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Pressurized metered-dose inhalers (pMDIs) deliver life-saving medications to patients with respiratory conditions and are the most used inhaler delivery device globally. pMDIs utilize a hydrofluoroalkane (HFA), also known as an F-gas, as a propellant to facilitate the delivery of medication into the lungs. Although HFAs have minimal impact on ozone depletion, their global warming potential (GWP) is more than 1,000 times higher than CO2, bringing them in scope of the F-Gas Regulation in the European Union (EU). The pharmaceutical industry is developing solutions, including a near-zero GWP “next-generation propellant,” HFO-1234ze(E). At the same time, the EU is also evaluating a restriction on per-and polyfluoroalkyl substances (PFAS) under the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) regulation. Trifluoroacetic acid (TFA) is a persistent PFAS and a potential degradation product of HFO-1234ze(E). We quantified yield of TFA from HFO-1234ze(E) using a computational model under Europe-relevant atmospheric conditions. The modeling suggests that most HFO-1234ze(E) degrades into formyl fluoride within 20 days (≥85%) even at the highest examined altitude. These results suggest that TFA yield from HFO-1234ze(E) varies between 0%–4% under different atmospheric conditions. In 2022, France represented the highest numbers of pMDI units sold within the EU, assuming these pMDIs had HFO-1234ze(E) as propellant, we estimate an annual rainwater TFA deposition of ∼0.025 μg/L. These results demonstrate negligible formation of TFA as a degradation product of HFO-1234ze(E), further supporting its suitability as a non-persistent, non-bioaccumulative, and non-toxic future propellant for pMDI devices to safeguard access for patients to these essential medicines.
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BACKGROUND
Asthma and chronic obstructive pulmonary disease (COPD) are serious, potentially life-threatening diseases, affecting more than 550 million people worldwide (Soriano et al., 2020). Pharmacotherapy delivered to the lung by inhalation is the standard of care and recommended for treating people living with respiratory diseases. Selecting the right inhaler regimen for an individual patient is crucial to reduce symptoms and exacerbation risk. Numerous factors need to be considered when selecting the correct inhaled therapy such as the active pharmaceutical ingredient (API), inspiratory capacity, cognition and dexterity, preference for a device type, affordability, among others. Device type is a particularly important consideration with pressurized metered dose inhalers (pMDIs), dry-powder inhalers (DPIs), and soft-mist inhalers as often prescribing options.
Of the three delivery device types, pMDIs are most used globally (∼78%) with greater than 90% use in some countries (Bell et al., 2022). Historically, pMDIs used chlorofluorocarbon (CFC) as a propellant, which was known to deplete the ozone layer in the atmosphere. The Montreal protocol called for the phase-out of the CFC propellants, prompting the pharmaceutical industry to develop hydrofluoroalkanes (HFAs) as a replacement propellant. HFAs do not deplete ozone but have high global warming potential (GWP), e.g., HFA-134a has GWP100 of 1,530 (The Earth’s Energy Budget, 2023). In addition to pMDIs, HFAs have many other usages and can substantially affect global surface temperatures over time due to their high GWP (Song et al., 2023); to mitigate global warming, parties that had previously committed to the Montreal Protocol made an amendment (Kigali Amendment) to phase down the production and consumption of HFAs over 30 years (Heath, 2017). The search for alternative partially fluorinated compounds with low GWP led to identification of hydrofluoroolefin (HFO) compounds. In particular, HFO-1234ze(E), hereafter referred to as HFO-1234ze, was identified as a potential next-generation propellant for pMDIs as it has near-zero GWP (The Earth’s Energy Budget, 2023); has physicochemical properties like HFA-134a and HFA-227ea; and is non-bioaccumulative and non-toxic (Giffen et al., 2022). Using a cradle-to-grave life cycle assessment, Hargreaves et al. (2022) demonstrated that replacement of HFA-134a with HFO-1234ze reduced the carbon footprint of pMDI device by ∼92%, akin to that of a DPI.
On 22 March 2023, Germany, Netherlands, Sweden, Norway, and Denmark (Dossier submitters) submitted a restriction proposal, under the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) regulation, to the European Chemical Agency (ECHA) for a ban on more than 10,000 per- and polyfluoroalkyl substances (PFAS) chemicals, allowing exceptions for human and veterinary APIs, biocides, pesticides, and a few fully degradable PFAS subgroups. As per the Organization for Economic Cooperation and Development definition (Wang et al., 2021), “PFASs are defined as fluorinated substances that contain at least one fully fluorinated methyl (–CF3) or methylene (–CF2–) carbon atom (without any H/Cl/Br/I atom attached to it.” The carbon-fluorine bond is often highly stable and resistant to degradation via natural processes, which has led to the moniker of ‘forever chemicals’ when referring to the class. Although the parent molecule only has an environmental exposure of 19 days (Neale et al., 2021), the novel propellant HFO-1234ze may fall under the purview of the “PFAS proposal” because of the presence of a trifluoromethyl group (–CF3) in its structure, which is associated with formation of trifluoracetic acid (TFA)–a virtually non-degradable compound found naturally in the environment (Scott et al., 2005). The Dossier submitters argued that chemicals having the trifluoromethyl group (–CF3) “are potential precursors to trifluoroacetic acid (TFA)” and their unchecked environmental release could lead to accumulation of toxic-levels of TFA in the environment.
The toxicology of TFA has been explored in a range of non-clinical rodent (rat) studies, which revealed non-adverse mild liver hypertrophy following acute exposure of up to 2,400 parts-per-million sodium TFA for 14 days (Dekant and Dekant, 2023). No adverse effects were detected when TFA was administered to rats for 90 days, or in dedicated reproductive and developmental toxicology studies, or in vitro genetic toxicity experiments (Dekant and Dekant, 2023). Based on the levels of TFA assessed in the toxicology studies and the potential for human environmental exposure to TFA, it was concluded that the “margin of exposures” of TFA do not indicate human health risks (Dekant and Dekant, 2023; Madronich et al., 2023). To assess the impact of HFO-1234ze-propelled pMDIs to environmental TFA depositions, we first outlined the possible degradation routes of HFO-1234ze in the atmosphere, and then estimated the maximum TFA yield by varying atmospheric conditions using a box-modeling approach. Afterwards, we assessed the annual TFA rainwater concentration assuming all pMDIs in France have transitioned to the next-generation propellant HFO-1234ze.
EFFECT OF NEXT-GENERATION PROPELLANT ON TFA DEPOSITION IN THE ENVIRONMENT
To simulate the HFO-1234ze degradation kinetics at different altitudes, we implemented the chemical degradation mechanism (Supplementary Figure S1) in the box model (Wolfe et al., 2016) based on physicochemical data available in the literature (Lightfoot et al., 1992; Wallington et al., 1994; Tyndall et al., 2001; Sulbaek Andersen et al., 2004a; Sulbaek Andersen et al., 2004b; Chiappero et al., 2006; Søndergaard et al., 2007; Ammann et al., 2016). In the model, we captured the effect of different temperatures; pressures; and different abundances of reactants that play a central role in controlling the yield of TFA. We obtained the concentrations of these important reactants OH•, NO, NO2, HO2• from a global atmospheric chemistry model (Reifenberg et al., 2022) averaged over Europe (Supplementary Figure S2). For chemical reactions with missing rate constants, we used their values from analogous reactions. In the text below, we describe the major steps involved in chemical degradation of HFO-1234ze and formation of TFA.
Step 1: Oxidation of HFO-1234ze by hydroxy radicals
In the presence of O2, the hydroxyl radicals attack HFO-1234ze across the double bond, initiating its degradation and forming two peroxy radicals (1a, 1b; Table 1). In Figure 1A, we have depicted the possible fate of HFO-1234ze emissions within the boundary layer. Figure 1B shows simulation of HFO-1234ze degradation at various altitudes (0, 4, 6, and 10 km), suggesting that HFO-1234ze has a lifetime of ∼20 days, which is like the 19-day lifetime reported elsewhere (Neale et al., 2021). Given the short atmospheric lifetimes, these results also suggest that HFO-1234ze would have a weak vertical gradient, throughout the troposphere (0–10 km at mid-latitudes) and that its oxidation will take place at temperatures between 300 and 220 K.
TABLE 1 | HFO-1234ze degradation reactions in the atmosphere.
[image: Table 1][image: Figure 1]FIGURE 1 | HFO-1234ze(E) emission and degradation in the atmosphere. (A) Schematics depicting possible fate of HFO-1234ze emissions within the boundary layer of the atmosphere. In addition to interacting with the atmospheric reactants within a region, HFO-1234ze emissions released in the atmosphere would experience wind dispersion. In the atmosphere, photolysis reaction dominates the removal of trifluoro-acetaldehyde (TFAA), formed after the hydroxy radical attack on the double bond of HFO-1234ze. Recent work (Andersen and Nielsen, 2022) has demonstrated that photolysis of TFAA does not produce CF3H (HFC-23; GWP100 12,960). A downstream product of TFAA’s interaction with hydroxyl radicals is the production of trifluoroacetic acid (TFA). TFA accumulated due to in-cloud hydrolysis of HFO-1234ze is removed from the atmosphere via rain, snow, and fog (Wang et al., 2014). The solid arrow indicates TFAA photodissociation forms CF3, whereas dotted arrow indicates TFA is a downstream product of TFAA degradation. Beige shaded inset: Computational estimate of TFA yield with altitude as a function of increasing concentration (black, blue, and pink) of hydroxy radicals. (B) Model simulations showing kinetics of HFO-1234ze degradation, TFAA formation and degradation, and TFA formation at different altitudes above the surface, i.e., 0 (blue), 4 (purple), 6 (yellow), and 10 (orange) km. All chemicals are in units of parts-per-billion (ppb).
Step 2: Formation of trifluoro-acetaldehyde
The organic peroxy radicals (RO2) formed in Step 1 (above) can react with NO, NO2, other RO2, and HO2. We have not considered their reaction with NO2 because peroxynitrates formed after NO2 reaction are thermally unstable. In NO-rich experimental conditions, Javadi et al. (2008) found a ∼100% yield of trifluoro-acetaldehyde (TFAA) and formyl fluoride; however, under atmospheric conditions the TFAA yield would depend on i) relative concentration of NO and HO2 and ii) the rate constants of reactions 2a, 2b, 2c, and 2d. In our model, we have used temperature-independent generic rate constants for these reactions (Lightfoot et al., 1992; Tyndall et al., 2001) because their specific measurements are unavailable, which requires further studies.
Step 3: Atmospheric degradation of trifluoro-acetaldehyde
In the atmosphere, there are two main routes of TFAA degradation: i) OH• radicals and ii) photodissociation. The formation of TFA occurs via the first route through an acyl-peroxyl radical (4d; Table 1), which itself is formed when TFAA reacts with OH• radicals (3a; Table 1). The photodissociation rate constant works as a sink for TFA formation in the atmosphere; however, there is no wavelength-dependent data available in literature. In TFA calculations, we have used the photodissociation rate constants at different altitudes reported by Chiappero et al. (Chiappero et al., 2006).
Step 4: Possible fate of acyl-peroxyl radical
The acyl-peroxyl radical reaction (4d; Table 1) forming TFA occurs with HO2. However, as with other peroxyl radicals, this acyl-peroxyl radical has many competing reactants (e.g., NO, NO2) in the atmosphere (4a and 4b; Table 1). The rate constant of TFA forming reaction (4d; Table 1) is unknown. Andersen et al. (Sulbaek Andersen et al., 2004b), however, have determined the branching ratios of the three HO2 reactions with the acyl-peroxyl radical at room temperature, which were used in our TFA computations. The rate constant of the analogous non-fluorinated acyl-peroxyl radical was obtained from a paper (Ammann et al., 2016).
TFA yield and deposition due to novel pMDI usage
We implemented the chemical reactions and constants associated with HFO-1234ze degradation (Table 1) in a box model (Wolfe et al., 2016) to quantify average yield of TFA under different atmospheric conditions. In the Supplementary Material (Text S1), we have provided the atmospheric conditions and modeling assumptions used for generating the estimates shown in Figure 1A (inset) and 1B. To assess the impact of humidity (water vapor)—the primary source of hydroxyl radicals (Stevenson et al., 2020)—on HFO-1234ze degradation, we performed three independent simulations varying the atmospheric hydroxyl concentration between (units of 10−6 molecules/cm3) 1.0 to 10, ensuring its maximum is below the averaged diurnal maximum (Ma et al., 2022). We found that these hydroxyl concentration variations caused the TFA yield to vary between 0% and 4%, irrespective of the altitude. Our results are in agreement with a recent chemistry transport modeling study (Andersen et al., 2018), which reported an average TFA yield of 2% due to atmospheric breakdown of a structurally similar compound (HCFO-1233zd). In contrast to the 4% TFA yield of HFO-1234ze, APIs such as isoflurane and sevoflurane have an estimated TFA yield of 95% and 100%, respectively (Andersen et al., 2023).
In 2022, as per IQVIA STAR/MIDAS 2023 sales data of the EU, the greatest number of pMDI units (∼21 million) were sold in France, which is equivalent to about 300 tons of propellant usage. Assuming HFO-1234ze was the propellant in these pMDIs and there was zero wastage of the propellant, this roughly equals to 2.673 × 106 mol/year of propellant emissions in the atmosphere. Using the total precipitation volume of 4.76 × 1014 L for France (Knoema, 2021) and the maximally estimated 4% TFA-yield, this suggests that the maximum concentration of TFA in rainwater could be 2.2 × 10−10 M (or 0.025 μg/L). On the other hand, if we consider the IQVIA STAR/MIDAS 2023 sales data of the entire Europe, the greatest number of pMDI units (∼56 million) were sold in the United Kingdom (UK). By repeating our TFA calculations and using the total precipitation volume of 2.97 × 1014 L for United Kingdom (Knoema, 2021), we found that maximum concentration of TFA in rainwater could be ∼0.107 μg/L, which is about 100,000-fold smaller than the no observed effect concentration of TFA for aquatic species (Solomon et al., 2016). Our results clearly demonstrate that even under this UK-case scenario, wherein the pMDI sales were 2-fold higher and precipitation was 2-fold lower than France, pMDI devices using the HFO-1234ze propellant would form negligible amount of rainwater TFA, suggesting no threat to the human health and the ecosystem.
Limitations of the study
At different altitudes, the TFA yield depends on the availability of other atmospheric gases and the rate constants of associated reactions, which may have temperature, pressure, and ultraviolet wavelength dependence. Currently, detailed experimental characterization of all reactions (Table 1) is unavailable, which may affect our TFA yield and deposition estimates. Furthermore, in our calculations, we have treated acyl-peroxy nitrate product (APN) CF3C(O)OONO2 as a thermally stable product (4b; Table 1), whereas it is thermally unstable, and, at low-mid altitudes, this product can influence TFA yields by forming the acyl-peroxyl radical CF3C(O)OO• again. However, the CF3C(O)OO• radical will also react with RO2 (e.g., from the degradation of the hundreds of hydrocarbons in the air) by competing with its HO2 reactions (4c-e; Table 1), leading to decrease in the TFA yield. Lastly, the RO2 formed in Step 1 (1a-b; Table 1) would react with other RO2 in the atmosphere which we have not considered in the model. These limitations warrant a global chemical-transport modeling study to obtain more robust estimate of the TFA yield by accounting for transport of the chemical species (including HFO-1234ze, TFA, APNs, and hydrocarbons) into other regions with region-specific meteorological data. Nevertheless, our present calculations provide a broad demonstration of the range of the TFA yield with atmospheric conditions, within which the true TFA yield is likely to fall.
EPILOGUE
In this article, we first computed the range of TFA yield formed during the chemical degradation of HFO-1234ze under Europe-relevant atmospheric conditions. Afterwards, we used the estimated maximum of the TFA yield to calculate annual rainwater concentrations of TFA in France, assuming HFO-1234ze as the propellant of all pMDIs sold in a year. Our analysis supports the following:
1. HFO-1234ze, which is non-bioaccumulative and non-toxic, has an approximately 20 days lifetime in the atmosphere and leads to negligible, if any, yield of TFA, which is persistent but non-bioaccumulative and non-toxic.
2. Restricting HFO limits options for HFA transition to HFA-152a only, currently, which itself is subjected to future down-phasing because of its GWP, under the EU F-Gas Regulation, risking the viability of future pMDI supply.
3. Any evaluation of HFO-1234ze restriction must take into consideration the urgent need to identify innovative solutions to reduce greenhouse gas emissions across societies whilst safeguarding access to essential medicines.
Medications delivered by pMDIs are relied upon by millions of patients globally and they are the most used device type. Therefore, considering HFO-1234ze non-persistence and its infinitesimal contribution to rainwater TFA, the PFAS proposal should exempt the next-generation propellant HFO-1234ze to maintain the future supply of pMDI devices to people living with chronic respiratory diseases.
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Reaction label Chemical reaction Temp. (K) Rate (cm? References
molecule™ s™)
Step 1 Hydroxy radical initiated oxidation
(1a) | OH" + CF;CH=CHF (+0,) — FCH(OO")CH(OH)CF; 290 71x 107 Sondergaard et al. (2007)
(1b) | OH" + CE,CH=CHE (+0;) — FCH(OH)CH(OO")CF, 290 7.1 x 107 Sondergaard et al. (2007)
Step 2 Formation of CE;C(O)H
(2a) | FCH(OO")CH(OH)CE; + NO — — — CF,C(O)H + - 1x107" Lightfoot et al. (1992), Tyndall et al.
HC(O)F (2001)
(2b) | FCH(OH)CH(OO®)CF; + NO — — — CE;C(O)H + - 1x 10" Lightfoot et al. (1992), Tyndall et al.
HC(O)F (2001)
(20) | FCH(0O")CH(OH)CE, + HO," — FCH(0OH) - 11 Lightfoot et al. (1992), Tyndall et al.
CH(OH)CF; (2001)
(2d) | FCH(OH)CH(OO")CF; + HO," — FCH(OH) - 1x10™ Lightfoot et al. (1992), Tyndall et al.
CH(OOH)CE; (2001)
Step 3 Degradation of CF,C(O)H
(32) | CE;C(O)H + OH" (+0,) — H,0+ CE;C(0)00" 298 57 x 107 Sulbaek Andersen et al. (2004a)
(3b) | CE,C(O)H + hv (+2 0,) — CF30," + HO," + CO 298 (2-5) x 10 Chiappero et al. (2006)
Step 4 Fate of CF;C(0)00"
(42) | CF;C(0)O0" + NO — CF5C0," + NO, 220-324 (28 £06) x 10 Ammann et al. (2016)
(4b) | CF,C(0)00" + NO, + M — CF,C(O)OONO, + M 2962 (66 % 13) x 107 Wallington et al. (1994)
(1) | CRC(0)00" + HO," — CF.C(0)0OH + O, 296 %2 2x10™ Sulback Andersen et al. (2004b)
(4d) | CE,C(0)00" + HO," — CE,C(O)OH + O, 2962 2x107" Sulback Andersen et al. (2004b)
(4¢) | CF;C(0)00" + HO," — CF;C0; + O, + OH” 2962 2107 Sulback Andersen et al. (2004b)
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