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Abstract: Trifluoroacetic acid (TFA) is a known and persistent pollutant in the environment. Al-
though several direct anthropogenic sources exist, production from the atmospheric degradation
of fluorocarbons such as some hydrofluorocarbons (HFCs) has been a known source for some time.
The current transition from HFCs to HFOs (hydrofluoroolefins) is beneficial from a global warming
viewpoint because HFOs are much shorter-lived and pose a much smaller threat in terms of warming,
but the fraction of HFOs converted into TFA is higher than seen for the corresponding HFCs and the
region in which TFA is produced is close to the source. Therefore, it is timely to review the role of
TFA in the Earth’s environment. This review considers its toxicity, sources and removal processes,
measurement in a variety of environments, and future prospects. New global model integrations
are used to quantify the impacts of uncertainties on TFA levels using the Henry’s Law constant for
TFA and the range of gas-phase kinetic parameters chosen for the reaction of OH radicals with a
representative HFO (HFO-1234yf). Model runs suggest that TFA surface concentrations vary by
up to 10% based on Henry’s Law data but could be up to 25% smaller than previously modelled
values suggest depending on the kinetic analysis adopted. Therefore, future estimates of TFA surface
concentrations based on HFO removal require updating and the kinetic analysis of TFA production
warrants further investigation. The toxicity of TFA appears to be low, but further studies of a much
wider range of animal and plant types are required.

Keywords: TFA; HFO; sources and sinks; lifetime; toxicity

1. Introduction

Trifluoroacetic acid (TFA, CF;COOH) is the shortest-chain species of perfluorinated
carboxylic acid (PFCA) and the broader family of perfluorinated carboxylates. It is one
of thousands of compounds categorized as a per- and polyfluoroalkyl substance (PFAS).
PFCAs include all substances that have a carboxylic group and at least one perfluoroalkyl
moiety, represented by CpFn1 (Where n > 1) [1]. Many long-chain PFASs have been
found to potentially cause adverse effects on human and animal health in several in vitro
and in vivo studies [2-9], to be ubiquitous and persistent in the environment, and to
bio-magnify along food chains [2,10-15]. Over 9000 PFASs have been identified to date
and many face regulations that restrict their use because of their toxicity to humans and
animals [16-21]. In view of these regulations, studies have recently shifted their focus
towards shorter-chain PFASs, which are set to replace those long-chain versions most
used [22,23]. In fact, many of the short-chain PFASs that are replacing more traditional
long-chain PFASs are already beginning to see widespread environmental occurrence and
may present similar challenges [24,25].

TFA is the focus of this review as most longer-chain PFASs degrade in the environment
(for example, atmospherically, via oxidation by OH radicals) into this compound. Unlike
many other PFASs, which are non-polar and largely insoluble in water, short-chain PFASs
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such as TFA are highly mobile in the environment and accumulate in environmental
aqueous phases due to their high solubility [26]. Current research suggests that most short-
chain PFASs, including TFA, do not bioaccumulate in food chains and are rapidly excreted
from humans, although some reports state that TFA has the potential to bioaccumulate
in plant material [27]. A 2012 study by Russell et al. [25], sponsored by DuPont, collected
measurement data for TFA in aquatic systems across the world and then carried out a
detailed modelling analysis of TFA levels in aquatic systems across the USA. Comparing
measured and modelled data with ecotoxicity data for freshwater algae, marine algae,
aquatic plants, crustacea, and fish, they concluded that, even with rising levels of TFA
predicted from the use of HFOs, aquatic life would be ‘unaffected” by these levels of
TFA [28]. Most tests on microorganisms have found that high TFA concentrations cause
no harm, although one species of algae did show inhibited growth when exposed to
extremely high concentrations [27]. Biological and medical research is encouraging in its
unanimous findings that TFA does not bioaccumulate and exhibits low-to-moderate toxicity
in a range of organisms, even in instances of very high exposure [29,30]. Furthermore,
anthropogenically generated TFA is not expected to contribute significantly to acid rain or
further terrestrial acidification [31]. But caution must be taken not to underestimate the
impacts of TFA as its anthropogenic sources increase.

Even in the absence of evidence that TFA presents a significant risk to humans or
the environment, its persistence due to its environmental stability [29,32,33], combined
with constant or increasing emissions, will likely result in significant accumulation in the
environment. TFA contamination would then be widespread, long-lasting, and difficult
to remove; this would present a huge challenge if future research were to discover any
detrimental effects of TFA. Indeed, TFA is already being observed in significant and increas-
ing quantities in surface water, rain, fog, sewage treatment plants, snow, the atmosphere,
and sediments [30,34—44]. TFA rapidly dissociates into its deprotonated form, trifluoroac-
etate, in an aquatic environment, particularly in aqueous phases [30]. Therefore, in the
context of environmental contamination, TFA salts are the most important compounds
to consider. As a result, TFA and subsequent trifluoroacetate contamination have been
considered in a range of international regulatory assessments conducted by the United
Nations Environmental Program (UNEP) since 1998 [30,41]. Depending on their ecological
or toxicological properties, persistent substances can pose a threat to the environment as
they are irrecoverable and lead to environmental pollution lasting decades to centuries,
and eventually longer.

Presented herein is a comprehensive review of the current and recent literature, con-
solidating what is currently known about the physical and chemical properties, sources
and sinks, environmental fate, and toxicity of TFA.

2. Physicochemical Properties

TFA (CAS: 76-05-1, MW = 114.02 g mol~!) is a colorless, volatile liquid with a distinc-
tive odor and a density of about 1.49 g cm 2 at 25 °C. It has a melting point of approximately
—15.4 °C and a boiling point between 72 and 74 °C [30,45]. It is soluble in water and various
organic solvents such as methanol, ethanol, acetone, and chloroform [45]. The solubility of
TFA in water has been shown to decrease with decreasing pH, as would be expected for an
acidic species [46,47]. The physicochemical properties of TFA have been listed in Table 1.

Table 1. Physicochemical properties of TFA.

Property Value
Boiling point 72-74 °C [30]
Vapour pressure 11-13 kPa [30]
pKa 0.2-0.5 [30,45,46,48-51]
Density 1.49 g cm~3 (at 25 °C) [45]
Melting point —15.4 °C [45]

Air-water partition coefficient 4.75 x 107° [52]
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TFA is strongly acidic due to the inductive effect of the highly electronegative fluorine
atoms, which draw electron density away from the carboxylate group and stabilize the
anion. Similarly, the resonance of the C-F bond stabilizes the anion as electron density is
distributed more evenly. The acid dissociation constant of TFA, the pK,, is contested in
the literature, but is generally accepted to be between 0.2 and 0.5 [30,45,46,48-51]. This
value is over 34,000 times more acidic than acetic acid. As a result, TFA is highly soluble
in water. This rapid dissociation in aqueous solutions produces the TFA anion, known as
trifluoroacetate, Figure 1. Environmentally, this means that TFA is expected to partition
entirely into aqueous phases.
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Figure 1. The equilibrium between trifluoroacetic acid and its conjugate base.

The trifluoroacetate anion persists in soil and environmental aqueous phases due
to the high chemical and biological stability of the C-F bond [30]. TFA and its salts are
highly soluble. As such, they are found in rain, fog, and water bodies, with large reservoirs
present in the ocean. TFA has no known degradation pathways in environmental aqueous
phases [53].

Henry’s Law describes the proportionality between the amount of dissolved gas in
a liquid and the partial pressure above said liquid; this is a metric commonly used in at-
mospheric chemistry. The Henry’s Law constant of TFA was originally reported to be
(9 £2) x 10> mol kg~ ! atm~! at 298 K [49]. More recently, Kutsuna et al. [46] proposed a
Henry’s law constant 0.63 times smaller than that of Bowden et al. [49] when assuming
pKa = 0.47, and equal to that determined by Bowden et al. [49] when assuming pK, = 0.2 [46].
The uncertainty in the pK, of TFA, arising as a result of significant variability in values re-
ported depending on the measurement technique used, is suggested to be the main cause
of discrepancies between calculated Henry’s Law constants [46]. Additionally, the solvation
energy used is crucial in the calculation of pK, and reported values for this property vary
significantly [46,49].

The behavior of TFA with respect to gas-to-aerosol partitioning around 298 K is likely
to be similar to that discussed by Bowden et al. [49]. These authors reported that TFA
in the atmosphere will partition entirely into fog and cloud water, but that partitioning
into smaller amounts of liquid water, e.g., aerosol, is more complex. Here, TFA may
partition into the liquid phase in alkaline aerosol, but less so as the aerosol becomes
more acidic, and this idea has support in the wider literature [49,54,55]. Interestingly,
Kazil et al. suggested that, upon cloud evaporation, dissolved TFA is released into the gas
phase [54]. While the participation of TFA in aerosol formation and its ability to partition
into existing aerosols is complicated, with dependencies on pH, temperature, and aerosol
composition [49], research supports the contribution of TFA to aerosol formation [56].
However, a recent study demonstrated that quantifying the gas-particle-phase partitioning
of TFA is particularly sensitive to predicted physical properties under atmospherically
relevant conditions [55].

Using previous global model integrations as a basis for research [57] (see
Supplementary Materials for more details about the integration carried out) and utiliz-
ing the global 3D chemical transport model STOCHEM-CR]I, integrations have been car-
ried out to assess the sensitivity of the global TFA burden to the choice of Henry’s Law
constant. Specifically, the TFA Henry’s Law constant presented in Kutsana et al. [46]
5.7 x 10! mol m—3 Pa~! has been used to determine the upper limits for dynamic and
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convective scavenging coefficients (2.2 cm~! and 4.3 cm !, respectively) that represent wet
deposition [57]. The model used has been described elsewhere, and previously published
work provides a STOCHEM-base scenario (which involves HFO-CI-HETFA, using dynamic
and convective scavenging coefficients of 1.9 cm™! and 3.8 cm™! derived from the average
of the Henry’s Law constants reported by Sander et al. [58]) for comparison [57].

The updated simulation with altered scavenging coefficients, referred to as STOCHEM-
USC, shows a small increase in the wet deposition flux of TFA by ~0.5% compared to the
base scenario, with a corresponding decrease in TFA global burden of ~4.5%. Figure 2 de-
picts the absolute and percentage variations between the STOCHEM-base and STOCHEM-
USC simulations. While a small shift is seen globally, the most significant absolute changes
are found in a small section of the upper latitudes.
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Figure 2. Surface distribution plot depicting the (a) absolute and (b) percentage changes in. TFA
concentrations from STOCHEM-base to STOCHEM-USC simulation.

Areas of reduced atmospheric TFA concentrations represent areas of greater deposition
and therefore higher environmental contamination. In view of these updates to the model,
which are understood to represent an upper limit of wet deposition from data in the
existing literature, we can expect relatively minor sensitivity to variation in wet deposition
parameters. Although further detailed measurements of the Henry’s Law coefficient for
TFA are useful, other parameters concerning TFA, like its lifetime and environmental
impact, are more pressing (as discussed in later sections).

Wet deposition is the dominant loss process for atmospheric TFA (being responsible
for approximately 80% of total atmospheric TFA loss according to results published pre-
viously) [57]. Therefore, it is also the primary route to TFA environmental contamination.
Given its high solubility, major concerns with TFA contamination center around environ-
mental aqueous phases, e.g., rivers, lakes, and surface waters. As a result of pervasive TFA
contamination, there have been some attempts to quantify the toxicity of TFA and its salts,
particularly for species whose habitats are especially impacted.

3. Toxicity

The accumulation of TFA, or rather its deprotonated form trifluoroacetate, in environ-
mental aqueous phases is well established; as a result, it is becoming increasingly important
to consider the degree of its potential toxicity. To date, the toxicological and ecotoxico-
logical properties of short-chain PFASs, including TFA, have arguably been only sparsely
investigated [41].
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Given that TFA is likely to partition in the environment into its deprotonated form,
toxicity assessments are generally conducted with the anion, trifluoroacetate. Overall,
the reported toxicity is low (Table 2), with only one aquatic alga presenting a concerning
sensitivity to TFA [59]. More generally, the resistance of aquatic plants to the effects of TFA
contamination is demonstrated in several reports [60,61], with Berends et al. reporting a
‘safe” TFA level of 0.10 mg L1 for aquatic life [59].

While aquatic plant species are expected to be exposed to elevated TFA concentrations
given its accumulation in water, terrestrial plants associated with these same water systems
may also experience significant exposure [62,63]. For example, Zhang et al. reported
the efficient absorption and uptake of TFA by wheat roots, with no tendency to reach a
steady state [64]. Additionally, a number of studies reported that direct uptake from the
atmosphere can contribute to high levels of TFA in terrestrial plant leaves [65-67]. Some
terrestrial plants have been reported to bioaccumulate TFA [68], with bioconcentration fac-
tors reported to span from 4.9 to 1439 [29,65,69,70]. As a result, the toxicity they experience
may be higher.

The unreactive nature of TFA in the environment appears to translate into an inertness
in organisms, thereby limiting its toxic effects [63]. TFA has been detected in a wide range
of organisms [59,61,65,70-74], but a primary concern relates to its potential toxicity in
humans and other mammals. A full review of the question of mammalian toxicity can
be found in Dekant et al. [74], but can be summarized with the following: at the time of
writing, the potential of TFA to induce toxicity in living organisms is considered to be very
low. Additionally, TFA is reported to be easily excreted by mammals and so is unlikely
to bioaccumulate [74-76]. Despite this, some bioaccumulation of TFA has been reported.
For example, Lan et al. demonstrated the ability of TFA to bioaccumulate in a range of
organisms and suggested the use of locusts as a biomonitoring tool for ecological risk
assessment [70].

Additionally, a recent study reported a significant detection frequency of TFA (>90%)
in the serum of 252 subjects in China [77]. The authors obtained a median concentration
of 8.46 ng mL~! across subjects and saw that TFA concentrations were correlated with
age, which could suggest accumulation. However, another report suggested that the TFA
concentrations measured by Duan et al. [77] might result from its metabolic generation from
longer-chain PFASs, or from elevated local exposure [78]. Both the detection of metabolically
generated TFA in mammals and elevated TFA exposure from certain occupational sources
have been reported [79-81]. If this is the case, concentrations reported by Duan et al. [73]
might not be representative of the general population. On the other hand, Zheng et al. [82]
also detected TFA in human serum that was in good agreement with the values reported
by Duan et al. [77].

Kim et al. have recently reported what they believe to be the first study detecting TFA
in urine samples taken from the general population [83]. Later, Zheng et al. [82] reported
the detection of TFA in 31% of urine samples taken, with some of the samples showing
high concentrations. However, it has also been suggested that urine may not be a suitable
matrix for long-term screening [83]. Overall, there is a clear need for development of a
quantitative biomonitoring strategy for emerging contaminants such as TFA and further
studies are urgently required.

Much of the research on potential toxicity of TFA contamination has been conducted
via modelling studies. Russell et al. [28] evaluated potential aquatic risk related to TFA
accumulation in several modelling assessments, and predicted that after 50 years of pre-
cursor emissions, trifluoroacetate concentrations would reach 1-15 mg L1 over most of
the continental United States. Such values remain well below the nominal ecotoxicological
endpoint [28]. They also modelled a ‘worst-case’ scenario of 50 years of continuous upper-
bound emissions with no TFA loss in low-rainfall regions; in this instance, concentrations
range between 50 and 200 mg L™}, resulting in reduced risk quotients of 5-20 [28]. This
was conducted using toxicological data from Berends et al. [59] and Hanson et al. [61,73].
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Table 2. Summary of toxic effects of TFA on organisms, adapted from Seiber et al. [63]. Reproduced

and updated with permission, Copyright © 2021, Taylor and Francis Group LLC—Books.

No Observed Effects Level or

50% Effect

Species Type of Organism Concentration (TDsp or ECsp) Ref.
(NOEL or NOEC) [mg L-1]
Animals
Mice Mammal 5000 mg kg’1 not reported [71]
Rats Mammal 237 mg kg’1 not reported [72]
Danio Rerio Fish 1200 mg L1 >1200 [59]
Daphnia Magna Aquatic invertebrate 1200 mg L1 >1200 [59]
Aquatic Plants and Algae
Lemna gibba Aquatic macrophyte 300 mg L~} 1100 [59]
Lemna gibba Aquatic macrophyte not reported 618.3-3000 [61]
Myriophyllum spicatum Aquatic macrophyte not reported 312.9-10,000 [61]
Myriophyllum spicatum Aquatic macrophyte not reported 340.7-10,000 [61]
Selenastrum capricornutum Green alga 0.12 and <0.36 mg L1 >1.2 and 4.8 [59]
Chlorella vulgaris Green alga 1200 mg L1 >1200 [59]
Scenedesmus subspicatus Green alga not reported >120 [59]
Chlamydomonas reinhardtii Green alga 120 mg L1 >120 [59]
Dunaliella tertiolecta Green alga <124 mg L1 >125 [59]
Euglena gracilis Green alga 112mg L1 >112 [59]
Phaeodactylum tricornutum Diatom 117 mg L! >117 [59]
Navicula pelliculosa Diatom 600 mg Lt 1200 [59]
Skeletonema costatum Diatom 2400 mg Lt >2400 [59]
S;?ZZ;ZZE Blue-green alga 600 mg L~} 2400 [59]
Microcytis aeruginosa Blue-green alga 117 mg L! >117 [59]
Average NOEC for aquatic plants and algae: 520 mg L~'2
Terrestrial Plants
Deschampsia elongata Terrestrial plant >l mgL~1P not reported [84]
Lasthenia californica Terrestrial plant >ImgL~1P not reported [84]
Oryza sativa (rice) Terrestrial plant >l mg L-1b not reported [84]
Pinus ponderosa Terrestrial plant >10mgL~1¢ not reported [65]
Izﬁf;iﬁﬁsﬁggs Terrestrial plant L OEE2;51I(;1§1];2i] bd not reported [85]
Vigna radiata (mung bean) Terrestrial plant 1mg kg~! of soil ® not reported [29] ¢
Zea mays (corn) Terrestrial plant L OE;Z;Slglil;?il b,d not reported [85]
Triticum aestivum (wheat) Terrestrial plant 1_5 i:;%% ; Cl ’ not reported [29] ¢
Plantago major Terrestrial plant 32mgL-1P not reported [29] €
Helianthus annus (sunflower) Terrestrial plant <lmg kgilflo Cﬂ K not reported [29] ¢
100 mg L
Glycine max (soybean) Terrestrial plant 1 mg L_jlbc; not reported [29] ¢
10mgL

Average NOEC for terrestrial plants: 7.2 mg

L71 b,f
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Table 2. Cont.
No Observed Effects Level or 50% Effect
Species Type of Organism Concentration (TDso or ECsp) Ref.
(NOEL or NOECQ) [mg L-1]
Seedling Terrestrial Plants &
Tomato seedling <375 uL L1 not reported [86]
. <375 uL L~ and

Wheat seedling <07 uL L1 not reported [86]

Sunflower seedling <0.7 L L~ not reported [86]

Mung bean seedling <0.7 uL L1 not reported [86]

Soybean seedling <0.031 uL L1 not reported [86]

2 test was a mixture of TFA and TCA that showed no long-term effects. There were transitory effects in the first few
days. P root uptake route of exposure. © foliar uptake route of exposure. ¢ based on biomass production; however
other indices of plant performance showed effects as low as 0.625 mg L. ¢ data summarized in Boutonnet et al.
[26] from grey literature reports. f the average NOEL calculations used the minimum possible value, such that
treated values were reported as “>1" as 1. 8 unit that expresses pL of TFA per liter of nutrient solution.

Overall, Russell et al. reported that it is unlikely that increased TFA contamina-
tion will impair aquatic systems given the relative insensitivity of relevant organisms to
TFA [28]. Similar results emerged from additional studies relating to rainwater and surface
waters [37,39,87,88]; in all examples, modelled TFA proved to be below the ‘no observed
effect concentration’ reported by Berends et al. [55].

4. Sources and Removal

There are a wide variety of recognized anthropogenic sources of TFA in the environ-
ment. Recently, however, controversy has arisen over proposed natural sources of TFA.
Some argue that TFA emissions derive solely from anthropogenic sources, whereas others
dispute this claim. Here, we summarize the literature available so far on this debate and
other reported sources of TFA.

4.1. Anthropogenic Sources of TFA

In contrast to the ongoing debate surrounding natural sources of TFA, the existence
of anthropogenic sources is well established. TFA may emerge in the environment via
either direct emission or as a result of the degradation of precursors. Many sources may
act as both a primary point source and as a secondary source. For example, TFA is widely
used in industrial organic synthesis, notably in the early stages of syntheses of many
fluorinated organic compounds [89,90]. Via this route, TFA may be directly released into
the environment as a result of fugitive emissions or in wastewater discharge [91]. Such
point sources have been shown to significantly elevate TFA concentrations in surface water,
river water, outdoor dust, and soils [66,89,91] in close proximity to the source and, in one
case, at a considerable distance from it [91]. Additionally, many precursor molecules are
often released at the same source, providing an additional route for TFA contamination via
degradation. For instance, Lv et al. [92] support the idea that heterogeneous oxidation of
FOSA (perfluorooctane sulfonamide), a synthetic compound, at the surface of natural clay
minerals may act as an important source of TFA.

Secondary sources of TFA are numerous, with over 2000 chemicals reported to form
TFA in the environment [93,94]. Of these chemicals, fluorochemical pesticides, that is
those containing the C-CF3; moiety, are expected to contribute significantly [95]. An-
other known indirect source of TFA is the thermolysis of fluoropolymer products during
their use or incineration [52,96-99]. Ellis et al. [52] reported a thorough degradation
mechanism for the thermolysis of fluoropolymers such as PTFE (polytetrafluoroethy-
lene), CPTFE (chloropolytrifluoroethylene), ECTFE (ethylene-chlorotrifluoroethylene), and
PFEPE, (polytetrafluoroethylene-co-tetrafluoroethylene-perfluoropropylether). Their find-
ings revealed that the main acids (or their conjugate bases) present in the thermolysis of
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fluoropolymers and chlorofluoropolymers were TFA and chlorodifluoroacetate, in addition
to longer-chain perhalogenated acids that were also detected. A full presentation of the
thermal degradation pathways resulting in TFA degradation can be found in Ellis et al. [52]
and further mechanistic investigations have been reported elsewhere [100-103].

Wastewater treatment plants represent significant and concerning primary and sec-
ondary sources of TFA release into the aquatic environment given that TFA cannot be
removed by typical water treatment methods. There is some uncertainty as to the factors
influencing TFA concentrations being eluted from wastewater treatment plants, but it has
been suggested that the concentration is primarily determined by the concentration of TFA
in local drinking water (see Section 5.6). However, this may not be true for wastewater
treatment plants with high inflows of industrial wastewater [42].

Furthermore, TFA may be generated as a degradation product during water treat-
ment processes designed to remove longer-chain PFASs [103,104]. As PFAS remediation
technologies continue to gain widespread commercial application, the subsequent forma-
tion of TFA has the potential to become a noteworthy secondary source, with wastewater
treatment plants at the center of this process. This aspect becomes particularly relevant
considering the growing emphasis on removing PFAS contamination from drinking wa-
ter, municipal wastewater, and industrial wastewater [39,42,105,106]. A promising novel
method for removal of larger PFASs from water was recently published, demonstrating the
mineralization of perfluoroalkyl carboxylic acids under relatively mild conditions. This
process involves a cascade of reactions in a dimethyl sulfoxide/water and sodium hydrox-
ide mixture, resulting in the formation of both nonfluorinated molecules and TFA [107].
This route to TFA production is supported by several preceding reports that showed
TFA to be a primary degradation product generated during removal treatment of other
PFCAs [39,46,105,106]. Consequently, the widespread adoption of such remediation tech-
nologies in commercial applications may lead to a significant increase in TFA production,
establishing it as a significant secondary source.

The principal anthropogenic source of TFA is reported to be the degradation of gaseous
precursors [108,109]. Specifically, the oxidation of next-generation refrigerants is expected
to become a major source. Next-generation refrigerants, typically hydrofluoroolefins
(HFOs), are increasingly replacing legacy refrigerants, such as chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCECs), and hydrofluorocarbons (HFCs), due to concerns
initially relating to ozone depletion and, later, to global warming potential. While this
phasing out of legacy refrigerants will likely have significant climate benefits, as HFOs
have short atmospheric lifetimes and small GWPs (global-warming potentials) and do not
deplete stratospheric ozone [110], they produce much more TFA via oxidative degradation
in the atmosphere than their predecessors. Considering a currently used refrigerant (HFC-
134a, 1,1,1,2-Tetrafluoroethane) alongside its analogous next-generation HFO refrigerant
(HFO-1234yf, 2,3,3,3-Tetrafluoropropene), a significant increase of 21-100% in TFA yield is
predicted [53,111]. Additionally, the formation of TFA via HFO degradation also occurs at
a much higher rate than that from HFCs. Hence, HFO emission is a much more productive
source of TFA and is likely to concentrate TFA production close to the point of emission [57].
Indeed, Behringer et al. estimate a theoretical TFA formation potential from refrigerants
and propellants in the EU market of 37,000 tons/year or more if HFO-1234yf continues to
be used in automotive air-conditioning systems [94]. Similarly, previous modelling research
predicted a significant multiplicative increase in TFA in the event of a full switch from HFC
to HFO use under the current emission inventory, as shown in Figure 3 [57].
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Figure 3. Surface distribution plot depicting the multiplicative increase of TFA distributions predicted
by changeover from HFC use to HFO use as described by Holland et al. [57]. Reproduced with
permission from authors, Copyright © 2021, American Chemical Society.

In an update to the previous work of Holland et al. [57], further model integrations
(see Supplementary Text S1 for model description and Figure S1 for more details) have been
produced to assess the impact of emerging kinetic data on predictions of the production of TFA
from HFOs, using HFO-1234yf as the representative species. More recent values, reported by
Orkin et al. and Tokuhashi et al., of k(T) = 4.06 x 10~13(T/298)117¢(2%/T) cm3 molecule ! s~1
and 1.54 x 10712e(=100/D ¢m3 molecule ! s7!, respectively, were used in further integra-
tions [112,113]. In the original model study [54], the temperature-dependent rate coefficient
for HFO-1234yf oxidation by OH used was k(T) = 1.26 x 10~ 12e(~35/T) cm® molecule ' s~ 1,
with this value taken from Papadimitriou et al. [110]. The temperature dependencies of the
rate coefficients arising from these different parametrizations are compared in Figure 4.

Figure 4a shows that across the temperature range of the troposphere, the rate co-
efficient derived by Tokuhashi et al. [113] (referred to as Tokuhashi, 2018) is smaller than that
derived from the study of Papadimitriou et al. [110] (referred to as Papadimitriou, 2008).
Therefore, we should expect the decreased removal of HFO-1234yf by OH radical oxi-
dation, lower TFA atmospheric concentrations, and decreased surface levels. Similarly,
the rate coefficient derived by Orkin et al. [112] (Orkin, 2010) is smaller than that of
Papadimitriou, 2008 [110], being down at about 230 K. Therefore, we should expect the
HFO to be removed more slowly and the TFA production to be lower. Indeed, this is seen
in Figure 5b,d, with decreases ranging from 0 to 25% and with larger decreases seen in
the research of Tokuhashi, 2018. This modelling analysis demonstrates that even small
variations in kinetic determinations of the rate constants for the reaction of HFOs with the
OH radical can lead to non-negligible differences in predicted TFA surface concentrations.
These different gas-phase kinetic analyses may not significantly alter the overall lifetime of
HFOs, and therefore also parameters such as GWP, but may make a more profound differ-
ence to the surface concentrations of TFA (see Supplementary Text S2, Tables S1 and S2).
Hence, further kinetic studies are needed to achieve a clear consensus in the literature if we
are to accurately predict current and future trends in TFA loadings with increases in HFO
use. A short kinetic review of HFO is shown in Supplementary Text S3. Additionally, if
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such a consensus is achieved, previously reported assessments [53,57] of the likely impact
of a switch from previously used HFC refrigerants to HFO use should be repeated with
updated kinetic data.

(a) (b)
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Figure 4. Temperature dependence of the rate coefficients for the reaction of HFO-1234yf with OH.
The plots show values derived from parametrizations of k(T) used by (a) Tokuhashi, 2018 (green

circles) [113] and (b) Orkin, 2010 [112] (red circles), and in both cases these are compared to values
used in previous model simulations using the values of Papadimitriou, 2008 [110] (blue circles).
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Figure 5. Surface distribution plot depicting the (a) absolute and (b) percentage changes in TFA sur-
face concentrations following implementation of kinetic data of Orkin, 2010 [112] and the (c) absolute
and (d) percentage change in TFA surface concentrations following implementation of kinetic data of
Tokuhashi, 2018 [113]. In all cases, the comparisons are made to the data in Figure 3 and calculated
using kinetic data of Papadimitriou, 2008 [110].

Given the concern surrounding increasing sources of TFA release into the atmosphere
and wider environment, the oxidative breakdown of HFOs has been considered for inclu-
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sion in amendments to the Montreal Protocol, which has driven the evolution of refrigerants
towards more ‘environmentally friendly” options. Despite this concern about HFO use,
other sources of TFA that fall under the purview of the Montreal protocol may be more
important but less well understood [78]. These sources include fugitive emissions from
landfills, transfer stations, and incinerators.

4.2. Natural Sources of TFA

Evidence is presented for natural sources of TFA in various analytical and environ-
mental studies. For example, TFA concentration measurements in leaves reported by
Freeling et al. predate the use of HFC refrigerants, which could support a biogenic source
of TFA [44]. Von Sydow et al. found TFA concentrations ranging from 6 to 56 ng L tin
190-year-old Antarctic ferns, and 5 ng L~! concentrations in glacier ice from Sweden [40].
This led them to conclude that a natural source of TFA must exist. However, the possibility
of TFA contamination of the older layers of glacier ice by meltwater from the most recent
ones was not dismissed. A number of natural sources have been proposed. For example,
Harnisch et al. posited that accessory fluorite in granite is a natural source of TFA [114].
Terrestrial invertebrates have also been suggested as TFA sources, with Zhao et al. reporting
TFA as a major biotransformation product of earthworms [115].

Additionally, several reports argue in favor of a significant oceanic source of TFA [116-118].
A recent inventory of TFA emissions from 1930 to 1999 suggests that the TFA emissions
measured in the oceans in the period of 1998-2002 must have included a large natural
burden [117]. Lindley et al. based this conclusion on the high TFA concentration of
160 ng L~! found in the deep Arctic Ocean in waters, with a reported #C age of about
1000 years [116], and a different study concluded that the waters have a comparably high
average age of perhaps 400 years [118].

Conversely, Nielsen et al. [119] reported very low concentrations (below MDL of
2ng L~!) of TFA in ancient, pre-industrial (>2000 years old) freshwater samples from
Greenland and Denmark, suggesting no significant natural sources. Similarly, Berg et al.
used 15,000-year-old groundwater as a method blank for their measurement of TFA in rain-
water and surface waters and did not observe TFA above the detection limit of 5 ng L1 [39].
More recently, Joudan et al. [120] asserted that there is insufficient evidence for a natural
source of TFA; the origins of the arguments for a natural TFA source are largely based on
the observation of TFA in pre-industrial samples, but the authors argue that no studies as
yet present a plausible mechanism for the formation of TFA from natural sources.

4.3. Atmospheric Fate of TFA

TFA demonstrates exceptional stability across different environments, which is pri-
marily attributed to its structural characteristics. It is not photochemically activated at the
wavelengths of solar radiation that reach the troposphere. In the absence of any abstractable
H atoms, it is resistant to chemical degradation by hydrogen abstraction reactions, and the
carbon—fluorine bonds are chemically inactive. Consequently, TFA exhibits a slow rate of
degradation in the environment. This stability is particularly evident in the atmosphere,
where TFA remains chemically intact across significant time periods, even in the presence of
sunlight and OH radicals [121]. The result is a considerable atmospheric lifetime, reported
to be up to 230 days, with respect to oxidation by OH [122-124]. Of course, this lifetime
will see significant variation on a seasonal scale, and so the values reported here represent
global average values.

Therefore, OH-mediated oxidation is of little importance in determining the dominant
fate of TFA in the atmosphere, and physical loss processes must instead be considered. The
atmospheric lifetimes of TFA with regard to dry and wet deposition have been reported
to be between 10 and 30 days, and between 3 and 15 days, respectively [122,123,125,126].
Given its high solubility, its polarity and its Henry’s Law constant, its dominant removal
process from the atmosphere is wet deposition, as is reflected in the shorter atmospheric
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lifetime associated with this loss process [49]. Wet deposition to the Earth’s surface is also
likely to be a significant mechanism for the dispersal of TFA to the wider environment.
Although TFA cannot be removed through the common photochemical reactions initiated
by OH, ozone, or NOj3 that occur in the atmosphere, a recent report suggests the consideration
of previously ignored oxidants, Criegee intermediates, which may reduce the atmospheric
lifetime significantly [57]. Chhantyal-Pun et al. [127] determined the rate coefficients for the
gas-phase reaction of TFA with two Criegee intermediates, formaldehyde oxide (CH,OO)
and acetone oxide ((CH3),COQ), as k(CH,OO + CF3COOH) =3.4 + 0.3 x 1071 cm3s~! and
k((CH3)2COO + CF3COOH) = 6.1 & 0.2 x 1079 cm®s~!, respectively at 294 K. Using the
global chemistry and transport model, STOCHEM-CR], the lifetime of TFA was calculated
to be between 5 and 9 days with respect to atmospheric oxidation by OH and the deposition
losses described previously. However, including the TFA loss by reaction with Criegee
intermediates in the model reduced the lifetime of TFA to as little as 2 days over tropical
regions, as shown in Figure 6 [57]. In view of this update, chemical loss may compete with
physical loss (i.e., wet deposition) in some regions. However, the fates of the hydroperox-
yester adducts formed by Criegee intermediate reactions with TFA were not determined.
These adducts may condense into secondary organic aerosols, or instead may decompose
(e.g., by hydrolysis) to re-release TFA instead of representing a true loss mechanism, with
consequences for how atmospheric TFA is redistributed in the environment.

a)
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Figure 6. Global annual surface level distribution plots depicting the lifetime of TFA with respect
to (a) OH removal and deposition processes only, and (b) OH removal, deposition processes, and
removal by SCIs, as reported in Holland et al. [57]. Reproduced with permission from authors,
Copyright © 2021, American Chemical Society.

Combining the different loss processes allows for the determination of an over-
all lifetime of TFA in the atmosphere. This lifetime has been estimated to be between
5 and 10 days [57]. Loss via the deposition of TFA from the atmosphere is an important
secondary source of TFA addition to the wider environment; hence, many investigations
have been carried out to elucidate the impact of greater atmospheric TFA burdens due to
the increasing use of next-generation refrigerants, HFOs, as discussed previously. One mod-
elling study estimated that a complete replacement of legacy refrigerants with HFOs would
result in an annual TFA wet deposition of 160-240 pg m~2 in continental North Amer-
ica [53]. These estimates are higher than the cumulative deposition obtained from ice core
measurements during the last decade on record (between 2005 and 2016) [43]. Pickard et al.
report that deposition of TFA to the Arctic is expected to increase with greater use of
HFOs [43].
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4.4. Removal of TFA from the Environment

As discussed previously, the stability of TFA makes it persist in the environment, for
example in aqueous systems under ambient conditions. Generally, conventional water
treatments are not effective for TFA removal or breakdown. Neither thermal degradation
nor photodegradation will promote a significant removal of TFA [128]. Additionally, poor
or null degradation was reported by biodegradation [29,129], ozonation [130], and chlori-
nation [91]. Activated carbon filtration is not a suitable treatment option for TFA removal,
neither for drinking water services nor when activated carbon is used in wastewater treat-
ment plants [91]. One experimental study proposed that anoxic sediment samples could
reductively degrade TFA [131]. However, subsequent studies using samples from similar
areas failed to reproduce these results [132].

Treatment options for the effective removal of TFA can be found in the literature.
However, a recurring issue is that the efficiency of these processes is insufficient to serve as a
viable solution for TFA accumulation in large water bodies. For instance, reverse osmosis is
proven to be effective in removing TFA from wastewater, but fails in terms of selectivity for
TFA over divalent ions [91]. The effective degradation of TFA was achieved via its reaction
with sulphate radicals [106], although this process had a significant energy demand and
was slow. Another promising removal technique involves the homogeneous photocatalytic
decomposition of TFA, with fluoride (F~) and CO; released as final products [133]. Even
though this process can decompose TFA at high concentrations, the critical conditions
involved are not yet applicable to large-scale water treatment. In addition, ion exchange
achieves the partial removal of TFA [91,134]. However, a more thorough evaluation
surrounding economic and ecological concerns is required.

Recently, the use of adsorbent materials for targeted TFA removal has shown promising
results. Zhou et al. [134]. successfully removed TFA from different aqueous matrices by
employing the adsorption power of surface-defunctionalized activated carbon felt, followed
by in situ electro-assisted desorption, with recovery rates higher than 90%. The small-
scale flow cell experiments demonstrated significant TFA enrichment factors, reaching
up to 7.5. These encouraging outcomes justify further studies on larger-scale units [134].
Additionally, waste organic acid treatment with polyethyleneimine-grafted polystyrene
resin shows promising potential for the absorptive remediation of TFA, among other
concerning common organic acids [135]. This methodology may represent the basis for
emergent research and technologies aimed at tackling the practicality of the large-scale
remediation of TFA and other environmentally concerning organic acids.

5. Measurements

TFA has been detected and quantified using diverse testing methods, with samples
taken from, for example, environmental and biological media [63], as well as different food
products [70,136]. Regardless of the type of sample analyzed, a common factor has been the
notable increase in TFA concentration over the past few decades [36,44,137-144]. A full review
of TFA measurement techniques and challenges can be found in Bjornsdotter et al. [145].
Here, we summarize reported observations.

5.1. TFA in Air

Annual studies of TFA concentrations in a heavily urbanized area of China’s capital city,
Beijing, conducted from May 2012 to April 2013 and from April 2013 to April 2014, reported
TFA concentrations of 1580 + 558 pg m~> and 1459 4 223 pg m~3, respectively [137,146],
(Table 3). Similar levels were reported in Japan in 2020 (1570 &+ 2750 pg m~3) [147]. These
values are significantly higher than the average levels reported in previous years, such as in
Zurich (Switzerland) in 1995, Freiburg (Germany) in 1995, Mamelodi (South Africa) in 1996,
and Guelph and Toronto (Canada) in 2000, which had values of 65, 44, 40, and 760 pg m3,
respectively [148-150].
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Table 3. Summary of TFA concentration in air.

Location Date of Sample Concentlfl; ton
[pg m—3]
Zurich,

Switzerland 1995 65 [148]
Freiburg, 1995 44 1149]
Germany

Bavaria, 1995 20-40 [148]
Germany
Mamelodi,
South Africa 1996 40 [148]
Guelph and Toronto, 2000 760 [150]
Canada
2012 501-747 [138]
Beljing, 2012-201 1580 = 558 [137
China 012-2013 580 + 558 [137]
2013-2014 1459 + 223 [146]
Japan 2020 1570 + 275 [147]

Consistent with the previous atmospheric TFA concentrations reported in Beijing [137,146],
an analysis conducted by Zhang et al. [151] using data from April 2013 to April 2016
revealed that the concentration of TFA in the atmosphere varied greatly on a monthly
basis and showed noticeable seasonal changes. Hu et al. [138] reported measurements of
atmospheric TFA concentrations spanning 501-7447 pg m~, with an average concentration
of 2593 pg m=3, at Peking University, Beijing, in 2012. The concentrations of TFA in Beijing
collected in spring and summer were found to be significantly higher than in fall and
winter, indicating that temperature plays a significant role in its formation. For example,
high temperatures may lead to greater generation of TFA through the volatilization of
known short-lived fluorocarbon precursors.

Measured TFA concentrations in gas and particle phases showed an average of
3550 & 1733 pg m 3 and 134 =+ 48 pg m 3, respectively, at Jinan, China, during April
2016 [89]. Similar to the studies by Hu et al. [138] and Guo et al. [146], concentrations
of gaseous TFA were significantly higher than those of particulates, and the gas-particle
partition coefficient of TFA decreased with increasing air temperature. Xie et al. also
showed diurnal variation in atmospheric TFA, with higher levels seen during the daytime
(gas + particle = 4251 + 183 pg m %) compared with nighttime (3118 + 1521 pg m~3) [89].
This variation can be explained by the strong daytime solar radiation leading to secondary
transformation of precursors driven by photochemically derived oxidants such as the
hydroxyl radical [152,153]. This diurnal study is consistent with the study of Wu et al.
who observed very low and very high concentrations of TFA at nighttime and daytime,
respectively [137]. Experiments conducted above the Bohai and Yellow Seas in China
during June-July 2016 highlight the relevance of the area chosen for sampling, as the air
above the two seas showed 17 times lower TFA concentrations than those reported for the
Chinese mainland [154].

5.2. TFA in Rainfall

Precipitation, or wet deposition, is commonly recognized as the primary contributor
of short-chain PFCAs to the surface environment. The concentration of TFA in rainwater
varies significantly depending on the location [29]. Additionally, studies have shown
that TFA concentrations fluctuate during a period of rainfall, with the highest levels
observed at the start of the event because of the high solubility of TFA in water and its
rapid partitioning into air and water [39]. Furthermore, TFA consistently displays higher



Sustainability 2024, 16, 2382

15 of 31

concentrations compared with other targeted PFCA homologues [139]. This prevalence of
TFA in precipitation aligns with previous studies [139,140,155].

Measurements conducted in California and Nevada during 1994-1996 and 1996-1997
showed TFA concentrations in fog and rain ranging over 31-3779 ng L1 and 20.7-1530 ng L},
respectively, with significantly higher concentrations in fog water compared with rain
water [36,141], (Table 4). Subsequent measurements conducted over a decade later in the
Midwest region of the country, particularly in the states of Ohio and Indiana, revealed that
TFA emerged as the predominant compound across a set of recorded PFAS data, comprising
approximately 90% of the detected concentrations ranging from 50 to 850 ng ! [155].

Between 2002 and 2004, measurements conducted in Canada revealed fluctuating
concentrations of 4-100, 8-220, and 5-140 ng L1 at various isolated sites. In contrast,
urban sites in the southern regions of the country reported elevated values of 43-170
and 87-270 ng L1 [140]. Similarly, in China, TFA rainwater concentrations ranged from
46-974 ng L~! in 2007-2008 for samples collected from the Pearl River Delta [36,141,142].
Later measurements, taken in city locations in 2016, showed significantly elevated TFA
rainfall concentrations between 8.8 and 1.8 x 10° ng L1 [36,139,141,142]. Comparable
values were reported in one-day studies in Tsukuba and Kawaguchi, two cities in Japan,
with detected levels of TFA in rainwater ranging from 39 to 76 ng L~! [156]. Another study
reported that concentrations of TFA in rainwater from Chile, Malawi, and Canada exhibited
levels of 6-87, 4-15, and <0.5-350 ng L. ™!, respectively [157], with the latter value showing
an increase compared with measurements taken a year prior [140].

There have not been many long-term or multi-site studies of TFA precipitation concen-
trations. However, a fairly comprehensive assessment of the occurrence of TFA in rainwater
in Germany has been conducted by Freeling et al. [158]. In 2018-2019, close to 1200 samples
were collected across 12 months in 8 locations. A median concentration of 0.21 mg L~!
was reported in the study [158]. Freeling et al. also reported a marked seasonality of TFA
concentrations in rainwater, with a higher level of loading seen in the summer, leading to
enhanced deposition and environmental contamination during this time. More studies
such as this would significantly improve the understanding of localized and seasonal TFA
occurrence in rainwater and therefore begin to further elucidate the flux of TFA from the
atmosphere to the surface.

Table 4. Summary of TFA concentration in rainwater.

Location Date of Sample Cor[l:lzgr}dtﬁt]ion
California and Nevada, 1994-199 31-3779 [141]
United States 1996-1997 20.7-1530 [157]
Chile 1999 6-87 [157]
Malawi 1999 4-15[157]
Canada 1999 <0.5-350 [140]
43-270 [140]
Canada 2002-2004 (Z_ezou[r]b 4aor]‘)
(remote)
Tsukuba, Japan 2007 64-76 [156]
Kawaguchi, Japan 2007 39-65 [156]
Pearl river delta, China 2007-2008 46-974 [142]
Urban locations in China 2016 8.8-1.8 x 10% [139]
Germany ? 2018-2019 210 [158]
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Table 4. Cont.

Concentration
[ng L-1]

50-1200, median 430 [155]
70-170, median 100 [155]
110-1100, median 340 [155]
2019 60-1100, median 370 [155]
80-750, median 200 [155]
4-170, median 80 [155]
270-850, median 470 [155]

2 close to 1200 samples were collected across 12 months in 8 locations, ° reported concentration values were measured
at Shaker Heights, Willoughby, Wooster, Ashland, Rockford, Whitestown, and Jackson Hole, USA, respectively.

Location Date of Sample

Ohio-Wyoming region,
United States ®

In the existing literature, studies conducted between 1990 and 2016 on remote Arctic ice
cores reveal TFA deposition levels exceeding 100 pg m 2 [43], as well as a flux ranging from
2.5t0 8200 ng m 2 yr~, from 2006 to 2019 [159]. The amplitude of the median flux is highly
seasonally dependent; for instance, the TFA levels were 36 times higher during precipitation
event sampling in April-August 2019 compared with sampling in January-March 2019.
The authors linked these results with seasonal variations in atmospheric hydroxyl radical
concentrations and/or the variable contributions of sources that may have emerged during
testing [159].

This is one of the leading routes of TFA contamination of the surface environment,
revealing that the role of precipitation in distributing TFA to land or surface water is
of paramount importance to identifying areas of particular significance. Such areas are
important locations for monitoring in the future.

5.3. TFA in Surface Water

Surface waters are the predominant environmental sink for TFA. TFA has the potential
to accumulate in natural water bodies through precipitation and influent water if the water
bodies have little or no effluent losses via drainage or groundwater recharge [28,29,125].
These terminal water bodies are potentially subject to concentration enhancement over time
due to evaporation, which serves to remove water while retaining less volatile chemicals
like TFA.

Similarly to rainwater, the levels of TFA found in surface waters have also been shown
to vary significantly depending on the location, (Table 5). In remote bodies of water, TFA has
been measured at concentrations of 5 to 600 ng L~1191,94,160]. For example, in 1998, remote
sites in the Northern Hemisphere recorded surface water TFA concentrations ranging from
8 to 40 ng L~! (Yukon and Alaska) and from 21 to 63 ng L~! (British Columbia) [161].
Another study reported considerably elevated TFA concentrations in the surface waters of
Lake Malawi. These were in the range of 55-99 ng L~! in samples collected in 1998 and
2000 [91,94,160]. Similarly, values recorded in urban areas of Northern California were
elevated to 5-300 ng L~! [30]. Furthermore, an extension of this latter study reported an
on-average 6-fold increase in TFA concentrations when re-sampling the same sites 23 years
later [160]. Measurements taken from lakes in Beijing, China, (2001 and 2012) reported TFA
concentrations in the range of 345-828 ng L1, with an average 17-fold increase in surface
water over ten years [143].

Xie et al. found variable concentrations of TFA in flowing water bodies, landscape
water bodies, tap water, and well water in Jinan, the capital of Shandong province of East-
ern China, in 2016 [89]. In the study, the average TFA concentrations of 884 4 180 ng L !
in flowing water bodies were found to be significantly lower than those found in land-
scape water bodies 2265 + 277 ng L1, suggesting the accumulation of TFA in stagnant
water bodies. However, the average TFA concentrations in rivers detected in their study
are 2 to 3 times higher than those found in tap water (384 + 7 ng L~!) and well water
(319 £8ng L~1) [89]. In surface water taken from streams in Sweden, TFA was detected at
concentrations ranging from 30 to 820 ng L~!, while a value of 34 & 5.2 ng L~! was reported
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following analysis performed in a nearby lake (with a reported annual increase of over 5%,
equivalent to 150 kg) [162]. Industrial activities and poor waste disposal could contribute
to higher TFA concentrations in rivers and lakes. Indeed, another study found that TFA
contaminant fingerprints were linked to surrounding anthropogenic activities [163].

Table 5. Summary of TFA concentration in surface fresh water.

. Type of Water Concentration
Location Body Date of Sample [ng/L]
Metropolitan areas in 1998 98.5-453 [160] °
: - Surface water
Northern California, USA resampled in 2021 23.1-2790 [160]
o 1998 <9.5-63.0, median 1.7 [160]
Remote sites in Alaska, USA Surface water
Resampled in 2021 101-187, median 134 [160]
Yukon, Can%‘;za“d Alaska, Surface water 1998 8-40, median 21.1 [161]
British Columbia, Canada Surface water 1998 21-63 [161]
Tuhai River 2016 932 & 56
. 1014 + 79
Yellow River 2016
Xiaoging River 2016 588 & 72
laoqug Kive median 884 + 180 [89]
Jinan, China
Baotu Spring 2016 1842 = 436
Daming Lake 2016 2688 = 117
& median 2265 + 277 [89]
Tap water 2016 384 + 7 [89]
Well water 2016 319 + 8 [89]
surface water from streams 2019 30-820 [162]
Sweden
Lake Vittern 2019 34 £5.2[162]
Denmark Surface water from river 2021 2-10 [163]

systems

2 Minimum and maximum values reported for different samplings sites in Cahill [160].

Increased surface water sampling campaigns can assist in the identification of localized
pollution events and sources. Furthermore, water bodies are likely to be the habitats most
‘at risk” of significant TFA contamination due to long-term accumulation, in addition to
likely increases in the atmospheric sources, as discussed previously. This is particularly
true for stagnant water bodies. As such, monitoring is increasingly important.

5.4. TFA in Soils and Vegetation

TFA exhibits a stronger attraction to organic soils compared with mineral soils, as
reported by Richey et al. [164]. Therefore, the soil retention of this compound can be notably
reduced as the volume of inorganic anions increases owing to the polar characteristics of
TFA [164]. Between 1999 and 2000, a study aimed to explore the distribution of TFA in soil
samples from the Northern and Southern Hemispheres. The study included soil samples
from various countries: Canada, Malawi, Chile, and the UK. The concentration values
for TFA in these samples showed ranges, in ng g_1 units, of <0.1-3.3, <0.1-7.5, 0.1-9.4,
and 0.85-7.0, respectively [157]. These values are similar to those found in Chinese soil
samples, ranging from 2.1 to 2.6 ng g’l [165] and 0.034 to 2.081 ng g’1 [89]. Xie et al. [89]
found higher TFA concentrations in the soil around fluorochemical plants than that at a
background site, suggesting that industrial production resulted in significant TFA contami-
nation of the surrounding soil environment, or that TFA may accumulate in soil. Similarly,
a more recent study conducted near an oil refinery in China showed significantly elevated
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upper limits of TFA concentration, compared to other studies listed here, which could
further support the theory of TFA accumulation in soil [166], (Table 6).

Table 6. Summary of TFA concentration in soils.

Location Date of Sample Concentration[ng g—1]

f:iitig; 1999 <0.1-3.3[157]
Sﬁfgﬁy' 1999 <0.1-7.5 [157]
Conccﬁﬁzion' 1999 0.1-9.4 [157]
LanLCJaKSter' 1999 0.85-7.0 [157]
Taigﬁiizke, 2008-2009 2.1-2.6 [165]

(I:iﬁfl;;, - 0.034-2.081 [89]
Southwestern China 2022 0.11-16.4 [166]

The presumed primary uptake pathway of PFASs, including TFA, by plants is through
absorption via roots from the soil or pore water. Hence, soil contamination may result in
increased TFA concentrations in the affected vegetation [4,136]. An additional proposed
route, that plant leaves can absorb different contaminants from the atmosphere [67,167],
could also contribute to this. Atmospheric uptake is thought to occur via one of two main
pathways: first, by directly absorbing gas-phase chemicals from the surrounding air, and
second, by absorbing chemicals associated with atmospheric particulate matter through
mass exchange [67,167]. Interestingly, Freeling et. al. [44] recently established that the
physicochemical properties of TFA are favorable to its accumulation in vascular plants.
Furthermore, as in other environmental media, there is also the potential for longer-chain
PFASs to undergo biotransformation in plants to generate TFA in situ [168].

Despite variations in the contamination mechanisms, TFA has been measured in vege-
tation in a number of locations. For example, Scott et al. investigated the TFA distribution
in pine needle samples collected from both the Southern and Northern Hemispheres and
revealed that TFA levels were elevated in the Northern Hemisphere [157]. Furthermore, an
altitudinal transect showed a decreasing concentration trend in TFA concentrations with
increasing altitude [157]. Additional TFA concentrations were reported for a number of
vegetative species by Freeling et. al. [44] as follows: 24.6-312 ug kg~ ! in European beech
leaf samples; 156-1060 ng kg~! in Lombardy poplar leaf samples; 42.8-538 ug kg~! in
Norway spruce leaf samples; and 98.5-453 pg kg~ ! in Scots pine leaf samples, (Table 7).
Such measurements are comparable with the results of similar studies across the world,
where values between 280 and 3000 pg kg~! were reported [67,70].

Table 7. Summary of TFA concentration in vegetation.

Specie Concentration
(Leaf Sampling) Date of Sample lug kg-1]
European beech 1989-2020 24.6-312 [44]

Lombardy poplar 1989-2020 156-1060 [44]
Norway spruce 1989-2020 42.8-538 [44]
Scots pine 1989-2020 98.5-453 [44]

These TFA concentrations in vegetation have also been shown to be increasing.
Freeling et. al. [44] reported a significantly increasing trend, between 1989 and 2020, in the
TFA concentration for most of the species and sites sampled around Germany as a result
of both bioaccumulation and the growing emissions of gaseous TFA precursors over the
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last three decades. The predominant source of TFA to the plants studied was concluded
to be atmospheric deposition, resulting in ubiquitous TFA contamination of terrestrial
ecosystems, even at remote locations [44].

5.5. TFA in Ice and Snow

TFA has been found ubiquitously in surface snow in the Arctic, with concentrations
ranging from 22 to 1800 ng m~2 in 2019 measurements [169]. Furthermore, Hartz et al. [169]
reported that TFA accounted for 71% of the total mass of C2-C11 PFCAs in the ice core [159].
The TFA concentrations in snow samples taken from remote areas in California were found
to be in the range of 51-584 ng L~! [141], while measurements of snow samples from
Canada, Sweden, New Zealand, and East Antarctica revealed an elevated maximum of
1100 ng L~! TFA [40]. In a study of a firm core drilled in Antarctica, concentrations of
3-56 ng L~! TFA were found in layers formed during the 19th century [40].

Consistent with other measurements of TFA contamination summarized here, further
reports have confirmed the trend of the increasing concentration of TFA in snow samples
collected from China [143,144]. This analysis of snow has revealed a noteworthy escalation
over a ten-year span, with levels varying from 148-169 ng L~! in 2001-2002 [144] to
282 4 68 ng L1 in 2012 [143,144].

5.6. TFA in Dust and Sediment

Recent studies have attempted to quantify TFA in other environmental media, such as
dust. For example, Wang et al. conducted an extensive investigation of indoor and outdoor
dust samples across mainland China to quantify the presence of multiple PFASs [170]. The
results revealed that the median concentration of PFASs in outdoor dust tripled in 2017
compared with the levels found in 2013, with a heightened contribution from TFA. Over
the course of four years, the median contributions of TFA profiles increased from 29-66%
to 47-87% [170]. Similar results were obtained during a study in the USA, where TFA was
found to be one of the most abundant PFASs in indoor dust [82]. Notably, ultra-short-chain
PFCAs (C2 and C3) exhibited significantly higher levels in indoor dust than in outdoor
dust, suggesting the presence of PFAS emission sources within indoor environments. A
similar conclusion, highlighting higher levels of PFASs in indoor environments compared
with outdoor settings, was also drawn from studies involving indoor airborne particulate
matter in five cities of China [171], as well as air samples from Birmingham, UK, [172] and
Brno, Czech Republic [171,173].

Another noteworthy finding is the correlation observed between the distribution of
various PFCA and PFAS levels in indoor dust samples and the regional economic status.
Elevated levels of TFA were detected in regions experiencing rapid economic development.
Nevertheless, comparable outcomes were identified in the profiles of indoor and outdoor
dust samples between urban and rural areas [170].

Recently, the presence of TFA has been reported for the first time in sediment and
suspended solid samples from water bodies in Northern Germany [174]. TFA was the
most frequently detected PFAS, occurring at a prevalence of 64%, with concentrations
ranging from 0.9 to 5.1 pg kg~!. While such investigations are still in their early stages,
the study by Guckert et al. using TOP assay analysis suggests the potential existence
of TFA precursors in numerous sediments [174]. This finding highlights the significance
of considering sediment samples as a potential source of TFA, a notion only now being
explored. Whether the detection of TFA can be attributed to the presence of residual water
in the pores of the samples before the drying process, or to the sediment itself, remains to
be clarified [174].

5.7. TFA in Drinking Water and Other Consumables

Other than direct inhalation, a clear route for human exposure to TFA is via drinking
water and other contaminated consumables, (Table 8). The analysis of drinking water
samples has indicated a broad spectrum of TFA concentrations when measurements have
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been taken. For example, in Germany (2020), TFA concentrations in drinking water were
reported to range from 0.96 to 12.4 pg L~! [175]. Much lower concentrations were reported
in drinking water from Beijing in 2012 (155 ng L) [143]. In both instances, water samples
were taken from water treatment plants. Furthermore, a recent study of concentrations and
profiles of target PFAS in raw and treated water carried out in China has shown that the
current estimated concentration of TFA is lower than that previously reported in 2012 [25],
suggesting that levels recently reported in Germany are significantly elevated.

Similarly, TFA is reportedly the most abundant PFAS in both untreated water and
drinking water in the Netherlands, with median concentrations ranging between 33.56 and
1104.6 ng L~! [176]. The authors of this study suggest groundwater protection to protect
drinking water from contamination. In this regard, Germany has been a pioneer in the
formulation of regulations for TFA levels in drinking water, having instituted a maximum
permissible limit of 60 ng/L for this consumable [177].

A recent investigation of the TFA contamination of beer and tea found it to be
widespread [178]. TFA was detected up to concentrations of 51 pg L~! and 2.4 pg L~}
in beer and tea, respectively [178]. The authors concluded that applied water is not the
source of TFA contamination, instead suggesting the influence of the added malt on beer.
These concentrations are significantly higher than some of the concentrations measured for
drinking water presented previously, supporting this conclusion.

In the context of food contamination, a study conducted in PFAS-contaminated agri-
cultural fields revealed consistently high concentrations of TFA across various crop sam-
ples [136]. Notably, wheat grain exhibited quantified levels ranging from approximately
50 to 180 pg kg~ !, while maize grain and leaves displayed values ranging from around
50 to 100 ug kg ~! and from approximately 250 to 500 ug kg !, respectively. Furthermore,
elevated levels of TFA were detected in Jerusalem artichoke and ryegrass, with concen-
trations ranging from 150 to 200 pug kg ™! for the former and 120 to 180 pug kg~! for the
latter [136]. Similarly, in an agricultural environment located in northern China, researchers
discovered elevated concentrations of TFA in various matrices [70]. The 2016/2017 sam-
pling campaign demonstrated that as well as being found in soil, TFA was found at
elevated levels in maize straw, leaves, and kernels (11.8-149 ng g, up to 767 ng g~ !, and
15.8-102 ng g~ !, respectively) [70]. A large range of concentrations, 14.2-105 ng g~ !, was
also reported in oriental migratory locust (Locusta migratoria manilens) samples [70]. These
results indicate the potential for TFA to accumulate in different organisms.

Table 8. Summary of TFA concentration in consumables.

Consumable Type of Sample Location Date of Sampling Concentration
2002 Not detectable [25]
Water Beiii )
treatment eljing 2012 155 ng L' [143]
2019 <7.53-78.7 g L1 [25]
s Water
Drink t — -1
rinking water treatment Germany 2020 0.9-12.4 ug L= [175]
Tap -1
Netherlands 2021 33.56-1104.6 ng L~ [176]
water
Tap . - 1
Indiana, USA 2020 median 79 ng L™ [82]
water
Germany, UK,

Beer

Netherlands, Greece, USA,
New Zealand, Spain, Denmark,
Norway;, Italy,

Commercial beer Belgium, Austria, - <51 g L1, median 6.1 [178]

Sweden, Japan, France, Estonia,
Ireland, Portugal, Mexico,
Namibia, Australia,
Faroe Islands
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Table 8. Cont.
Consumable Type of Sample Location Date of Sampling Concentration
Tea/herbal infusion Commercial samples Not specified - 24 ug L7 [178]
. Agricultural fields, 1
Wheat Grain Germany - 50-180 pg kg™ [136]
Agrchultural fields, B 250-500 pg kg ! [136]
ermany
Leaves
Beijing, Tianjin and Hebei, .
e e 2016-2017 >767 ng g1 [70]
Maize Straw 2016-2017 11.8-149 ng g~ [70]
Agricultural fields, Germany - 50-180 ug kg~ [136]
Grain . .
Beijing, Tianjin and Hebei, . 1
Northern China 2016-2017 15.8-102ng g~ [70]
Jerusalem . . 1
Artichoke Root Agricultural fields, Germany - 150200 pug kg~ [136]
Ryegrass Grain Agricultural fields, Germany - 120-180 pug kg*1 [136]
Locusta migratoria Insect Beijing, Tianjin and Hebei, 2016-2017 142-105ng g [70]

manilens

Northern China

6. Future Prospects

Further research is required to quantify the amounts of TFA used globally, any other
currently unidentified sources of TFA in the environment, and the cycle of TFA in the
atmosphere and hydrosphere. Solomon et al. found the risk to marine life to be low for
current and predicted concentrations of TFA [30]. However, there is a knowledge gap that
needs to be addressed before we can conclude that TFA will have negligible effects on the
environment. The increasing use of compounds that degrade to TFA requires continued
monitoring to ensure that concentrations do not exceed what are currently judged to
be safe levels. Furthermore, some measurements only consider the concentration once
eventual dilution in the ocean has been achieved. The implications of TFA deposits being
concentrated over specific regions must be considered, and TFA concentrations should
therefore be monitored on a smaller scale [39,179]. Improved monitoring data will ensure
that smaller water bodies are not at risk, something that could otherwise potentially harm
marine life, plants, and humans in the long term.

Although TFA as a pollutant has attracted increasing attention in recent decades, and
many studies confirm trends of growing levels, there remain gaps in understanding the
toxicity data for TFA, the effects of chronic TFA exposure, and their impacts on the wider
environments including plants, animals, and humans. Information is limited on toxicity
to organisms found in surface waters, which needs to be explored as water bodies are the
most important terminal sinks for TFA. There are few studies on TFA concentrations in
air, groundwater, soil, rainfall, snow, or sediments, and very few measurements of the
concentrations of TFA in crops have been reported. As crops are consumed by humans and
used as livestock feed, it is important to measure and report TFA contamination levels so
that people can be better aware of the intake of TFA into their bodies.

Industrial sources of TFA and TFA formed from the ozonation of wastewater species
can affect downstream areas, which is a concern for drinking water supplies. The standard
ozonation and filtration processes commonly used to treat water are not able to remove
TFA [91]. The development and implementation of new methods for the efficient removal
of TFA from drinking water on a large scale is a priority.

An in-depth analysis of the consequences of phasing out HFC use and replacing
HFCs by HFOs is urgently needed because of the expected significant increases in the
overall formation of TFA globally and the concentration of those increases near to source
regions. Future increases in the emissions of HFO-1234yf as a direct substitute for HFC-
134a, for example, is likely to result in a significantly greater TFA burden near to the source
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region [54]. Thee close monitoring and recording of the future emissions of HFOs are
important to tracking the TFA burden and its impact on aquatic ecosystems.

Establishing maximum exposure limits for TFA in both marine and terrestrial organ-
isms remains a pressing issue in terms of determining chronic and acute effects on wildlife.
The removal of precursor species that lead to TFA production from use in, for example,
refrigeration is a clear way to alleviate the potential problem.

7. Conclusions

Trifluoroacetic acid and its conjugate base trifluoroacetate are highly soluble and have
been detected in various environmental settings, including rain, fog, and water bodies,
with large reservoirs present in the oceans. These fluorinated organic acid compounds have
no known degradation pathways in environmental aqueous phases. There are various an-
thropogenic sources that lead to the generation of TFA. These sources can have a significant
impact on downstream areas, even if they are far away from where any discharge occurs.
As TFA is persistent, it can accumulate in remote areas of the planet, such as the North
and South polar regions. In addition to anthropogenic sources of TFA, it is important to
acknowledge the possibility of natural sources of TFA, several of which have been proposed.
Wet deposition is the most substantial loss process of atmospheric TFA by a significant
margin, being responsible for approximately 80% of total atmospheric TFA loss. Therefore,
it is also the primary route to TFA environmental contamination.

The reported toxicity of TFA is low, with only one aquatic alga presenting a concerning
sensitivity to TFA exposure. More generally, the resistance of aquatic plants to the effects
of TFA contamination is suggested in several reports. TFA is easily excreted by mammals
and so is unlikely to bioaccumulate. Nevertheless, some bioaccumulation of TFA has been
reported in the literature. Lan et al. demonstrated the ability of TFA to bioaccumulate
in a range of organisms and suggested the use of locusts as a biomonitoring tool for
ecological risk assessment [70]. Russell et al. [28] reported that it is unlikely that greater
TFA contamination will impair aquatic systems given the relative insensitivity of relevant
organisms to TFA. Similar results can be found in additional studies relating to rainwater
and surface waters; in all examples, modelled TFA concentrations proved to be below the
no observed effect concentration (NOEC) level reported by Berends et al. [59]. Overall, there
is a clear need for the development of a quantitative biomonitoring strategy for emerging
contaminants such as TFA, and further studies are urgently required.

TFA emerges in the environment via either direct processes, or by the degradation
of precursor compounds, and many sources act as both primary and secondary routes
to TFA. The principal anthropogenic source of atmospheric TFA is considered to be via
the degradation of gaseous precursors. Specifically, the oxidation of next-generation
refrigerants is expected to become a major source as HFCs (with high global warming
potentials) are phased out and replaced by HFOs. Considering a currently used refrigerant
(HFC-134a) alongside its corresponding next-generation HFO refrigerant (HFO-1234yf), a
significant increase of 21-100% in TFA yield is predicted [53]. Additionally, the formation of
TFA via HFO degradation occurs at a much higher rate than that from HFCs. Hence, HFO
emissions are a more productive source of TFA and are likely to concentrate TFA production
close to the point of emission of HFOs. Ongoing debate remains about natural sources
of TFA, with data suggesting elevated levels in environments that predate significant
anthropogenic sources.

TFA degrades slowly in the environment because of its resistance to photochemical
and chemical reactions. OH-mediated oxidation only plays a minor role in determining the
fate of TFA in the atmosphere; instead, its primary removal route is through wet deposition.
Although TFA cannot be removed by the most common photochemical reactions that
occur in the atmosphere, a recent report encourages greater consideration of previously
ignored oxidants, Criegee intermediates, which may reduce the atmospheric lifetime of
TFA significantly. Including TFA loss by reaction with the Criegee intermediates in a model
simulation reduces the lifetime of TFA to as little as 2 days over tropical regions [57]. In
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view of this update, chemical loss should be considered as a potential competitor with
physical loss (i.e., wet deposition) over some regions, although more information is needed
about the environmental fates of the products of these chemical reactions to assess their
impact. The main result of reaction kinetic updates such as these is the redistribution of
surface level TFA concentrations based on the varying temperature dependence of reaction
rates. With this redistribution comes shifts in the productivity of various TFA loss processes,
both chemical and physical.

Overall, the concentrations of TFA in various matrices analyzed to date show strong
correlations with both the season during which the measurement was taken and the area
that was selected for sampling. It is also apparent that TFA loadings in the environment will
continue to increase as a consequence of human activity and that further work is required
to quantify these loadings and their potential impact on the environment. Although some
technological progress has been made in the development of methods for TFA removal
from water, there is still no current method that allows for the efficient remediation of
different sources of water contaminated with this persistent organic acid.

In summary, HFOs are being introduced as sustainable alternatives to climate-wrecking
HECs. But the short lifetime of HFOs now introduces a different issue, this being an in-
crease in the surface levels of TFA. Given the potential toxicity of TFA, this is an area of
concern; rising levels of TFA have already been observed in regions where HFO emissions
have increased and so there is a potential socio-economic issue, e.g., an impact on aquatic
animals and flora, and the need to monitor levels of TFA is now pressing.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/sul16062382 /51, Text S1: Model Description; Text S2: Other
HFO sources of TFA; Text S3: Short kinetic review of HFOs; Figure S1: Degradation mechanisms of
HFC-134a and HFO-1234yf oxidation by OH; Table S1: Kinetic data for the reaction between the HFO
and OH radicals; Table S2: Estimated lifetimes for HFOs, GWP and TFA yields.
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Abbreviations

CPTFE chloropolytrifluoroethylene

ECs half-maximal effective concentration
ECTFE ethylene-chlorotrifluoroethylene
FOSA  perfluorooctane sulfonamide

GWP Global-warming potential

HCFC  hydrochlorofluorocarbon

HFC hydrofluorocarbon

HFO hydrofluoroolefins
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NOEC no observed effect concentration

NOEL no observed effect level

PFAS  per- and polyfluoroalkyl substance

PFCA  perfluorinated carboxylic acid

PFEPE  polytetrafluoroethylene-co-tetrafluoroethylene-perfluoropropylether
PTFE  polytetrafluoroethylene

TDs median lethal dose

TFA trifluoroacetic acid
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