
various other PFAS.
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perfluorododecanoic acid [PFDoA (C12)].>>** In the first step,
the PFCA ions are adsorbed on the surface of the TiO, nano-
porous materials and get oxidized and produce a radical
species. This radical molecule undergoes a decarboxylation
reaction to form CO, and a very unstable decarboxylated carbon
chain that immediately reacts with a water molecule to produce
H' and an OH~ containing carbon chain. Further reactions
form PFCAs containing one less carbon atom than the parent
molecule. From the conduction band, excited e™ on the surface
of the photocatalyst reacts with adsorbed water to form
hydrated electrons (e,q ). PFAS molecules adsorbed on the
catalyst surface can be attacked by the e, and degraded into
shorter-chain compounds. These reactions are presented in
detail below.>

TiO, + hv — TiO, (h* + ;") 1)

H,0 +h* - H" + OH" (2)

Decomposition by h*

C11F2;C00™ + h* — C,F»;CO0° (3)
C11F23C00° — Cy Fas” + CO, (4)

CiiF23" + H,O — CF530H + HY (5)
C,,F»;0H — C,(F,,COF + H" + F~ (6)
C1oF»;COF + H,0 — C;oF5,COO™ + 2H* + F~ (7)

Decomposition by e~

C1,F2;COOH + ¢, — C;F»,COOH" + F~ 8)
C11F»,COOH" + H,0 — C;,F,,HCOOH + OH' )
C1/F»,HCOOH + ¢,;~ — C;;F5;HCOOH" + F~  (10)

C11F>;HCOOH" + H,0 — C,;F5H,COOH + OH"  (11)
C1F5H,COOH — C;oF,;" + :CH, + COOH" (12)
CioFa" + COOH" — CjoF,COOH (13)

:CH, + H' — "CH; (14)

With time, larger molecules are broken down resulting in the
formation of smaller chains showing a cascade effect on their
concentration. This conclusion can be further supported by the
results in Fig. 4B, which shows the photocatalytic removal of
different sulfonic acid chains present in the solution. Per-
fluorodecane sulfonic acid [PFDS (C10)] is the longest molecule
present in this group and showed 90% removal in 24 h. The
shorter fluoride-containing carbon chains, 9, 8, and 7, have
a decrease of 75%, 38%, and 33% in the 24 h, respectively. As
photocatalytic redox reactions take place on the surface, the
molecules get broken down further and further leading to the
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formation of shorter-chain PFAS. As this test solution had 42
different PFAS, Fig. 4C presents the effect of BEEP redox on the
concentration of PFAS containing other functional groups
proving that irrespective of the functional groups/molecular
structure, BEEP can effectively and efficiently destroy them.
Complete removal of PFAS with sulfonamide-containing groups
was observed. N-Methyl perfluorooctane sulfonamide
[MeFOSA], N-methyl perfluoroctane sulfonamide [MeFOSA], N-
methyl perfluorooctane sulfonamido acetic acid [MeFOSAA], N-
ethyl perfluorooctane sulfonamide [EtFOSA], N-ethyl per-
fluoroctane sulfonamide [EtFOSA], and N-ethyl perfluorooctane
sulfonamido acetic acid [EtFOSAA] were all undetectable after
24 h of treatment under BEEP conditions.

To repeat the result and to limit the interference from so
many additional PFAS analytes in the sample, another BEEP
redox experimentation was performed, but this time only 18
analytes were present in the solution and the 48 h photo-
catalytic redox results for these analytes are shown in Fig. S5.1
The results follow the same trend as observed in the previous
experiment and longer-chain PFCAs showed faster removal
rates compared to the smaller carbon chains. An increase in the
amount of smaller carbon chain analytes was again observed.
After the 48 h photocatalytic redox by BEEP, perfluoropentanoic
acid [PFPeA (C5)], and perfluorobutanoic acid [PFBA (C4)] were
detected in very small amount. These analytes were not present
in the initial solution, again backing the proposition that the
bigger chains are getting broken into smaller chains.

Single analyte experiments were performed on per-
fluorotetradecanoic acid [PFTeDA (C14)] and heptadeca-
fluorononanoic acid [PFNA (C9)]. To utilize the true benefits of
BEEP, an experiment using PFTeDA was performed with
100 ppm salt concentration. An intense molecular ion peak at
m/z 712.953 and a decarboxylated molecular ion peak at m/z
668.957 was observed. A consistent decrease in the PFTDA was
observed during the experiment and after 24 h of BEEP treat-
ment, most of the PFTeDA was gone and several product peaks
were observed. Some of these peaks can be assigned to smaller
PFCA molecules like [CgFy;]” and [CeF43]~ at m/z 418.976 and
318.982 respectively (Fig. S6C;T these entities are decarboxy-
lated and unsaturated).* Fig. 5A shows the mass spectrum of
[C13F27,CO,] ™ and [C;3F,;] obtained for all the samples taken
during the experimentation. A gradual decrease in the concen-
tration of PFTeDA was observed and within 12 h, the concen-
tration was below the detection limit of the mass spectrometer
as no peaks were observed at m/z 668.957 and m/z 712.953. This
observation suggests that in the beginning, the PFTeDA mole-
cule with 14 carbon atoms is degraded by removing a CF, unit,
which results in creating molecules with 13 carbon atoms. The
corresponding [C;,F,3;CO,]” ions appear at m/z 662.963
(Fig. S67). Due to the highly oxidizing capabilities of BEEP, this
byproduct further breaks down into smaller molecules resulting
in its disappearance from the 4 h and subsequent samples.
There is nothing observable in the 24 h sample as this product
further gets broken down to low molecular weight products.

Heptadecafluorononanoic acid was used to verify that BEEP
could break down smaller chain PFAS, since it was observed in
Fig. 4 that there was an increase in smaller alkyl chains. To
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Fig. 5 (A) MS spectra during the BEEP redox of PFTeDA. (B) Possible
reaction mechanism depiction during the redox breakdown of PFAS
on BEEP. MS spectra intensities for PFOS molecular ion during the
photocatalysis (C), and BEEP (D).

increase the reaction rate, 4.0 Vand pH 2.5 were used. As can be
seen in Fig. S7,T there was a decrease in the C9 chain, leading to
a rise and fall in the smaller chains. After 24 h very small
amounts of [C4Fo|™ (m/z 218.95) and [C5F,4]|™ (m/z 268.95) were
seen, and then after 48 h no PFAS were observed. The energy
efficiency of BEEP was compared to a similar study®® and is re-
ported in Table S3.+

Perfluorooctanesulfonic acid (PFOS) is a compound with
a chain length containing eight perfluorinated carbon atoms
(C8) bonded to a sulfonate anion (SO;"). It is one of the most
widely used perfluorinated organic compounds. According to
the European Food Safety Authority's Contaminants (CONTAM)
Panel, food, in particular fish and fishery products, seem to be
a significant source of exposure to these contaminants.** The
mass spectrometric results from the samples during the redox
reaction of PFOS with a typical TiO,-based photocatalyst and its
comparison to BEEP performance are presented in Fig. 5C and
D. When only the photocatalysis was employed, almost no
removal of PFOS occurred. When BEEP was applied, a decrease
in the concentration of PFOS was observed and approximately
30 percent of the starting material was eradicated in 24 h. This
indicates that the BEEP technology is capable of eliminating not
only the longer chain PFAS compounds, but it can also effec-
tively target the robust ions and molecules like PFOS and PFOA,
the main pollutants in the PFAS family. Although the rates of
removal of PFOS and PFOA are slower compared to the longer
chain PFAS, BEEP technology is a promising alternative to other
expensive and destructive methods such as electrolysis and
supercritical water oxidation.

The released F~ ions were quantified by an ion-selective
electrode (ISE, Mettler Toledo solid-state) connected to a Met-
tler Toledo SevenCompact pH/ion meter. The accuracy of F~
measurement by the ISE was validated by spiking various
concentrations of NaF into the solution matrices. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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defluorination percentage is defined as the concentration ratio
between the released F~ ions in solution and the total fluorine
in the parent PFOS molecule. When only photocatalysis was
applied the initial concentration of F~ was 0.001 ppm at the
start and did not change after 24 h of redox reaction. In
contrast, for the BEEP experiment, the initial PFOS sample
showed 0.005 ppm fluoride ion concentration and at 24 h was
0.210 ppm, a defluorination percentage of approximately 15%.
This defluorination ratio shows that an appreciable quantity of
PFOS is completely mineralized to its components. A longer
experiment was conducted, and it was observed that with an
increase in time, the amount of free fluoride ions kept
increasing. The amount of F~ observed for the initial sample
was 0.004 ppm and for 1, 2, 4, 24, 48 and 72 h samples the
readings were 0.012, 0.015, 0.018, 0.040, 0.068 and 0.087 ppm
respectively. These results indicate that the BEEP is an effective
in situ approach for the removal of forever chemicals in water.
For the 72 h PFOS experiment, although a continuous increase
in the fluoride concentration was observed, the mass spectro-
metric results indicated that after 24 h there was an increase in
PFOS concentration (Fig. $81). PFOS has a hydrophilic head and
a hydrophobic fluorinated tail. Due to the long hydrophobic
chain, PFOS has a high propensity for the surface where the
hydrophobic end is sticking out of the water and the hydro-
philic end is in the water. This phenomenon is the basis of the
foam fractionation process for PFAS removal.®> In BEEP, due to
the vigorous water movement and wet scrubbing, a possible
explanation is that a large number of PFOS molecules are
present in the foam phase and travel to the photocatalyst
surface area via the pump. As there is a 2V anodic voltage
present on the photocatalyst, the hydrophilic head present on
the water surface or in the microbubble gets attracted towards
that positive charge and stays longer (Fig. 5B). The photo-
catalytic redox process defluorinates the ions. As more and
more PFOS ions present on the surface were eliminated by
BEEP, a significant decrease in the foam was observed during
the 72 h experiment. The increase in the concentration of PFOS
in 48 h and 72 h samples may be the result of PFOS ions
previously sequestered in the foam being distributed into the
solution phase.

Conclusions

We have developed an enhanced photocatalytic system where
a TiO, nanoporous based photocatalyst is used in conjunction
with a potential bias. Application of this bias significantly
sequesters the electron-hole recombination and mitigates the
effect of ionic interference during the photocatalytic process.
The photoreactor was tested for the photocatalytic oxidation of
rhodamine B to explore the reaction rates under different
experimental conditions. Compared to a typical photocatalytic
reactor, Bias Enhanced Electrolytic Photocatalysis (BEEP)
performs about 50% faster in freshwater systems and an
increase of 13%, 46%, 87%, and 640% in the photocatalytic
performance was observed for 100, 1000, 3500 and 35 000 ppm
salt solutions respectively. Where all the other photocatalytic
systems become inefficient in the presence of salt and other
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inorganic minerals in the water, the BEEP-based photoreactor
exhibits enhanced performance compared to the freshwater
systems. The synergistic use of water scrubbing, laminar flow,
and applied bias results in a significant enhancement in the
photocatalytic efficiency of the photocatalytic system. As ionic
interferences are limited in the BEEP photoreactor, testing was
performed for the destruction of amphiphilic forever chemicals.
To prove the photocatalytic capability of the reactor, a 537 M
method was used where a mixture of 42 forever chemicals
containing different functional groups such as carboxylic acid,
sulphonic acid, sulphonamide, sulphonate, ether, etc., was
tested. The third-party testing revealed that BEEP could destroy
most of the 42 forever chemicals, present in the water. The high-
molecular-weight forever chemicals were most susceptible to
degradation and within 24 h most of the compounds containing
10 or more carbon atoms in the molecular structure were
undetectable by LC-MS/MS. Interestingly the concentration of
compounds with a smaller carbon chain increased during the
testing which reveals that the longer chains were being broken
down into smaller chain species.

Employment of 365 nm UVA-LED also helps in decreasing
the energy cost and significantly increasing the photocatalytic
activity of the system. This LED-based technology is eco-friendly
as it limits the use of harmful UVC lamps. As a portion of
sunlight also contains UVA, these developed photoreactors in
future can be employed in the sunlight thus fulfilling the goal of
having a more energy-efficient wastewater treatment tech-
nology. This energy-efficient technology can be used equally in
both freshwater and saltwater treatment and can remove
organics, pathogens, and even forever chemicals from the
wastewater. This significant enhancement in the BEEP photo-
catalysis can also be employed for other green chemistry
applications.
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