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Abstract

:

Perfluorooctanoic acid, PFOA, is one of the many concerning pollutants in our atmosphere; it is highly resistant to environmental degradation processes, which enables it to accumulate biologically. With direct routes of this chemical to the environment decreasing, as a consequence of the industrial phase out of PFOA, it has become more important to accurately model the effects of indirect production routes, such as environmental degradation of precursors; e.g., fluorotelomer alcohols (FTOHs). The study reported here investigates the chemistry, physical loss and transport of PFOA and its precursors, FTOHs, throughout the troposphere using a 3D global chemical transport model, STOCHEM-CRI. Moreover, this investigation includes an important loss process of PFOA in the atmosphere via the addition of the stabilised Criegee intermediates, hereby referred to as the “Criegee Field.” Whilst reaction with Criegee intermediates is a significant atmospheric loss process of PFOA, it does not result in its permanent removal from the atmosphere. The atmospheric fate of the resultant hydroperoxide product from the reaction of PFOA and Criegee intermediates resulted in a ≈0.04 Gg year−1 increase in the production flux of PFOA. Furthermore, the physical loss of the hydroperoxide product from the atmosphere (i.e., deposition), whilst decreasing the atmospheric concentration, is also likely to result in the reformation of PFOA in environmental aqueous phases, such as clouds, precipitation, oceans and lakes. As such, removal facilitated by the “Criegee Field” is likely to simply result in the acceleration of PFOA transfer to the surface (with an expected decrease in PFOA atmospheric lifetime of ≈10 h, on average from ca. 80 h without Criegee loss to 70 h with Criegee loss).
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1. Introduction


Perfluorinated carboxylic acids (PFCAs) constitute a class of organic acids with a general formula of CnF(2n + 1)COOH, which, despite being exclusively anthropogenically generated, are found to be ubiquitous in the environment [1]. Over recent years, these have become compounds of significant scientific and regulatory interest due to their bio-accumulative nature [2,3] and suspected toxicity [4,5].



Of the PFCAs, the C8 compound—termed perfluorooctanoic acid (PFOA)—is predicted to have had the highest total emissions, exceeding the second most emitted PFCA by an order of magnitude [6], due to its extensive use in the fluoropolymer industry [7]. As a result of its high emissions and its bio-accumulative nature, PFOA is the most widely encountered PFCA and is found in significant concentrations in humans [8] and biota [9,10]. This is particularly concerning in view of the suspected carcinogenicity of the compound [11]. Furthermore, PFOA—and its precursors—have been found to contaminate urban, indoor and remote environments [12,13]. As a result of this, industrial production of PFOA was voluntarily phased out by most relevant companies in 2015 [14] and PFOA and its salts have recently been added to Annexe A of the Stockholm Convention for persistent organic pollutants (POPs) [15].



Despite these efforts to reduce direct emissions of PFOA, an alternative pathway of environmental contamination remains operational via the degradation of fluorotelomer alcohols (FTOHs); specifically, 8:2 FTOH which oxidatively degrades in the atmosphere to yield PFOA [16,17,18]. FTOHs have been and continue to be used extensively in industry for a range of purposes from stain repellents to firefighting foams [19]. Given the short atmospheric lifetime of PFOA itself (as a result of facile removal by atmospheric deposition processes), it is likely that this route represents the primary contributor to the contamination of remote environments. In contrast to PFOA, which only has an atmospheric lifetime of approximately 12 days [16], FTOH may persist in the atmosphere for upwards of 20 days, allowing significant long-range tropospheric transport [20].



As alluded to previously, wet and dry deposition processes are believed to dominate the atmospheric fate of PFOA, given its slow oxidation and inefficient photolysis processes [21,22]. However, a recent report suggests that reaction with Criegee intermediates (CIs) is also likely to be significant in determining the atmospheric fate of PFOA, though it is important to note that this study did not explicitly investigate the impact of this loss process on a global scale [23]. Previous investigations surrounding PFOA and its related compounds include, but are not limited to: modelling pathways of PFOA to the Arctic [12]; biological monitoring of PFOA [24]; a global survey of PFOA in oceans [2]; global fate and transport modelling of PFOA from direct sources [25]; and modelling 8:2 FTOH degradation as a potential source of PFOA [16]. However, as no study has currently been conducted that fully accounts for the atmospheric fate of PFOA, including the implications of CI-mediated oxidation; there remains a clear gap in the literature.



CIs are zwitterionic carbonyl oxide intermediates generated by the ozonolysis of alkenes in the atmosphere. These intermediates are high in energy and either rapidly decompose by unimolecular decomposition or stabilise via collisional energy loss with a “bath” gas (most likely O2 or N2) to generate thermally stable forms of the intermediate hereinafter referred to as SCIs. These stabilised intermediates may exist on a significant timescale and in significant concentrations (approximately 104–105 cm−3 in the surface layer) [26,27,28], as such their atmospheric fates are important to consider.



A number of previous studies elucidated the reactions of SCIs with a selection of trace gases and atmospheric pollutants and found them to be significant [27,29,30]. In fact, the rate coefficients for organic and inorganic acids have been shown to approach or even exceed the gas kinetic limit [31,32,33,34]. Taatjes et al. [23] have recently experimentally determined the rate coefficient of PFOA’s reaction with the simplest SCI, CH2OO, to be (4.9 ± 0.8) × 10−10 cm3 s−1. Operating under the assumption that reactions of PFOA with all common SCIs occur at similar rates, it is clear that this atmospheric loss process is likely to be significant in determining the overall fate of PFOA in the atmosphere.



It is also important to consider the atmospheric fate of the SCI-mediated products. Taatjes et al. [23] and Chhantyal-Pun et al. [34] have shown that the simplest SCI, CH2OO, reacts with halogenated carboxylic acids to produce a hydroperoxide ester (HPE). The HPE product likely undergoes reaction with OH in the atmosphere. Following this oxidation, gaseous HPE may undergo further oxidation to either reform PFOA (with formic acid as a side product) or form carbon dioxide and hydrofluoric acid, resulting in the permanent destruction of PFOA [23] (see Figure S1). Whilst exact contributions of each route are not explicitly reported in the literature, it is generally agreed that the former oxidation route is likely to dominate, and as such the majority of HPE in the atmosphere will go on to reform PFOA [23,35]. With ≈80% of HPE reforming PFOA in the atmosphere, it is expected that atmospheric degradation of the former does not provide a significant long-term sink for the latter.



Previous work is significantly improved here via explicit numerical modelling of the fates of the 17 most common SCIs benchmarked with the most recently available laboratory measurements and quantum chemistry calculations, hereby referred to as the “Criegee Field”, into the global tropospheric model STOCHEM-CRI [28]. In doing so, we are able to better quantify the contribution of SCI-mediated loss on the global budget of PFOA.




2. Modelling


STOCHEM is the name of a Lagrangian tropospheric chemical transport 3D model which operates such that atmospheric transport processes and individual chemical reactions are treated independently (which in turn allows chemistry timesteps to be determined locally) [36]. Driven by archived meteorological data from the UK Meteorological Office, STOCHEM is an “offline” model that functions at the atmospheric resolution of the Meteorological Office unified model (1.25° longitude × 0.83° latitude × 12 uneven vertical levels) [37]. The data outputs include: pressure, temperature, humidity, interpolated wind data, tropopause height, cloud amount, precipitation, boundary layer height and surface parameters [38]. The meteorological module of STOCHEM has been discussed in detail previously [36] and updates can be found in Derwent et al. [39].



This investigation utilises the reduced chemical mechanism CRI v2-R5, the advancement of which has been reported by Jenkin et al. [40] and Watson et al. [41] with further amendments reported by Utembe et al. [42,43] and Khan et al. [44]. The development of this mechanism involved species-specific, box model simulations in addition to optimisation using the Master Chemical Mechanism version 3.1 (MCM v3.1) with ozone generation set as the key principle [43,45].



In the first instance, simulations contained 50,000 air parcels where each air parcel accommodated individual concentrations of a total 231 species; which compete in 532 chemical reactions. Chemical processes (formation/loss reactions and photochemical dissociations) occur within the air parcels in addition to individual emissions, depositions, convection and further removal processes of all species. The individual photolysis rates are calculated according to Percival et al. [46]. Modifications made in this investigation include the addition of the direct emissions and complete atmospheric fate of PFOA and 8:2 FTOH along with the addition of the “Criegee Field.”



Global emission fluxes for PFOA and its primary precursor, 8:2 FTOH (simply referred to as FTOH), were added according to Armitage et al. [25] (0.005 Tg year−1) and Wallington et al. [16] (0.001 Tg year−1), respectively. The relevant compounds are emitted via anthropogenic routes exclusively [23]. Physical and chemical removal processes of these species were also included to properly represent their atmospheric fate. Dry and wet deposition represent all physical removal processes in the STOCHEM model and a full explanation for how these processes are represented can be found in Von Kuhlmann [47]. Wet and dry deposition of PFOA are particularly important because of its high solubility and large size. The rate of wet deposition depends on the dynamic and convective deposition fluxes and is therefore species-specific. Deposition velocities for PFOA were extracted from Wallington et al. [16]. whilst dynamic and convective scavenging coefficients were calculated using the Henrys Law constant vs. Scavenging coefficient correlation (where Henry’s Law constants and scavenging coefficients were extracted from Sander et al. [48] and Penner et al. [49], respectively). The dry deposition velocities of 1.9 mm s−1 over land and ocean and the wet deposition parameters, dynamic scavenging of 1.9 cm−1 and convective scavenging of 3.8 cm-1 were used for PFOA in all simulations. FTOH is assumed not to undergo any significant deposition processes and as such none were included in the updated chemical module [50].



Addition of the Criegee Field involved the inclusion of 17 individual SCIs along with explicit formation and loss processes for each. Emission data for the relevant alkenes (ethene, propene, trans-but-2-ene, isoprene, α-pinene and β-pinene) are already accounted for in the STOCHEM model, and as such, they can be found in the full emission inventory reported by Khan et al. [51]. Inclusion of the “Criegee Field” required addition of the ozonolysis reactions of each of the precursor alkenes for which the rate coefficients were taken from the Master Chemical Mechanism [52] (see Table S2). The yields for SCI from ozonolysis of various alkenes were taken from previous study of McGillen et al. [53]. The loss processes included for each SCI in this model are unimolecular reactions and the reactions with water and water dimer (More details can be found in Chhantyal-Pun et al. [28] and Table S3). The chemical loss processes (i.e., unimolecular decomposition and reaction with water and water dimer) strongly dominate resulting in the very short atmospheric lifetime of SCIs. Additional minor loss processes of SCIs have not been included to reduce computational costs. As all SCIs included are expected to have similar reaction rates with PFOA, inclusion of individual reactions would be computationally inefficient. As such, all individual SCIs included are grouped into a singular class labelled “SCI.” This class accounts for the total concentration of all the included SCIs and assumes a consistent rate of reaction for all SCI’s with PFOA (4.9 × 10−10 cm3 s−1) [23]. Following the inclusion of the “Criegee Field,” each air parcel now contains concentrations of a total of 249 species that compete in 582 chemical reactions and utilise a time-step of 5 min.



A range of simulations (STOCH-Base, STOCH-DE, STOCH-CI and STOCH-HPE) were performed during this investigation. A collection of the basic features of the simulations and the differences between individual simulations can be found in Table 1. “STOCH-Base” employed the CRI mechanism with the only modifications appearing in the emission inventory. The only emission modification is the addition of global FTOH emission data; as such, the only source of PFOA to the atmosphere is via 8:2 FTOH degradation employing a temperature-dependent rate constant of 3.2 × 10−11 × exp−1000/T cm3 s−1 extracted from Wallington et al. [16] Similarly, “STOCH-DE” simply involved the addition of global PFOA emission data. The remainder of the simulations (STOCH-CI and STOCH-HPE) included the addition of the “Criegee Field” and the reaction of PFOA with Criegee intermediates. In short, “Criegee Field” refers to: formation reactions of SCIs from their parent alkenes, unimolecular decomposition of SCIs, bimolecular reactions of SCIs with water (and water dimer) and reaction of SCIs with PFOA. Compared with STOCHEM-CI, STOCH-HPE includes the explicit atmospheric fate of the PFOA/SCI hydroperoxide product, HPE (see Table S4 for the specific reactions and yields included in STOCH-HPE). Each simulation was run with meteorology data from 1997/98 for a period of 24 months with the first 12 months discarded as a “spin-up” year.




3. Results and Discussion


3.1. Global Budget of PFOA


Table 2 provides a summary of the various simulation results. In STOCH-Base, PFOA formation from FTOH degradation is found to be 0.88 Gg year−1. On addition of the PFOA direct emissions in the STOCH-DE, the quantification of the importance of FTOH degradation as an atmospheric source of PFOA is possible. Comparing STOCH-DE with STOCH-Base, we calculated the fraction of the formation of PFOA via FTOH degradation, which contributes ≈15% to the total global PFOA source flux. For the STOCH-DE simulation, the modelled loss of PFOA from the atmosphere was through physical processes with wet and dry deposition contributing 80% and 20%, respectively. The contributions of both sinks decrease in the following “STOCH-CI” simulation to 71% and 19%, with the added OH and SCI-mediated oxidation processes making up the remaining 10% (8% and 2%, respectively). As the total flux through all the chemical and physical sinks, termed “Total Sink” in Table 2, remains constant in both simulations, we can assume that the oxidative loss processes occur more rapidly than the deposition processes, and thus the former simply reduce the contributions of the latter. This is also evident from the decrease in the atmospheric lifetime of PFOA seen between the “STOCH-DE” and “STOCH-CI” simulations (from 3.3 days in “STOCH-DE” to 2.9 days in “STOCH-CI”). This is in line with what we would expect given the rapid rate of reaction of PFOA with SCI and the abundances of OH radicals in the troposphere. The modelled atmospheric lifetime of PFOA following addition of the “Criegee Field” in the “STOCH-CI” simulation is considerably lower than reported literature values and that for “STOCH-DE” [23]. However, following the addition of a previously unconsidered removal process, this result is not surprising.



In the simulation, “STOCH-HPE,” the chemical production of PFOA through the OH gas-phase oxidation of HPE gives a non-negligible amount of ≈0.04 Gg year−1 and results in a small increase in the overall global burden (≈2%). “Chemical Production” as a source of PFOA now has a slightly increased contribution of 0.925 Gg year−1 (≈16% compared with ≈15% in STOCH-DE simulation) to the total source of PFOA.




3.2. Surface Plots of PFOA and the Atmospheric Fate of PFOA in Terms of Its Reaction with Criegee Intermediates


The global average distribution of PFOA is presented in Figure 1a (season-specific surface distribution plots of PFOA can be found in Figure S2), where concentration peaks are shown to occur over industrial hubs (e.g., Europe, the east coast of the US and the Middle East). Figure 1b shows significant losses of PFOA as a result of reaction with SCI. This loss process is shown to be particularly significant over tropical areas where up to 90% of PFOA is shown to be removed via SCI-oxidation. Simulations utilising a Criegee field based on older kinetic information [34,53] predicted removal by SCI-mediated oxidation to be much more significant than is shown in Figure 1b, with approximately 30% of PFOA being removed as a result of this reaction over all landmass (see Figure S3 for corresponding plot). This can be explained by the rates of some atmospheric decomposition routes of SCIs (i.e., unimolecular composition and reaction with water dimer) in the new Criegee field, which is much more significant [28] than was assumed previously [53]. This result can be extended to a range of organic and halogenated acids, and as such, the atmospheric importance of these intermediates increases even further. In fact, these results suggest reaction with SCIs is likely to be a dominating removal process of PFOA over a significant portion of landmass. Particularly in areas with high alkene concentrations (i.e., tropical regions), consideration of this loss process in models is likely to significantly alter our predictions of atmospheric concentrations of a range of compounds.



Despite clear concentration peaks of Criegee intermediates over the tropics, a plot of the atmospheric lifetime of PFOA with respect to SCI-mediated loss shows significant contributions over all landmasses (see Figure 2a). Of course, the shortest atmospheric lifetimes are indeed located over areas experiencing peaks in SCI concentrations (with a minimum modelled lifetime of ≈7 min over the state of Roraima in Brazil). However, in general, the lifetime upper-limit over landmasses is ≈2.5 days (in reasonable agreement with SCI-mediated lifetimes reported in the literature) [23]. Further comparison of this result with the literature indicates that a significantly shorter lifetime of PFOA is facilitated by reaction with SCIs than that facilitated by deposition (the route generally accepted as PFOA’s primary loss process from the atmosphere) over all landmass.



Naturally, the significance of SCI-mediated removal is only apparent over landmasses; Figure 2a shows SCI-mediated removal to be negligible over bodies of water and at the South Pole. As we would expect, when considering SCI-mediated loss of PFOA exclusively, the atmospheric lifetime of PFOA increases hugely as we move away from land as SCI concentrations decrease (peaking at a maximum lifetime of over 2 years). If OH-mediated removal of PFOA alone is now considered, a much more consistent contribution to PFOA removal is observed across the globe (see Figure S4).



All loss processes are occurring simultaneously, and so a combined lifetime will be much more representative of the actual PFOA atmospheric lifetime. A surface distribution plot of the lifetime of PFOA considering both chemical loss processes is shown in Figure 2b. As is expected, the most rapid removal of PFOA is observed in the areas where SCI and OH concentration peaks intersect, and the longest lifetimes are concentrated at the poles. Combining the rate expressions for OH and SCI-mediated removal of PFOA (with rate constants of 1.7 × 10−13 cm3 s−1 and 4.9 × 10−10 cm3 s−1, respectively), an overall average lifetime of ≈ 12 h is calculated (ranging from 7 min to ≈1.5 days over land). Whilst this calculated average is lower in magnitude than what has been reported previously by Taatjes et al. [23] (≈1.7 days), this is likely because their calculation only considered the reaction of PFOA with SCI chemical as the sole loss process.



Nevertheless, it is important to consider that SCI-mediated oxidation of PFOA may not necessarily represent a permanent loss of PFOA from the atmosphere. As reported by Taatjes et al., the atmospheric fate of HPE, produced from reaction of PFOA with SCIs is expected to primarily result in the regeneration of atmospheric PFOA [23]. In the first instance, this is likely to occur via hydrolysis of HPE in aqueous phases of the atmosphere (i.e., precipitation, fog, clouds). HPE is highly soluble in water (as reflected in its large Henry’s law constant) [48] and also has a low vapour pressure and is thus likely to rapidly partition into atmospheric aqueous phases (on an average time-scale of 10 days) where it can undergo rapid hydrolysis to form PFOA (and SCI aqueous-phase products) [54]. The most probable effect of this is simply the acceleration of PFOA removal via wet deposition. Furthermore, any dry deposition of HPE into aqueous phases (i.e., oceans, lakes) is also likely to rapidly hydrolyse, thereby reforming PFOA. The “STOCH-HPE” simulation included deposition parameters for HPE, detailed in Table S5, and so the contributions of these routes may be considered. Whilst chemical loss of HPE from the atmosphere gave a flux of ≈ 0.061 Gg year−1, the combined deposition flux was similarly significant at ≈ 0.054 Gg year−1. Given the substantial contribution of deposition processes to the overall sink of HPE in the atmosphere, it becomes important to reiterate the likelihood that deposited HPE will simply result in the reformation of PFOA by biological degradation in a range of environmental aqueous phases. Unfortunately, it is very difficult to precisely account for such eventualities using the STOCHEM-CRI model, and so further investigation into this theory has not been conducted at this time.



Moving forward, as the partitioning of HPE is reversible, it is also necessary to consider its gas-phase chemistry. Inclusion of the atmospheric fate of HPE in the STOCHEM-HPE simulation results in a quantifiable increase in the chemical production of atmospheric PFOA (see Table 2). The total amount of HPE generated by PFOA undergoing SCI-mediated is ≈ 0.1 Gg year−1. Looking at the individual loss fluxes of HPE, we see that ≈0.01 Gg of HPE goes on to be oxidised such that it results in the permanent removal of an equivalent amount of PFOA. Conversely, ≈0.04 Gg of HPE is seen to be reformed via an alternative oxidation route resulting in the reformation of PFOA. Overall, of the 0.1 Gg generated by reaction with SCIs: 0.01 Gg is oxidised such that an equivalent amount of PFOA is destroyed, 0.04 Gg reforms PFOA by oxidation and thus the fate of a further 0.05 Gg of HPE is left chemically unaccounted for. This is explained by loss of HPE via physical processes (i.e., deposition). Indeed, the combined deposition flux for HPE (≈0.054 Gg year−1) is sufficient to explain the observed loss. Thus, as a result of SCI-mediated oxidation, a decrease of ≈ 0.06 Gg of gaseous PFOA (≈58%) is seen. However, it is important to note that whilst gaseous PFOA is reduced, deposited HPE is likely to simply result in the reformation of PFOA in the aqueous phase. This, however, cannot be properly accounted for in this gas-phase model.



The validity of this conclusion was assessed by running simulations featuring varying branching ratios of atmospheric HPE oxidation. Additional simulations were performed in which 20%, 50% or 100% of HPE was oxidised via the PFOA regeneration route (along with the original simulation assuming 80% was oxidised via this route). Despite significant changes in the branching ratios, the overall contribution of this reaction to the global burden of PFOA was much less substantial with a total variation of ≈1% across all four simulations (see Table 3). This supports the idea that whilst this route of gaseous PFOA generation is significant, it is limited by the short atmospheric lifetime of HPE, which instead facilitates PFOA regeneration in environmental aqueous phases.




3.3. Measurement Data Comparison


Comparing model output to measurement data is unquestionably an essential part of evaluating a model’s accuracy. However, despite being a compound of significant scientific interest, comprehensive measurement data of PFOA atmospheric concentrations are scarce in the literature. This is even more the case for SCI atmospheric concentrations, though in this instance it is as a result of the extremely low steady-state concentrations of these species. This lack of measurement data makes complete evaluation of the model challenging nevertheless comparison with available data provides promising agreement.



For PFOA, one of the few complete data sets for gas-phase atmospheric PFOA concentrations in the literature have been reported by Harada et al. [55]. Whilst comparison of model output with these data (see Figure 3a) is still valid, the area where the data collection took place (Oyamazaki, Kyoto) was noted to have a significant source of PFOA pollution compared with other areas of Kyoto. As a result of the limitations from the coarse resolution (5° × 5°) of the model, it is likely that most simulations will under predict PFOA concentrations significantly. As such, the measured data from Harada et al. have been reduced to 50% of their original value to allow for comparison to model output.



Whilst this anticipated under-prediction was seen in all simulations, data seasonality was replicated within a reasonable degree of accuracy in simulations including the Criegee field. Small discrepancies in seasonality replication may be attributed to the use of dated climatological data, given the importance of deposition as a route of removal of PFOA from the atmosphere. Interestingly, despite an overall increase in the global burden of PFOA between the STOCH-CI and the STOCH-HPE simulations, in this area we see a decrease in modelled PFOA. This is likely due to efficient deposition of HPE—indeed, this area sees significant rainfall throughout the year—which would reduce the gaseous concentration of PFOA (though will not result in the permanent removal of PFOA from the environment).



A further measurement study, reported by Rauert et al. [56], collected PFOA concentration data from a range of locations in the GRULAC region (Group of Latin America and Caribbean). Here we see good model-measurement agreement between the sites in Costa Rica, Colombia, Argentina and Bolivia (see Figure 3b). For other sites, in Mexico and Brazil, we see an overestimation in the model. This is likely to be due to underestimations of the Criegee concentrations in these areas. Indeed, comparison between this study and one using a dated Criegee field approximation shows large discrepancies between the predicted concentrations over tropical forested regions. It is likely that the true magnitude of the Criegee Field lies somewhere between that predicted by these two studies; as we get closer to the true value, model-measurement agreement is likely to continue to improve.





4. Conclusions


The aim of this investigation was to ascertain the impact of an updated chemical mechanism within STOCHEM-CRI on the simulated atmospheric production, fate and transport of PFOA. A range of simulations were performed, and the results were analysed as thoroughly as possible using the limited measurement and modelling data available in the literature. The inclusion of the “Criegee Field” is a significant addition to the previous chemical mechanism and has proven to be a significant loss process for PFOA in the atmosphere. The reaction with SCIs is responsible for up to 90% of the chemical loss of PFOA. However, the results of this investigation indicate that reaction of PFOA with SCIs in the atmosphere may not be a significant long-term sink, given that ≈42% of the generated product subsequently degrades in the atmosphere, reforming the PFOA. Nevertheless, further investigation into sink-specific contributions suggests that the HPE product from reaction of PFOA with SCIs is removed via deposition processes at a similar flux to that by atmospheric degradation. It can therefore be stated that the simulated atmospheric concentration of PFOA does indeed decrease as a result of the addition of the “Criegee Field” (though, in reality, it is likely that HPE simply degrades to PFOA in environmental aqueous phases as opposed to in the gas-phase).



Due to the resolution limits of global modelling techniques, underestimation of PFOA concentrations in polluted environments persist throughout the simulation results. Despite this, successive simulations continued to show improvement with regard to seasonal variation in available measurement data. Correspondingly, any further modelling investigations into the atmospheric fate of PFOA would become considerably more meaningful with a corresponding increase in gas-phase measurement data.
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Figure 1. The surface distribution plot depicting the surface level (a) mixing ratios of PFOA in ppt simulated by STOCH-DE; (b) percentage of PFOA removed as a result of its reaction with stable Criegee intermediates (SCIs) simulated by STOCH-CI. 
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Figure 2. The surface distribution plot depicting the average lifetime of PFOA with respect to reaction with (a) SCIs, (b) SCIs and OH in days. Areas in white represent positions where the lifetime of PFOA is expected to be greater than 100 days. 
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Figure 3. (a) A histogram showing a comparison between the measurement data collected by Harada et. al. [55] (reduced to 50% to account for the pollution of the measured environment) and model outputs for the “STOCH-CI” and “STOCH-HPE” simulations. Third -order polynomial trend lines have been imposed on each dataset to allow for an arbitrary comparison of seasonality. (b) A histogram showing a comparison between the measurement data collected from Rauert et al. [56] and model outputs for the “STOCH-HPE” simulation. For all sites, excluding Costa Rica, PFOA was not detected above the method detection limit (15 pg m−3). 
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Table 1. Details of each simulation.
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	Simulation
	Criegee Field Included (Y/N)
	Total Species
	Additional Species
	No of Reactions
	Additional Reactions





	STOCH-Base
	N
	231
	FTOH

PFOA
	532
	FTOH + OH → PFOA



	STOCH-DE
	N
	231 #
	-
	532
	-



	STOCH-CI
	Y
	248
	SCI’s *
	580
	SCIs formation and loss *

PFOA + OH → “P1”

PFOA + SCI → “P2”



	STOCH-HPE
	Y
	249
	HPE
	582
	PFOA + SCI→HPE **

HPE+OH→CO2+HF

HPE+OH→PFOA+HCOOH







# Direct PFOA emission is included. * More details of SCI species and their formation and losses can be found in Supplementary Information (Tables S1–S3). ** The reaction product “P2” has only been replaced by “HPE.”













[image: Table] 





Table 2. Global flux data (with percentage contributions to total source/sink), global burden and lifetime of PFOA from successive simulations. The percentage contributions are shown in the parenthesis.
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	Simulation
	STOCH-DE
	STOCH-CI
	STOCH-HPE





	Emission (Gg year−1)
	5.000 (≈85%)
	5.000 (85%)
	5.000 (≈84%)



	Chemical Production (Gg year−1)
	0.881 (≈15%)
	0.881 (≈15%)
	0.925 (≈16%)



	Total Source (Gg year−1)
	5.881
	5.881
	5.925



	OH removal (Gg year−1)
	N/A
	0.442 (≈8%)
	0.442 (≈8%)



	Dry deposition (Gg year−1)
	1.191 (≈20%)
	1.114 (≈19%)
	1.114 (≈19%)



	Wet deposition (Gg year−1)
	4.637 (≈80%)
	4.170 (≈71%)
	4.170 (≈71%)



	Criegee removal (Gg year−1)
	N/A
	0.104 (≈2%)
	0.104 (≈2%)



	Total Sink (Gg year−1)
	5.829
	5.830
	5.830



	Global Burden (Gg)
	0.053
	0.046
	0.047



	Lifetime (days)
	3.3
	2.9
	2.9
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Table 3. Global burden data for PFOA across four simulations where the yield of the PFOA-reforming oxidation of HPE was varied between 20% and 100%.
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	Yield of PFOA Reformation Reaction
	PFOA Global Burden (Gg)





	20%
	0.0464



	50%
	0.0466



	80%
	0.0468



	100%
	0.0469











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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