Chemosphere 344 (2023) 140344

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

ELSEVIER journal homepage: www.elsevier.com/locate/chemosphere

Check for

Comparison of the photocatalytic degradability of PFOA, PFOS and GenX W&
using Fe-zeolite in water

Junying Wen?, Huarui Li*", Lars Ditlev Mgrck Ottosen®, Johan Lundqvist ¢,
Leendert Vergeynst
& Centre for Water Technology (WATEC) & Department of Biological and Chemical Engineering, Aarhus University, Universitetsbyen 36, 8000, Aarhus C, Denmark

b School of Civil Engineering, Yantai University, 30, Qingquan RD, Laishan District, Yantai, 264005, PR China
¢ Department of Biomedical Sciences and Veterinary Public Health, Swedish University of Agricultural Sciences, Box 7028, SE-750 07, Uppsala, Sweden

HIGHLIGHTS GRAPHICAL ABSTRACT

e Photocatalytic degradation of GenX was
lower than for PFOA and PFOS after 7 h.
o Overall defluorination of GenX (33%) is Legacy PFAS
lower than for PFOA (69%) and PFOS

PFOA. | : F F
(51%). M/)\VI\ © Ph lysi
1
e GenX (40%) adsorbed less than PFOA F . ¥ F ° otocatalysis

| 4 ¥ ¥ F M
(99%) and PFOS (87%) on Fe-zeolite. UV light F- F-

o Short-chain (<C4) transformation prod- PFOS | T el or 1 f 1 T e o PFOA Z 5.7 Z C2-4
ucts were resistant to degradation. F"/l\f/i\f/l\f/l\s¢ N — PFOS - -
e GenX produced higher levels of persis- & K 5 E \\0
tent ultra-short-chain transformation vs
products. * Zeolite F
Emerging PFAS _— C3
. h*h* GenX
o
1 s o 2
GenX °
R
ARTICLE INFO ABSTRACT
Handling editor: Sergi Garcia-Segura Knowledge on the photocatalytic degradability of the emerging poly- and perfluorinated alkyl substances (PFAS)
in water, specifically GenX, is limited. GenX has been detected globally in river water and is considered
Keywords: ) potentially more toxic than legacy PFAS. In this study, we compared the photocatalytic degradability of GenX
Poly- and pe'rﬂuormated alkyl substances with the legacy compounds perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) using Fe-
;houilcatalysw . e di " zeolite photocatalysts. After 7 h of irradiation, GenX showed lower removal (79%) and defluorination (33%)
F:ZO;?:OprOpy ene oxide dimer act as compared to PFOA (100% removal and 69% defluorination) and PFOS (100% removal and 51% defluori-
Defluorination nation). The quasi-first-order degradation rate of GenX (1.5 h') was 12 and 1.2 times lower than PFOA (18.4h™ 1)

and PFOS (1.8 h’l), respectively. Additionally, PFOA’s defluorination rate (0.9 h’l) was approximately 2.6 and 9
times higher than GenX (0.35 h™!) and PFOS (0.1 h™ 1), respectively. These outcomes correlate with GenX’s lower
hydrophobicity, leading to reduced adsorption (40%) compared to PFOA (99%) and PFOS (87%). Based on
identified transformation products, we proposed a GenX degradation pathway, resulting in ultra-short-chain
PFASs with a chain length of 2 and 3 carbon atoms, while PFOA and PFOS degraded stepwise, losing 1
carbon-fluorine bond at a time, leading to gradually shorter chain lengths (from 7 to 2 carbon atoms). In
conclusion, GenX is more challenging to remove and degrade due to its lower adsorption on the photocatalyst,
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potential steric hindrance, and higher production of persistent ultra-short-chain transformation products through

photocatalysis.

1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are a group of anthro-
pogenic chemicals that has been recognized as high-risk water pollut-
ants (Olvera-Vargas et al., 2022). In the last two decades, PFAS have
been used in a wide range of applications (Crone et al., 2019; Gliige
et al., 2020) and have been detected in drinking water sources world-
wide (Thompson et al., 2011; Rahman et al., 2014; Gliige et al., 2020;
Liu et al., 2021a). Their perfluorinated moieties with strong C-F bonds
and polar heads provide PFAS an amphipathic character and low reac-
tivity (Vakili et al., 2021) resulting in high environmental persistence,
tendency for bio-accumulation and half-life times in humans of several
years (Li et al., 2018a). The ubiquitous presence of PFAS poses therefore
a risk to humans (Li et al., 2018b; Vakili et al., 2021). For these reasons,
two of the most produced and used PFAS, perfluorooctanoate acid
(PFOA) and perfluorooctane sulfonate (PFOS), are banned in the Euro-
pean Union and the United States of America (Pierozan and Karlsson,
2021).

Since the ban of legacy PFAS, alternative fluorinated shorter-chain
congeners are introduced as substitutes (Vakili et al., 2021). For
example, hexafluoropropylene oxide dimer acid (GenX) was introduced
in 2009 as the substitute for PFOA, which was believed to entail lower
risk for human health due to its lower tendency for bio-accumulation
(Vakili et al., 2021). However, more than a decade of releasing GenX
into the environment has led to its detection in natural waters world-
wide (Hopkins et al., 2018). Concentration of up to 4 pg/L were detected
in drinking water wells and lakes nearby industrial plants in North
Carolina, USA (Hopkins et al., 2018). It has also been detected in rivers
in Europe at concentration of 11-73 ng/L (Gebbink et al., 2017; Vakili
etal., 2021). Furthermore, recent reports based on in vitro assays showed
that GenX is more likely to induce apoptosis in the human liver cells than
PFOA (Yoo et al., 2021) and has higher potency than PFOA and PFOS as
agonist for the human peroxisome proliferator-activated receptor alpha
(Evans et al., 2022). In response to such alarming effects, the European
Chemicals Agency has added GenX to the candidate list of substances of
very high concern for authorization in 2019 (ECHA, 2019). In 2022, the
US Environmental Protection Agency (EPA, 2022) issued a limit for
GenX of 10 pg/L in drinking water.

Destructive methods such as photocatalysis to degrade PFAS in water
have been drawing increasing attention (Liu et al., 2022; Li et al., 2023).
Even though photocatalysis has shown great potential for degrading
PFAS in water, studies have mainly focused on the legacy PFAS such as
PFOA and PFOS (Qian et al., 2020, 2021; Xu et al., 2020; Wen et al.,
2022; Xia et al., 2022), and only one study was found investigating the
emerging GenX (Zhu et al., 2022). Zhu et al. (2022) reported that an
adsorptive photocatalyst synthesized by depositing bismuth onto the
activated-carbon supported titanate nanotubes (1 g/L), was able to
adsorb GenX (100 pg/L, pH 7.0) within 1 h followed by 70% degradation
and 43% mineralization of the adsorbed GenX under 254 nm UV light in
4 h.

In this study, the overall goal was to compare the efficacy of Fe-
doped zeolite photocatalyst to degrade GenX, PFOA and PFOS. The
specific objectives were to (1) compare the degradation and defluori-
nation of GenX, PFOA and PFOS, (2) identify the transformation prod-
ucts and (3) elucidate the degradation pathway of GenX on Fe-zeolite.

2. Materials and methods
2.1. Chemicals and materials

Individual standard stock solutions of 10 mM of trifluoroacetic acid

(TFAA), perfluoropropanoic acid (PFPrA), perfluoroheptanoic acid
(PFHpA), perfluoropentanoic acid (PFPeA), heptafluorobutyric acid
(PFBA), nanofluoro-1-butanesulfonic acid (PFBS), undeca-
fluorohexanoic acid (PFHxA), pentadecafluorooctanoic acid (PFOA),
heptadecafluorooctanesulfonic acid (PFOS) and perfluoro(2-methyl-3-
oxahexanoic) acid (GenX) were prepared in methanol and stored at
4 °C. 30 mM NaOH was added to the stock solutions of the per-
fluoroalkyl carboxylic acids to prevent esterification (EPA, 2019). Sup-
pliers of all chemicals are specified in Table S1. Plastic volumetric flasks
and bottles for preparing and storing PFAS solutions were made of
high-density polyethylene (HDPE) or polypropylene (PP) and purchased
from VWR.

2.2. Synthesis of the photocatalyst

The Fe-doped zeolite was synthesized from zeolite B, hydrogen
(surface area of 620 mz/g, Si02:Alx03 of 360:1, average particle size of
1 pM) using a wet-impregnation method followed by calcination
(Jamalluddin and Abdullah, 2014). Zeolite (0.5 g) was mixed with 45
mL of deionized water and shaken for 1 h. Then, 5 mL of a 1 M FeSO4
water solution was added, and the mixture was shaken for 24 h. The
solid was washed 3 times with deionized water and recovered by
centrifugation. Afterward, the solid was dried at 60 °C overnight and
calcined for 4 h at 500 °C under air with a temperature ramp of
2 °C/min.

2.3. Analytical methods

2.3.1. Ultra-high pressure liquid chromatography - mass spectrometry

Ultra-high performance liquid chromatography (UHPLC, UltiMate
3000 UHPLC, Thermo Fischer Scientific) coupled to a time of flight mass
spectrometer (Q-TOF-MS, Bruker Compact) with electrospray ionization
source was used to identify and quantify PFASs (Table S2 presents the
detailed parameters of MS). Standard solution for external calibration
(0.001, 0.003, 0.006, 0.01, 0.03, 0.06, 0.1, 0.3, 0.5 pmol/L) were pre-
pared by dilution of the methanol stock solution (10 mM) in 50/50
water/methanol.

Chromatographic separation was carried out using an Acquity UPLC
HSS T3 column (2.1 mm x 100 mm, 1.8 pm particle size; Waters, The
United States). After comparing different methods, an LC method from
Janda et al. (2019) showed the best separation and detection of the
targeted PFAS (detailed information listed in Table S3). For the final LC
method, a binary gradient (eluent A: 2 mM ammonium formate and
0.2% formic acid in deionized H,O/methanol (4:1, v/v), eluent B: 2 mM
ammonium formate in methanol) was applied at a flow rate of 250
pL/min at 35 °C and an injection volume of 5 pL. The gradient was as
follows: 2 min pre-injection equilibration time at 12.5% B, following a
rise to 75% in 3 min, and further rise to 97.5% in 6 min; next, 97.5%
eluent B was held for 4 min. Finally, the eluent was switched back to
12.5% B for 5 min.

The instrumental precision was expressed as the relative standard
deviation of the peak areas. Instrumental detection limits were esti-
mated following the Eurachem Guide (Vergeynst et al., 2017).

IDL=b+2Xt_p3,.1 xSD

Where b is the mean blank level, n is the number of replicates (n = 3).
The Student t-value with p (0.05) and n (3) is 2.92, and SD is the stan-
dard deviation of the peak area at the lowest concentration level where a
non-noise peak could be integrated. Blank and calibration standard so-
lutions were analyzed in triplicate.
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The instrumental linearity was investigated by comparing the lack of
fit of a linear and quadratic function, determined by 1/x> weighted least
squares regression. As a combined measure of imprecision and model fit,
the root mean square of the relative errors (RMSE) of the calibration
curves was calculated as follows (Vergeynst et al., 2017):

RMSE =

where y; is the i measured peak area and ; is the predicted peak area of
the regression function with p parameters through n data point.

2.3.2. Ion chromatography

Ion chromatography (IC) (Thermo Scientific) equipped with a Dio-
nex IonPac AS23 (2 x 250 mm) analytical column with a guard column
(Dionex Ionpac AG23, 2 x 50 mm) and Thermo Scientific DS6 heated
conductivity detector was used for measuring fluoride ions (F)
following previous work (Arana Juve et al., 2022). The eluent was 45 pM
sodium carbonate and 8 pM sodium bicarbonate at a rate of 0.25
mL/min.

Defluorination is defined as the ratio of the concentration of F~ in
water to the total fluorine in the parent PFAS molecule:

CF,
Cy X the number fluorine atoms of the PFAS

Defluorination (%) =

where Cg- and Cy are the concentrations of F~ ions and initial concen-
tration of PFAS (pM). The number of fluorine atoms in PFOA, PFOS and
GenX are 15, 17 and 11, respectively.

2.4. Photocatalytic degradation of PFAS

The initial concentration of the individual working solutions of
PFOA, PFOS and Gen X was 10 pM in deionized water, which were
prepared from a 2 mM stock solution on the day of conducting the ex-
periments. Individual PFAS solutions (150 mL) were degraded with Fe-
zeolite photocatalyst (1 g/L) in triplicate in quartz reactors of 12 cm
diameter and 1.8 cm height with quartz lids exposed to UV light (Sankyo
Denki G8T5, UV-C) with a wavelength of 254 nm (5 mW/cmz) for 0 min,
30 min, 1 h, 2 h, 4 h and 7 h without stirring.

3. Results
3.1. Validation of analytical method

We documented the method precision, instrumental detection limits
(IDLs), and linearity for the parent compounds GenX, PFOA, and PFOS,
and degradation products PFHxA, PFBA, PFBS, PFPrA, and TFAA. The
method precision, expressed as the relative standard deviation of peak
areas, was generally below 15% for all compounds, except for PFPrA
(16%) at 0.003 pM concentration. IDLs ranged from 0.0001 to 0.007 pM,
except for TFAA, which had an IDL of 0.043 pM (Table S4). Linear
regression yielded RMSE values ranging from 9% to 19%, except for
PFOS (25%) and PFBS (28%) (Table S4). Quadratic regression produced
RMSE values ranging from 9% to 13%, except for PFBS (31%) and TFAA
(34%), indicating non-linear responses over the entire range (Table S4).
Throughout the study, linear ranges of the multi-point external cali-
bration curves were used to determine concentrations.

3.2. PFAS removal

In comparison to the undoped zeolite, Fe-doping the zeolite sub-
stantially increased the photocatalytic defluorination from 6 + 3% to 29
=+ 3% for GenX after 1 h, from 8 + 0% to 59 + 3% for PFOA after 1 h, and
from 12+ 2% to 51+ 2% for PFOS after 7 h (Fig. S1). These results
demonstrate the effectiveness of the Fe-doping method and the role of Fe

Chemosphere 344 (2023) 140344

in enhancing the photocatalysis.

After 7 h irradiation in the presence of Fe-zeolite, GenX showed the
lowest removal from the water phase (79 + 18%) whereas PFOA and
PFOS were undetectable (Fig. 1a). In the first 30 min, PFOA was
completed removed from the water phase while during the same time
73% 2 =+ of PFOS and 40% 0 &+ of GenX were removed. After 2 h, GenX
reached a plateau with 20% remaining in the water phase, while PFOS
was gradually removed between 0.5 and 4 h.

The following quasi-first-order model has been proposed to estimate
the apparent photocatalytic removal rate of PFAS on the heterogeneous
photocatalysts (Liu et al.,, 2014), under the assumption that
adsorption-desorption rates are substantially faster than degradation
rates:

Co
In (F) =kt )

where Cj and C are the water-phase concentrations of the PFAS initially
and during the reaction as a function of time (t, h), and kg, (h 1) the
apparent rate constant.

Calculated by Equation (1), the apparent rate constant of PFOS was
estimated to be 1.8 h™! within the first hour, which was 1.2 times higher
than the apparent rate constant of 1.5 h™! of GenX within the first 2 h
(Fig. 1b). While PFOA was undetectable after 30 min in the water, we
estimated its apparent rate constant to be 18.4 h™! by considering its
detection limit (0.001 pM).

Equation (2) describes the linearized relationship between the fluo-
ride concentration in the aqueous phase (Cr-) and the initial concen-
tration of total fluorine in the parent compound (Crr; 150, 170 and 110
pM for PFOA, PFOS and GenX, respectively) as a function of time (t, h)
and the rate constant (k, h b (Asperger, 2003)

CF’ )
In(1— = —kt 2)
( Crro

Based on the data from Fig. 3, the defluorination (Fig. 1c) for PFOA
(0.9 h™!) was approximately 2.6 and 9 times higher than that of GenX
(0.35 h’l) and PFOS (0.1 h’l), respectively.

3.3. Transformation products

Overall, we detected perfluoroalkyl carboxylic acids (PFCAs) as
degradation products for each parent compound. Additionally, fluoride
and formic acid (HCOO™) were detected by IC as degradation products
for all compounds at all analyzed time points. The pH was monitored at
various time intervals (Table S5), showing a progressive decline in the
water phase, likely due to the generation of formic acid. PFOA (Fig. 2b)
and PFOS (Fig. 2c) degraded by losing one carbon-fluorine bond at a
time, resulting in a gradually shortening chain length from 7 to 2 carbon
atoms. Consequently, PFCAs with chain lengths of 5-7 carbon atoms
first appeared and then disappeared, while PFCAs with less than 4 car-
bon atoms and fluoride accumulated as the reactions progressed. PFHpA
(C7) and PFHXA (C6) concentrations were generally the lowest, reaching
maxima of 0.007-0.27 uM after 0.5-1 h, and then decreased below the
detection limit. PFPeA (C5) reached slightly higher concentrations of
0.58-3 pM after 0.5-4 h and subsequently decreased. The ultra-short-
chain degradation products PFBA (C4), PFPrA (C3), and TFAA (C2)
gradually increased to 2-6 pM, 1.7-2 pM, and 0.85-0.95 pM, respec-
tively, during the 7 h of the reaction. Fluoride, as the terminal degra-
dation product, reached concentrations of 104 pM and 87 pM after 7 h
for PFOA and PFOS, respectively.

In contrast, during the photocatalytic reaction of GenX, only 2 ultra-
short-chain PFAS with 3 (PFPrA) and 2 (TFAA) carbon atoms as well as
fluoride have been detected in the water phase (Fig. 2a). The concen-
trations of PFPrA, TFAA and fluoride increased during the first 2 h and
then remained relatively constant at about 8, 4 and 37 pM, respectively.
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Fig. 1. Removal (a), first order removal rates (b) and first order defluorination rates (c) of GenX, PFOA and PFOS. The initial concentration for each parent

compound was 10 pM with 1 g/L Fe-zeolite in the reaction mixture (n =
3.88-4.58 (Table 54).

3.4. Fluorine balance

For each PFAS, fluorine mole balances were calculated by summing
the number of organic-bound fluorine atoms in the measured PFAS and
the inorganic fluoride in the water phase. The distribution of organic
and inorganic fluorine in the water phase was obtained from this
calculation (Fig. 3). Overnight adsorption (4 °C) on Fe-zeolite (1 g/L)
resulted in 99 + 0.4%, 87 + 3%, and 40 + 0.0% adsorption for 10 pM
PFOA, PFOS, and GenX, respectively (Fig. 3a).

GenX exhibited the lowest defluorination (33% =+ 7%) compared to
PFOA (69% =+ 10%) and PFOS (51% =+ 2%) over 7 h of photocatalysis
(Fig. 3b). The total fluorine mole balance for GenX reached a plateau at
approximately 100% after 2 h (Fig. 3b), indicating that nearly all
organic (67%) and inorganic (33%) fluorine was present in the water
phase, with no further transformation observed between 2 and 7 h.

For PFOA, the total fluorine mole balance reached 100% after 7 h,
showing that PFOA-bound fluorine was transformed to 1% and 37%
organic fluorine in C5-7 and C2-4 PFCAs, respectively, and 69% inor-
ganic fluorine (Fig. 3c). The distribution of fluorine in C5-7 PFCAs
increased to 20% after 0.5 h and subsequently decreased to 1% after 7 h,
while C2-4 PFCAs gradually increased to 37% after 7 h.

Unlike PFOA and GenX, the total fluorine mole balance of PFOS in
the water phase steadily increased and reached only 68% after 7 h
(Fig. 3d). Similar to PFOA, the amount of fluorine in C5-7 PFCAs
increased to 4% after 1 h and then decreased to 2% after 7 h, while C2-4
PFCAs gradually increased to 15% after 7 h.

4. Discussion
4.1. Degradation pathways

Based on the presented results, the proposed degradation pathways
for PFOA and PFOS on Fe-zeolite (Fig. 4) are confirmed (Qian et al.,
2020, 2021). The parent compound undergoes stepwise shortening by 1
carbon-fluorine bond (-CFs). Initially, the adsorbed PFOA or PFOS on
the Fe-zeolite’s surface or pores complex with isolated Fe>* in tetrahe-
dral and octahedral coordination, forming a [PFAS-Fe]*t complex
(Fig. 4 (1)). Subsequently, the cleavage of the [PFOA-Fe]2+ or
[PFOS-Fe]?* complex leads to into C;F;5C00e, CgF17SOge, and Fe?*
(Fig. 4 (2)) through a ligand-to-metal charge transfer process (Qian
et al., 2020, 2021). The loss of 1 electron results in stretching the C-C
bond connecting the carboxylic group and the perfluorinated alkyl
group or C-S bond, leading to decarboxylation and desulfurization re-
actions resulting in C;F;se and CgF;7e radicals (Fig. 4 (3)). The process
of decarboxylation and desulfurization results in the removal of 2 F~

3). The pH decreased gradually during the experiment from 4.44 to 4.98 to

ions from the a-carbon, resulting in defluorination and chain-shortening
(Fig. 4 (3)) (Liu et al., 2021b). The perfluorinated alkyl radicals are
unstable and undergo a series of radical reactions and hydrolysis steps
(Qian et al., 2020, 2021). The reduced -CF5 unit during the degradation
process transforms into formic acid (HCOO™) and F~ or further into
carbon dioxide (CO3) (Wang et al., 2008). These reactions are the same
for both PFOA and PFOS, regardless of the original headgroup of the
parent compounds. In this study, all these degradation products were
detected, but the results clearly indicate that degradation of the
ultra-short-chain C2-4 PFCAs occurs at substantially slower rates than
for PFCAs with longer chains.

Compared to PFOA and PFOS, GenX produced 2 mol of ultra-short-
chain PFCAs (C2 and C3) per mole of parent compounds degraded
(Fig. 2a). Limited literature has proposed a similar degradation pathway
for GenX by photocatalysis (Bao et al., 2018; Olvera-Vargas et al., 2022).
Hugo Olvera-Vargas et al. (2022) suggested the cleavage of the car-
boxylic bond of GenX as the initial step in the electro-Fenton reaction
using a graphene-Ni foam cathode paired with a boron-doped diamond
anode. This results in CsF; — O — C(OH)F(CF3) as the transformation
product. Bao et al. (2018) calculated the dissociation energy of bonds for
GenX and reported that the cleavage of the ether bond connecting the
CF3CF5CFy- and -OCFCF3COO™ fragments required the lowest energy
(212.8 kJ/mol). They proposed a pathway starting with the cleavage of
the ether bond and noted that the steric hindrance of the -CF3 group at
the a-position could interfere with the reaction.

As the degradation of PFOA and PFOS is initiated by the formation of
the [PFAS-Fe]** complex, it is plausible that an analogous formation
would occur for the GenX molecule. We propose that GenX (CsF; — O —
CF(CF3)— COO~) is first adsorbed by Fe®* to form the
[CsF7; — O — CF(CF3)COO0 — Fe]2+ complex (Equation (3)) by electro-
static interaction and subsequently dissociate into C3F; —O —
CF(CF3)COO- and Fe?* (Equation (4)).

C3F; — O — CF(CF3) — COO™ + Fe** —[C3F; — O — CF(CF;)COO — Fe]**
3

[CsF; — O — CF(CF3)COO — Fe]** = C3F; — O — CF(CF3)COO - + Fe**
4

The C3F; — O — CF(CF;)COO* is unstable because of the loss of 1
electron. Therefore, the stretch of the bond between the carboxylic
group and the rest of the GenX molecule (R- COO -) will occur, similar as
for PFOA and PFOS (Fig. 4 (3)), resulting in C3F, — O — C*F(CF;) and
CO9 (Fig. 4), as suggested in previous studies (Olvera-Vargas et al.,
2022). The cleavage of the ether bond connecting the C;F;- and -OCF
(CF3)COO- fragments seem unlikely because of the double radical in the
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Fig. 2. Concentration of transformation products of GenX (a), PFOA (b) and
PFOS (c) produced during the photocatalytic reaction (n = 3).
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latter product. Next, the produced C3F, — O — C*FCF; splits at the ether
bond and form C3F;* and CF3CFO. The former radical will be hydrolyzed
and defluorinated and then produce PFPrA. The latter radical will hy-
drolyze and defluorinate to produce TFAA. HCOO™~ forms from —CF; and
could be further oxidized into CO, and F~ (Wang et al., 2008). We
identified 4 transformation products of GenX including formic acid,
fluoride, PFPrA and TFAA (Section 3.2). However, we could not iden-
tify the very first radical intermediates, likely due to their high insta-
bility. Following the mechanisms proposed in Fig. 4, PFPrA can be
transformed into TFAA by defluorination, and TFAA can be defluori-
nated and fully demineralized into fluoride, carbon dioxide and Hy0O
(Olvera-Vargas et al., 2022). However, these reactions didn’t take place
since the composition in the water phase didn’t change anymore after 2
h of reaction (Figs. 1a and 2a).

4.2. Degradation kinetics

A comprehensive analysis of photocatalytic kinetics is challenging
due to the intricate involvement of multiple processes, including the
sorption-desorption equilibrium between reactants and the catalyst,
carrier transfer, transport and recombination of the electrons and holes
and the actual photocatalytic reaction (Liu et al., 2014; Deng et al.,
2021). The adsorption-desorption equilibrium of PFAS on photo-
catalysts aligns with the Langmuir-Hinshelwood model (Liu et al.,
2014), which successfully fits numerous experimental results of PFAS
degradation in photocatalysis (Liu et al., 2014; Sahu et al., 2018; Qian
et al., 2020, 2021; Xu et al., 2020). Fig. 3c—d shows that about 73% and
68% of the initial fluorine of PFOA and PFOS transformed into trans-
formation products and fluoride after 30 min and 7 h, respectively. This
implies that about 27% and 32%, respectively, of the organic fluorine
was either adsorbed on the photocatalyst or potentially transformed by
the hydrogen to fluorine (H/F) exchange mechanism into difluor-
oacetate, monofluoroacetate, or other polyfluorinated intermediates,
which were not detected by our LC-MS method (Bentel et al., 2020a).
Consequently, utilizing Equation (1) to calculate the apparent rate
constant might overestimate the actual degradation rate. To supplement
the degradation rate measurements of GenX, PFOA, and PFOS, we
calculated the rate of defluorination (Fig. 1¢) using a first-order kinetic
model.

Comparing degradation rates based on parent PFAS concentration in
the water, the order was PFOA > PFOS > GenX. However, considering
defluorination, the order changed to PFOA > GenX > PFOS. This dem-
onstrates that relying solely on Equation (1) may not be sufficient to
calculate overall PFAS degradation rates on photocatalysts. Some
organic fluorine may adsorb on the catalysts and not undergo degra-
dation within the calculated time slot. On the other hand, fluoride is
unlikely to adsorb on the photocatalysts, making the rate of defluori-
nation as calculated by Equation (2) a more accurate measure of the
overall PFAS degradation rate.

This study used tailor-made flat and wide photocatalysis quartz re-
actors with 12 cm diameter and 1.8 cm height (with quartz lids). As the
UV lights were positioned above the reactors, our designs offer increased
exposure to UV light compared to tall and narrow reactors. Stirrers are
omitted in the photocatalysis setup to prevent splashing. Due to the lack
of stirring, adsorption kinetics may be limited and the obtained reaction
rates may be an underestimation (Duan et al., 2022).

The photocatalytic defluorination of PFAS by zeolite and Fe-zeolite is
scarcely studied, even though its semiconductor nature has been applied
for the photodegradation of dyes (Rubab et al., 2021; Mohamed et al.,
2022). Previous studies using Fe-zeolite (Qian et al., 2020, 2021) ach-
ieved 38 + 1% PFOA defluorination (365 nm) in 24 h and 56% PFOS
defluorination (254 nm) in 96 h at pH 5.5 with 1 g/L Fe-zeolite. Using
rather similar conditions with an Fe-zeolite concentration of 1 g/L and
initial pH of 4.4 + 0.74, we achieved substantially higher defluorination
of 69% for PFOA and 51% for PFOS in 7 h. Furthermore, Qian et al.
(2020) reported no degradation of PFOA by unmodified zeolite after 24
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Fig. 3. Adsorption of PFAS (10 uM) onto the Fe-zeolite (1 g/L) overnight (a). Fluorine mole balance of GenX (b), PFOA (c) and PFOS (d) during the photocatalytic
reaction. The error bars show the standard deviation of the total mole balance (n = 3).

h of 365 nm UV irradiation at 365 nm. However, we showed that UV
radiation of 254 nm with a high energy can effectively defluorinated
PFOA (39 +8% in 7 h). Nevertheless, Fe-zeolite showed superior
defluorination. To the best of our knowledge, it is the first time that
unmodified zeolite , hydrogen showed photocatalytic defluorination of
PFOA, PFOS and GenX under UV irradiation (Fig. S1). For PFOA, the
most studied PFAS, defluorination efficiencies compiled in a recent re-
view ranged from 20% in 12 h using a TiO,-graphene oxide composite to
90.9% in 4 h using silica-based granular media containing TiO» (Zango
et al., 2023). Although our 69% defluorination in 7 h is in the higher
range, illustrating the high potential of Fe-zeolite, more systematic
studies are needed for sound comparisons of the defluorination efficacy
across photocatalysts.

4.3. Poor adsorption limits defluorination of ultra-short chain PFCAs

Adsorption of PFAS on inorganic materials such as Fe-zeolite has
been explained by a combination of hydrophobic and electrostatic in-
teractions, and steric effects (Ochoa-Herrera and Sierra-Alvarez, 2008;
Bao et al., 2018; Li et al., 2023). As a measure of hydrophobicity, the
estimated octanol/water partition coefficient of GenX (log Ko, of 4.0)
(Hopkins et al., 2018) is lower than for PFOA (4.59) (Martz et al., 2019)
and PFOS (4.49) (Gu et al., 2023). Hence, the lower hydrophobicity of
GenX as compared to PFOA and PFOS would result in weaker

hydrophobic interactions which can be associated to the lower adsorp-
tion of GenX (40%) on the photocatalyst as compared to PFOA (99%)
and PFOS (87%) (Fig. 3a). Even though the electrostatic interactions
between Fe3* and the carboxylate group could facilitate the binding of
GenX, the steric hindrance from —CF3 bond on GenX could interfere with
the oxidation reaction of GenX with Fe>*. The combination of lower
adsorption and steric hindrance can explain the lower rate at which
GenX was removed from the water phase (Fig. 1b). In addition, branched
perfluoroalkyl ether carboxylic acids, such as GenX, have been shown to
exhibit lower defluorination compared to linear PFAS due to more
prevalent hydrogen to fluorine (H/F) exchange of the branching -CF3 at
a-position and forms CaFsCFoOCH2COOH intermediates (Bentel et al.,
2020b). These intermediates are persistent to further degradation
(Bentel et al., 2020b), but were not detected by our LC-MS analysis.
Furthermore, GenX defluorination reached a plateau already after 2 h,
after which no further change in the composition of the degradation
products took place (Fig. 3b). That is substantially faster than for PFOA
and PFOS. The defluorination of PFOA reached a plateau after 4-7 h and
PFOS defluorination was still ongoing after 7 h (Fig. 3c—d). This illus-
trates that in heterogenous catalysis, considering only the removal rate
of parent compounds from the water phase is an incomplete description
of the process. To understand the overall rate of defluorination, future
work should consider the concentration of parent compound and
transformation products in both the water phase and on the catalyst in
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Fig. 4. The degradation pathway of PFOA, PFOS and GenX.

order to provide a more detailed description of the rate of adsorption
and the rate of degradation of parent compound and transformation
products.

We proposed a degradation pathway for GenX, leading to the for-
mation of PFPrA (C3) and TFAA (C2) as identified transformation
products. Stoichiometrically, GenX degradation resulted in 2 mol of
ultra-short-chain PFCAs per mole of GenX degraded. In contrast, PFOA
and PFOS degraded through stepwise defluorination, producing 1 mol of
PFCA products with a gradually shortening chain length (from 7 to 2
carbon atoms) and only 1 mol of terminal degradation products per mole
of parent compound. The presence of C2-4 PFCA transformation prod-
ucts have been observed in previous studies with PFOA and PFOS using
Fe-zeolite (Qian et al., 2020, 2021).

The ultra-short-chain PFCA transformation products of GenX showed
resistance to photocatalysis, likely due to their low hydrophobicity and
poor adsorption on the photocatalyst. TFAA has a low hydrophobicity
with log Ko of 0.5 (EPA, 2004), while PFPrA (C3) is estimated to have a
log Ko between TFAA (C2) and PFBA (C4), which has a log Ko, of 1.88
(Zhao et al., 2016). The poor adsorption of short-chain PFAS has been
related to their low hydrophobicity in literature reporting that both
TFAA and PFPrA exhibit minimal adsorption (less than 10%) onto the
Fe-zeolite at a pH of 5.5, as opposed to the observed increasing
adsorption of 10-90% for perfluoroalkyl carboxylic acids featuring
increasing chain length of 4-8 carbons (Qian et al., 2020). The

combination of producing a higher number of ultra-short-chain PFCA
transformation products with poor adsorption explains the overall lower
defluorination of GenX compared to PFOA and PFOS (Fig. 3b).

5. Conclusion

GenX exhibited the lowest removal (79%) and defluorination (33%)
after 7 h of photocatalysis, compared to PFOA (100% removal and 69%
defluorination) and PFOS (100% removal and 51% defluorination). The
quasi-first-order degradation rate of GenX (1.5 h™1) was 12 times lower
than PFOA (18.4 h™') and 1.2 times lower than PFOS (1.8 h™'). The
fluoride formation rate for PFOA (0.9 h™1) was approximately 2.6 times
higher than GenX (0.35 h™1) and 9 times higher than PFOS (0.1 hh.

Linear PFAS like PFOA and PFOS undergo stepwise defluorination,
producing gradually shortening PFCAs as transformation products. In
contrast, branched PFAS like GenX produce 2 mol of ultra-short PFCAs
(TFAA (C2) and PFPrA (C3)) per mole of GenX degraded. However, all
tested PFAS, including the ultra-short-chain PFCA transformation
products (TFAA (C2), PFPrA (C3), and PFBA (C4)), exhibited slow
degradation, likely due to poor adsorption to the photocatalyst, leading
to their accumulation in the water phase over time.

The total fluorine mole balance showed that GenX degradation
reached a plateau after 2 h, while PFOA degradation reached a plateau
after 4-7 h, and PFOS degradation was still ongoing after 7 h. The poorer
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degradation and defluorination of GenX compared to PFOA and PFOS
could be attributed to its lower adsorption on the catalyst, possible steric
hindrance of —CF3 at the o position and H/F exchange, and the pro-
duction of more ultra-short chain transformation products that are not
further degraded due to poor adsorption on the catalyst.
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