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Abstract. The atmospheric fate of perfluorocarboxylic acids (PFCAs) has attracted much attention in 

recent decades due to the role of the atmosphere in global transport of these persistent chemicals. There is 

a gap in our understanding of gas-particle partitioning, limited by availability of reliable atmospheric 

measurements, partitioning properties, and models of gas-particle interactions. The gas-particle 

equilibrium phase partitioning of C2-C16 PFCAs in the atmosphere were modeled here by taking account 

of both deprotonation and phase partitioning equilibria among air, aerosol liquid water, and particulate 

water-insoluble organic matter using a range of available PFCA partitioning properties. We systematically 

varied water and organic matter content to simulate the full range of atmospheric conditions. Except in 

severe organic matter pollution episodes, shorter-chain PFCAs are predicted to mainly partition between 

air and aqueous phase, while for PFCAs with carbon chains longer than 12, organic matter is more likely 

to be the dominant particle phase reservoir. The model framework underestimated the particle fraction of 

C2-C8 PFCAs compared with several ambient observations, with larger discrepancies observed for 

longer-chain PFCAs. The discrepancy could result from externally mixed dust components, non-ideality 

of aerosol liquid water, surfactant descriptions at phase boundaries, and missed interactions between 

organic matter and charged PFCA molecules. Reliable measurements of ambient PFCAs with high time 
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resolution and the measurement of uptake parameters by particle-relevant components will be beneficial 

to more reliable environmental fate modeling of ambient PFCAs. 
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Environmental Significance: 

    Perfluorocarboxylic acids (PFCAs) are widely used in commercial products, but are globally 

distributed, persistent, and some are toxic to humans and wildlife. A mechanistic understanding of the 

atmospheric fate and transport of PFCAs is crucial to reliably predict PFCA spatial and temporal 

distribution. In this study, we modeled the gas-particle partitioning of multiple PFCAs under a wide range 

of realistic atmospheric conditions and compared these with several reliable observational studies. 

Significant discrepancies were identified between modeling and observation results, particularly for 

longer-chain PFCAs, which suggests missing mechanisms. We conclude that there is a necessity to 

increase the number of reliable high time-resolution observations and laboratory phase partitioning studies. 

1. Introduction 

Poly- and perfluoroalkyl substances (PFAS) have been manufactured and widely used for 

commercial products due to their excellent chemical and thermal stabilities.1,2 Perfluorocarboxylic acids 

(PFCAs) are a sub-group of PFAS that are important to understand because they are persistent, 

bioaccumulative, and found globally, far from areas in which they are produced or used.3–7 PFCAs with 

chain lengths ranging from two carbon atoms (C2) to more than fourteen carbon atoms (C14) have been 

measured in the atmosphere.8–10 Prior studies have established that a major contributor to global 

distribution of PFCAs is atmospheric formation and transport.11–13 Atmospheric PFCA transport can occur 

through the gas or aerosol phase; however, the extent of transport depends on whether they are found in 

gas or aerosol.14,15 Thus, a mechanistic understanding using relevant atmospheric chemistry conditions 
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and parameters is necessary to include gas-particle partitioning in global chemical transport models, where 

it has sometimes been excluded (e.g., 12). 

Atmospheric aerosol is a complex mixture of inorganic salts, water-soluble organic matter, water-

insoluble organic matter, and a wide variety of other compounds.16 Depending on chemical composition 

and meteorological conditions, aerosol can have phase separated water-insoluble organic and aqueous 

phases that can impact the partitioning of organic matter and water-soluble molecules of interest, 

respectively.17,18 Considering that the pH values of aerosol liquid water can range from -1 to 5, and cloud 

or fog droplets from 2-7,19 factors influencing the acidity of atmospheric liquid water can also significantly 

impact the transportation characteristics of PFCAs. To our knowledge, only a single laboratory experiment 

has been conducted to understand gas-particle partitioning of PFCAs, which exposed filter-collected 

ambient aerosols to C6, C7, and C8 gaseous PFCAs at levels orders of magnitude above those that are 

relevant in the atmosphere to facilitate detection of the PFCAs.20 Most attempts to understand gas-particle 

partitioning of PFCAs have been through simultaneous gas and particle measurements integrated over 

several hours to days (e.g., 8,15,21–24). However, about half of the studies that have examined gas-particle 

partitioning of PFCAs with chain lengths ≥4 have relied upon the collection of particles prior to gases 

(e.g., in high volume air samplers21,22,24). Sampling in this way is well established to lead to artifacts for 

long-studied atmospheric acids like HNO3,25–27 and has been shown to cause blow-on effects and an over-

estimate of PFCAs in the particle phase.28–30 For example, Ahrens et al.29 found that high volume air 

samplers can severely overestimate the particle phase fraction of PFCAs by more than 60 % for C8-C12 

PFCAs compared to a denuder sampler followed by a particle filter. This suggests that, like other 

atmospheric acids, accurate quantification of gaseous and particulate PFCAs requires collection of the gas 

phase prior to the particles31 or collecting both phases simultaneously.32 Several studies have used reliable 

methods of this kind to collect C2 PFCA,8,15,33,34 while those for longer-chain PFCAs10,23 are more limited. 
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Gas-particle partitioning for hydrophobic persistent pollutants (e.g., polybrominated diphenyl 

ethers35) can be effectively described as a function of their octanol-air partitioning coefficient. This 

relationship cannot fully explain gas-particle partitioning for PFCAs.10 Although neutral forms of PFCAs 

have a strong tendency to partition into organic solvent systems,36–38 those compounds that are expected 

to be ionized at most environmental pHs, including PFCAs,39 must also consider the aqueous properties 

of aerosols, including liquid water content and pH.10,14 Three modelling studies have attempted to capture 

the gas-particle partitioning of PFCAs considering the organic and aqueous phases present in the 

atmospheric condensed phase.20,22,40 All three were limited in one or more of: the number of homologues 

considered, the accuracy of the representation of atmospheric particles and/or the range of atmospheric 

conditions considered. Here we expand upon these studies by describing a three-phase gas-particle 

partitioning model for C2 – C16 PFCAs under the full range of conditions expected in the atmosphere. 

Physical properties (e.g., air-water partitioning coefficient) for PFCAs have been primarily 

determined by models (e.g., 36) and limited laboratory studies (e.g., 37). Although properties for individual 

homologues often have orders-of-magnitude variations between studies/approaches, trends as a function 

of PFCA chain length are typically conserved.41,42 For example, partitioning between water and organic 

phase increases with increasing PFCA chain length. Measurements of the octanol-water partitioning 

coefficient (Kow) show a 6 order-of-magnitude larger Kow for the C14 PFCA compared to the C4 PFCA.37 

This suggests that organic matter dominates as a sink for some PFCAs despite their high solubility and 

ionization tendency in liquid water. Therefore, it is reasonable to speculate that the atmospheric 

partitioning behavior of short-chain PFCAs will be closer to those of strong inorganic acids, such as HCl 

and HNO3, that are mainly controlled by their water solubility and ionization.43 Long-chain PFCAs are 

more likely to behave like persistent organic pollutants governed by organic matter mass loadings in 

ambient PM. Therefore, we propose that by examining gas-partitioning properties of PFCAs with a range 
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of carbon chain lengths in a gas-aqueous-organic system across the full range of expected atmospheric 

conditions, we can obtain insight into the atmospheric behaviour and fundamental processes influencing 

partitioning for different PFCAs. 

In this study, we describe the phase partitioning of several PFCAs from C2 to C16 under a range of 

atmospheric conditions. Our model uses input parameters predicted by multiple thermodynamic models 

(ppLFER,44 SPARC,45 and COSMOtherm46) to provide constraints on partitioning. The influence of 

atmospherically relevant mass loadings of liquid water and organic matter, as the well as the role of surface 

partitioning, for different PFCAs is analyzed in detail. Modeled possible ranges of the fraction of PFCAs 

found in particles are compared with published atmospheric measurements that are most likely to be free 

of artifacts. Implications for our fundamental understanding of PFCA gas-particle partitioning are 

discussed.  

2. Methods and data source 

2.1 Model framework of PFCAs gas-particle phase partitioning 

The gas-particle partitioning thermodynamic model for PFCAs includes the modeling of gas-aqueous 

partitioning of PFCAs governed by the air-water partitioning coefficient (KAW). The equilibrium between 

the neutral PFCAs and deprotonated PFCA(-)s determined by the aqueous phase pH and pKa values. Last, 

the partitioning of aqueous phase neutral PFCAs between the aqueous phase and a water-insoluble organic 

phase in particulate matter (PM) is described by KOW (here we use octanol as a proxy for the water-

insoluble organic matter phase). Note that we do not consider the partitioning of anionic PFCAs to the 

organic matter phase. In detail, we have the equilibria: 

PFCA(aq) ⇌ PFCA(g)         KAW = [PFCA(g)]/[PFCA(aq)] 
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PFCA(aq) ⇌ PFCA(-)(aq) + H+
(aq)     

Ka = [PFCA(-)(aq)][H+
(aq)]/[PFCA(aq)]  or  [PFCA(-)(aq)]= [PFCA(aq)]∙ 10pH-pKa 

PFCA(aq) ⇌ PFCA(om)            KOW = [PFCA(om)]/[PFCA(aq)] 

PFCA(g) ⇌ PFCA(om)            KOA = [PFCA(om)]/[PFCA(g)] 

The equilibrium total particulate phase loading of PFCAs is therefore defined as the summation of 

all forms of PFCAs in both aqueous phase and organic matter phase: 

[PFCA(p)] ∙ Vp = [PFCA(aq)] ∙ (VH2O ∙ (1+10pH-pKa) + KOW ∙ VOM) 

[PFCA(p)] ∙ Vp = [PFCA(aq)] ∙ VH2O ∙ (1+10pH-pKa) + [PFCA(aq)] ∙ KOW∙ VOM 

Where Vp, VH2O, VOM are the volumes for particulate matter, atmospheric water, and particulate organic 

matter, respectively. Because [PFCA(-)(aq)] >> [PFCA(aq)] under the conditions relevant to this study, this 

can be simplified as [PFCA(aq)]+[PFCA(-)(aq)]≈ [PFCA(-)(aq)]. A concentration-independent expression for 

the particle phase fraction (ratio of particle phase loading to the total ambient loading) of total ambient 

PFCA (Φ(𝑃𝐹𝐶𝐴)) can be derived as: 

Φ(𝑃𝐹𝐶𝐴) =
[𝑃𝐹𝐶𝐴(𝑝)] ∙ 𝑉௣

[𝑃𝐹𝐶𝐴(𝑝)] ∙ 𝑉௣ + [𝑃𝐹𝐶𝐴(𝑔)] ∙ 𝑉௚
 

𝛷(𝑃𝐹𝐶𝐴) =  
𝑉௣/𝑉௚

𝑉௣

𝑉௚
+

𝐾஺ௐ
𝑉ுଶை

𝑉௣
(1 + 10௣ுି௣௄ ) +

𝑉ைெ

𝑉௣
∙ 𝐾ைௐ

 

where 𝑉௣/𝑉௚ is the ambient particle volume concentration. The 𝑉ுଶை/𝑉௣ and 𝑉ைெ/𝑉௣ are the volume 

fractions of liquid water and organic matter in the particle phase, respectively. The phase partitioning 

thermodynamic parameters, including KAW, KOM, and pKa of the target compounds can be obtained from 
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the literature; databases such as EPA,47 NCBI;48 or thermodynamic models.44 Three extensively used 

thermodynamic models were used in this study. The pH of particulate liquid water was either quoted from 

the typical values of particles associated with specific sources (e.g., dust or sea salt) 19 or calculated with 

the Extended Aerosol Inorganic Model (E-AIM)49,50 with the input of meteorological parameters and 

chemical compositions reported alongside PFCA measurements or obtained from other studies reporting 

those parameters in nearby locations under the same seasonal conditions (i.e. if the chemical composition 

information is not provided alongside the PFCA measurements).51 The model framework examines 13 

PFCAs (C2: trifluoroacetic acid (TFA), C3: perfluoropropionic acid (PFPrA), C4: perfluorobutanoic acid 

(PFBA), C5: perfluoropentanoic acid (PFPeA), C6: perfluorohexanoic acid (PFHxA), C7: 

perfluoroheptanoic acid (PFHpA), C8: perfluorooctanoic acid (PFOA), C9: perfluorononanoic acid 

(PFNA), C10: perfluorodecanoic acid (PFDA), C11: perfluoroundecanoic aicd (PFUnA), C12: 

perfluorododecanoic acid (PFDoA), C14: perfluorotetradecanoic acid (PFTeDA), C16: 

perfluorohexadecanoic acid (PFHxDA)).2.2 Thermodynamic models used for predicting phase 

partitioning parameters 

Partitioning properties for PFCAs were predicted using three approaches: 1) poly-parameter linear 

free energy relationships (ppLFER);44 2) SPARC Performs Automated Reasoning in Chemistry 

(SPARC);45 and 3) Conductor-like Screening Model for Real Solvents (COSMO-RS or COSMOtherm).46 

The logarithm of the phase partitioning coefficients (logK) predicted by the ppLFER model is based on a 

linear combination of several predicted parameters describing the properties of the organic solute: relative 

polarizability (E), dipolarity/polarizability (S), hydrogen bond donor properties (A), hydrogen bond 

acceptor properties (B), molar volume (V), hexadecane-air partitioning coefficient (L). The ppLFER also 

predicts solvation properties of phase partitioning systems using: Debye and London forces (e), dipole-



8 
 

dipole interactions (s), hydrogen bond acceptor properties (a), hydrogen bond donator properties (b), molar 

volume (v), solvent cavity (l), dispersion interaction energy (c):52,53 

logK = e×E + s×S + a×A + b×B + v×V + l×L + c 

The logK values of water/air phase partitioning, octanol/water partitioning, aerosol/air partitioning, water 

surface/air partitioning at 25 oC, ΔH for the corresponding temperature dependence, and salting constant 

(KS: the empirical Setschenow coefficient [M]-1, which can be described as: log(K1/salt water / K1/water ) = KS 

∙[salt]) effect on the neutral C2-C8 PFCAs were calculated.44 Values for pKa cannot be obtained through 

ppLFER calculations so the parameters predicted by SPARC were used when needed in this calculation. 

The commercial online calculator SPARC (https://archemcalc.com/sparc/) was used to predict phase 

partitioning coefficients depending on the provided molecular structures and phases in the system.45 In 

this work, KAW, KOW and pKa values at 25 oC were predicted with this tool. A quantum chemistry-based 

software model, COSMO-RS/COSMOtherm 46 is similar to SPARC. Again, KAW, KOW and pKa values at 

25 oC were predicted by COSMOtherm 2020 (BIOVIA-Dassault Systèmes®) on TZVPD-FINE mode. 

3. Results and discussion 

3.1 PFCA phase partitioning properties 

  The modeled phase partitioning parameters by the three models are listed in Table S1 along with data 

from other databases and the literature. As expected, the three models differed in their predicted values, 

but predicted the same trends, with logKOW and logKOA values increasing with PFCA carbon chain length, 

indicating a higher tendency to partition into the organic phase for longer-chain PFCAs. The difference 

between the measured and modelled logKOW values generally spans two units and the pKa values are 

within one unit. To test if octanol was an appropriate proxy to represent the partitioning between 

particulate organic and liquid phases (denoted by KOM/W), other partition coefficient values calculated 
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using several other organic solvent proxies were compared with logKOW (Figure S1). For ppLFER, dry-

octanol, wet-octanol, and ambient aerosols collected onto filters (as described in Arp et al.54) were chosen 

to represent the organic phase in particles. The difference between KOM/W predicted using dry-octanol and 

wet-octanol was small, but both were about one log unit higher than KOM/W predicted using sampled 

aerosol. While SPARC modeled logKOW values were around one log unit higher than ppLFER results, 

they were close to COSMOtherm predicted logKOW for C3-C7 PFCAs. In SPARC, the hypothetical 

structure termB (a hypothetical polycyclic organic molecule with formula C15H18O5, structure shown in 

Figure S2)55 was used as an alternative way to represent water-insoluble organic matter as a phase in PM, 

and similar values to logKOW were determined. In summary, among all different models/proxies, the 

differences were generally within three log units. All followed the trend of approximately 0.8 increase in 

logKOW for each additional carbon atom in the PFCA. 

  The temperature dependence and salt effect of the neutral forms of PFCAs on the dry octanol-water 

partitioning coefficient (KOW(dry)) and KAW were tested using the ΔH of phase transfer and the KS values 

of salt (NaCl or (NH4)2SO4) solution calculated by ppLFER, respectively. The temperature results 

suggested that the temperature dependent change in KOW(dry) is not significant (< 0.2 log unit, Figure S3) 

within the relevant ambient temperature range explored (5-35 °C). The logKAW values of the neutral forms 

of PFCAs had a stronger response to temperature changes but were generally within one log unit. In 

contrast, predicted salt effects were found to increase both KOW(dry) and KAW of neutral PFCAs by up to 

3.5 log units. At equivalent concentrations of 5 M, (NH4)2SO4 solution had stronger salting out effect on 

a chosen PFCAs compared to NaCl solution. This could be important for urban aerosol where ammonium 

salts act as the dominant driver of aerosol liquid water content.56 

3.2 Impact of liquid water content on gas-particle partitioning 
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Atmospheric liquid water content varies over seven orders of magnitude, which encompasses typical 

aerosol and fog conditions.57,58 The acidity of atmospheric aqueous systems exhibits high spatial and 

temporal heterogeneity, which can range from pH values of -1 to 5 for aerosol liquid water and 2 to 7 for 

fog droplets.19 The phase partitioning of C2-C8 PFCAs was modeled over the full range of liquid water 

conditions under two pH scenarios: pH-pKa = 3 and pH-pKa = 6 to represent strongly and weakly acidic 

conditions, respectively (Figure 1). The pKa values for the chosen PFCAs are generally within the range 

of -0.2 to 1.0 (Table S1),36,59 so these two scenarios correspond to a pH of atmospheric liquid water ranging 

from 2.8-4 and 5.8-7, respectively. A constant difference between pH and pKa was chosen instead of the 

absolute pH values to avoid uncertainties in pKa values modeled or measured by different approaches. 

The organic matter ambient concentration was fixed at 10 μg m-3 for both scenarios. The effect of organic 

matter concentrations on PFCA particle fractions, as well as potential impacts from their surfactant 

properties, will be discussed in the sections that follow. Figure 1 represents the upper bound of these 

compounds in the particle phase fraction for two reasons. Firstly, (NH4)2SO4 and NaCl, which are found 

in real aerosols and were not considered in our model, have been predicted to have a salting out effect on 

PFCAs (shown in Figure S3).44 Secondly, although we assumed partitioning into organic matter followed 

KOW, PFCA partitioning into organic matter proxies other than octanol are predicted to be less favorable.44 
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Figure 1. Modeled particle phase fraction of selected PFCAs (C2: TFA, C4: PFBA, C6: PFHxA, and C8: PFOA) with 

thermodynamic parameters calculated by three thermodynamic models (ppLFER, SPARC, COSMOtherm) under set 

scenarios with organic matter mass loading constant at 10 μg m-3 (upper panel: strongly acidic aerosol pH-pKa=3, lower 

panel: close to neutral aerosol pH-pKa=6). 
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Our model results indicated that shorter-chain PFCAs are more likely to partition into aerosol liquid 

water, while longer-chain PFCAs have a higher tendency to remain in the gas phase. Though predictions 

showed expected variability based on the differences from the three models used (i.e. logK values 

spanning two units), predicted trends for PFCAs of different chain lengths were generally consistent for 

all models. The pH of the water body can significantly change the gas-particle phase partitioning behavior, 

with a much greater fraction of PFCAs partitioning into water in the weakly acidic case (pH-pKa = 6). In 

the more acidic condition (pH-pKa = 3) for the case of liquid water content corresponding to those typical 

of aerosols, all PFCAs were predicted to be >99 % in the gas phase. This prediction was independent of 

the physical properties used. In the more acidic condition with high liquid water content corresponding to 

fog droplets, the predicted phase partitioning behavior depended on the PFCA properties predicted by the 

different models. The largest discrepancy was observed for TFA phase partitioning in fog conditions 

(typical liquid water content = 106 μg m-3 60). The impact of the different modeled physical properties on 

phase partitioning was apparent for all PFCAs in the weakly acidic condition (pH-pKa = 6). The gas-

particle phase partitioning of each PFCA will be sensitive to their model-predicted physical properties 

under different conditions. Shorter-chain PFCAs have a higher tendency to partition to the condensed 

phase, so as a result their gas fraction is more sensitive under lower liquid water content conditions. Under 

the more acidic conditions (pH-pKa = 3), TFA, the shortest-chain PFCA, is sensitive to predicted physical 

properties under atmospherically relevant liquid water content. This outcome means that compared with 

the other PFCAs, the uncertainties in the modeled physical properties of TFA are more likely to propagate 

into increased uncertainty in its phase partitioning behavior. In contrast, predicted physical properties only 

affect the phase partitioning of C4-C6 PFCAs in the liquid water regime corresponding to fog conditions, 

while the phase partitioning of the C8 PFCA depends little on modeled physical properties across all 

atmospherically relevant liquid water contents. Lastly, in the weakly acidic scenario (pH-pKa = 6), there 
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is a liquid water content range over which each PFCA is sensitive to the physical properties predicted by 

the different models in use by the environmental chemistry community. Overall, the sensitive region that 

impacts gas-particle partitioning of shorter-chain PFCAs corresponds to aerosol liquid water content 

conditions, and the region that impacts longer-chain PFCAs corresponds to fog liquid water content 

conditions. 

3.3 Impact of organic matter content on gas-particle partitioning 

To encompass the extremes of organic matter concentrations found in the atmosphere, the impact of 

a range of organic matter concentrations spanning 10-1 to 103 μg m-3 on PFCA gas-particle partitioning 

was tested. These organic matter concentration ranges were examined under four scenarios (Figure 2): (a) 

a liquid water concentration representative of aerosol (10 μg m-3) and strongly acidic (pH-pKa = 3); (b) a 

liquid water concentration representative of fog (106 μg m-3) and strongly acidic (pH-pKa = 3); followed 

by the same two water conditions, but under weakly acidic (pH-pKa=6) conditions (Figure 2 c-d). In the 

fog water cases (Figure 2b, d), organic matter content had a negligible impact on C2-C8 PFCA gas-particle 

partitioning, while it did influence the gas-particle partitioning of C10-C16 PFCAs (Figure S4b, d). Across 

these aerosol liquid water content scenarios, partitioning to the gas phase was strongly favoured for C2-

C16 PFCAs (Figure 2a, c, Figure S4a ,c). They were predicted to be more than 95 % in the gas phase when 

organic matter mass loadings were <100 μg m-3, except for the case using COSMOtherm-predicted 

properties for TFA. This suite of scenarios encompasses most atmospheric conditions, with the exception 

of extreme pollution events. Under all conditions of aerosol liquid water content, organic matter 

concentrations did not affect the gas-particle partitioning of C2 and C4 but could alter those of PFCAs 

with 6 or more carbons under high particulate organic matter loading  
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Figure 2. Modeled particle phase fraction of selected PFCAs (C2: TFA, C4: PFBA, C6: PFHxA, and C8: PFOA) with 

thermodynamic parameters calculated by three thermodynamic models (ppLFER, SPARC, COSMOtherm) under set 

scenarios (a)strongly acidic aerosol, (b) strongly acidic fog, (c) weakly acidic aerosol, and (d) weakly acidic fog. Note the 

different scales on the y axis between the aerosol (left) and fog (right) panels. Values for C2 COSMOtherm-predicted 

are offscale in (c) and reach 56 % at 103 µg m-3. 

conditions (Figure 2a, c and Figure S4a, c). This pattern can be explained by the fact that as carbon chain 

length increases, the PFCAs have a stronger tendency to partition into the organic phase. Therefore, when 

KOW becomes large enough or there is a substantial amount of organic matter in the particle phase, the 
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interactions between the PFCA and organic matter can dominate over the PFCA interactions with water. 

This can be expressed quantitatively as the ratio of the ambient concentrations of PFCAs partitioned in 

particulate water-insoluble organic matter to that in aqueous phase: 

[PFCA(om)] ∙ V୓୑

[PFCA(ି)(aq)] ∙ Vୌଶ୓
= 10୐୭୥୏୭୵ି(୮ୌି୮୏ୟ) ∙

V୓୑

Vୌଶ୓
 

From this equation, it is clear that organic matter becomes the dominant sink for PFCAs under two 

conditions: first, when logKOW is larger than pH-pKa (with value equal to 3 or 6 explored in this framework) 

and/or second, when organic matter volume is equal to or greater than that of water. Under the aerosol-

representing lower liquid water content case, these conditions are met for longer-chain PFCAs (C10-C16, 

Table S1) when organic matter levels are also high. Unless in severe organic matter pollution episodes, 

organic matter content will not affect the C2-C8 PFCAs, which were predicted to mainly partition between 

the air and aqueous phase like strong inorganic acids (e.g., HCl, HNO3). As a result, their gas-particle 

partitioning is independent of organic matter concentration and is driven primarily by the factors described 

in Section 3.1. For PFCAs with carbon chains longer than 12, their logKOW values were predicted to be 

larger than 8 by both ppLFER and SPARC. As a result, logKOW > (pH – pKa), which causes organic matter 

to become a more dominant particle phase sink for these longer chain PFCAs (Figure S4) and their 

behaviour can be thought of as similar to neutral organic pollutants. Based on the liquid water and organic 

matter dependencies explored, the threshold between PFCAs behaving like inorganic atmospheric acids 

and neutral organic pollutants lies between C8 and C12. Therefore, a better understanding of KAW should 

be prioritized to reliably model the atmospheric phase partitioning of short-chain PFCAs, while improved 

understanding of KOW is crucial to constrain the phase partitioning behavior of long chain PFCAs. 

3.4 Impact of PFCA surfactant properties on gas-particle partitioning 
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Our modelling framework has not considered the potential enhanced accumulation of PFCAs at 

surfaces. We explored this limitation using Ki values (air-water interfacial adsorption coefficients) at 0.1 

mg L-1 derived from measurements of sodium salts of PFCAs in a deionized water system.61 These values 

were scaled to approximate the resulting bulk-to-surface ratio of PFCAs in spherical aqueous aerosols 

with diameters from 0.05 to 2.5 µm by considering their surface area-to-volume ratios (Figure 3a). 

Although we consider this large aerosol size range, it should be noted that the average diameter of ambient 

aerosol is generally larger than 0.1 μm.62–66 We also note that concentration,67 the counter-cation,68,69 and 

ionic strength69 are all known to affect Ki, so the results presented here are a simplification based on 

limited relevant data. As expected for these well-known surfactants, accumulation of ionized PFCAs at 

the interface increased with increasing chain length and decreasing particle diameter. For C2-C3 PFCAs, 

there was no accumulation at surfaces regardless of particle size. For C4-C6 PFCAs, accumulation was 

dependent on particle diameter. For PFCAs ≥C7, there was always enhancement at the surface interface. 

Thus, we expect that our predictions for gas-particle partitioning in aqueous particles will be more accurate 

for shorter-chain PFCAs. However, with increasing PFCA chain length, we expect increased partitioning 

into organic matter, as discussed above. To explore the importance of surface enhancement for neutral 

PFCAs in organic matter, the surface partitioning coefficients (KSURF, defined as the equilibrium 

concentration ratio of PFCAs in the unit area of surface to that in the unit volume of air bulk) of C2-C8 

PFCAs were also predicted by ppLFER.44 With these prediction results alongside the bulk phase 

partitioning coefficients predicted by ppLFER, the relative importance of bulk phase partitioning and 

surface partitioning between the gas and aerosol phases could be quantified. We considered an extreme 

case with small spherical pure organic matter particles (0.1 μm diameter), that would have amongst the 

largest surface area-to-volume ratio, at a loading of 10 μg m-3. Partitioning to the bulk dominated, though 

there was a strong dependence on PFCA chain length (Figure 3b). The C2 PFCA was predicted to have 
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more than 50 times in the bulk than the surface. This increased to a bulk enhancement of greater than 109 

for the C8 PFCA. Thus, for all PFCAs in organic matter, the bulk is predicted to be the dominant particle 

reservoir. Given the complexities in phase separation and resulting particle morphologies that are the 

subject of ongoing research (e.g. 17,18), further work will be needed to understand this fully.62–66 

 

Figure 3. Surface enhancement for PFCAs in spherical particles for a) aqueous particles of different diameters 

determined from Ki (data from 61) and b) 0.1 µm diameter organic matter particles calculated by ppLFERs.44 



18 
 

Figure 4. Comparison between modeled ranges of possible particle phase fraction of C2-C8 PFCAs and several 

observational results. 8,10,15,23,29,33,34,70 

3.5 Comparison to PFCA gas and particle observations 

A further evaluation of our modeled partitioning was performed by comparing to several literature 

observations of PFCAs as gases and in particles. Seven studies were selected that used sampling 

techniques that minimize sampling bias (details in Table S2).10,26 Six of these studies used annular denuder 

followed by filter pack sampling apparatus, outfitted with selection for particles with aerodynamic 

diameter less than 2.5 µm10,15,23,29,33,34 or 10 µm,8 while one other study used a passive sampler for gas 

phase and dry deposition sampler to sample particle deposition, which they used as a proxy for total 

suspended particles.70 To facilitate comparison, the particle phase fraction ranges of PFCAs from C2 to 

C8 were predicted under two scenarios: one characterized by atmospheric composition under relatively 



19 
 

clean conditions and a second that represents a highly polluted atmosphere. These clean and haze scenarios 

define the lower bound and upper bound of the particle fraction range, respectively. The haze scenario 

was defined with a much higher ambient mass loading of aerosol liquid water, organic matter 

concentration, and elevated pH value,36,59 which all favoured PFCA accumulation into the particle phase. 

Calculations were based on the following parameters: pH, inorganic chemical composition (used to 

determine liquid water content), organic matter fraction (used to determine organic matter concentration), 

and particle loadings (Table S1). The minimum and maximum particle phase values obtained across the 

clean and haze scenarios were then compared with the observations from the seven studies (Figure 4). For 

most of the investigated studies, there was a general trend of decreasing agreement between the range of 

model predictions and the measurements with increasing chain length, where longer-chain PFCAs were 

measured in particles at higher levels than predicted by our model. The exception is the study of Wu et 

al.,23 in which measurements of C4 to C8 PFCAs in particles were always much higher than predicted. 

For C2 and C3 PFCAs, all measured particle phase fractions8,33,34,70 fell within the predicted possible range. 

For C4 to C6 PFCAs, the particle fraction measurements by Wu et al.23 were higher than the maximum 

modeled value by 2 to 9 times, while those from Tian et al.70 agreed with the model. For C7 and C8 PFCAs, 

all three studies10,23,29,70 measured particle phase fractions higher than those predicted by the model. Those 

of Tian et al.70 and Ahrens et al.10,29 were 4 to 14 times higher than the upper limit from the modeled haze 

scenario, while measurements of Wu et al.23 were nearly two orders of magnitude higher than the upper 

limit from the model. It is worthwhile to note that several other observations of PFCA gas-particle 

partitioning that did not use denuders to remove gas phase PFCAs prior to particle sampling observed 

particle fractions 20 to 70 % higher than the predicted upper bound (shown in Figure S5).29,71–73 It is 

unclear why such a large discrepancy between modeled and the measured particle fractions from Wu et 
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al.23 exists. To explore model-measurement discrepancies further, atmospheric conditions specific to each 

of the PFCA measurements were considered. 

 

Figure 5. Comparison between the modeled possible ranges of Log 1/KP values of C2-C8 PFCAs and selected 

observational results8,10,23,29,34,70 using location-specific parameters showing that the model generally underpredicts 

observed particle fractions. 

The gas-particle partitioning equilibria for five of the studies shown in Figure 4 were examined in 

greater detail. Instead of using general scenarios, the observed mean and the possible modeled ranges of 

log1/KP (KP is particle-gas partitioning ratio) values were calculated for each study using information 

specific to their respective observation periods. The KP values were defined using a ratio where the mass 

fraction (ng of PFCA in the PM per μg of total PM) was found relative to the mass concentration in the 

ambient gas phase (ng PFCA per m3 of air). The modeled KP ranges were then based on the specified 

sampled PM mass loadings and the typical chemical composition reported at the sampling site alongside 
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the PFCA results or obtained from other studies conducted in the same region (details in Section 1 of 

supplementary information40,74–79). The pH values of the aerosol liquid water are modelled from 3 to 6.5 

with the aerosol in Canadian monitoring sites being more acidic than those in Beijing. Both values and 

trends of pH values used in this study are supported by aerosol acidity studies conducted in the same 

regions.74,80,81 Though the pH values could be impacted by some short period intense events (e.g., dust 

events, pollutant plumes, etc.), the average values of aerosol pH through the month-long sampling period 

should be well represented. The modeled ranges were obtained using the thermodynamic equilibrium 

constants listed in Table S1. Generally, the model predicted higher log1/Kp values than were reported in 

the measurements (Figure 5). This means the Kp was underpredicted by the model and that there is greater 

particulate accumulation of PFCAs than can be explained by our considered chemical and physical 

equilibrium thermodynamic properties alone. This trend becomes more pronounced for the longer-chain 

PFCAs. Disagreements between model and measurement range from less than one log unit for C2 

PFCA8,34,70 to 1-2.5 log units for C8 PFCA.10,23,29,70 For the measurements of Tian et al.,70 the measurement 

and model particle fractions agree for shorter-chain PFCAs, but the model underpredicts particle fractions 

for C7 and C8 PFCAs. The disagreement between model and measurements by Wu et al.23 was 

independent of chain length, with the model under-predicting the particle fraction consistently by more 

than two orders of magnitude for C4-C8 PFCAs. Even though uncertainties in the meteorological 

parameters and chemical composition estimation could contribute to some disagreement, these 

uncertainties are unlikely to cause the magnitude of the differences found in this comparison (e.g. see 

impact of changing OM loading in Section 3.3). 

3.6 Implications for understanding PFCA gas-particle partitioning 

Our overall findings demonstrate that from a theoretical perspective, PFCAs will largely reside in the 

gas phase with limited partitioning to particles. The hypothesis that short-chain PFCAs partition similarly 
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to strong inorganic acids and that long-chain PFCAs partition similarly to neutral pollutants is supported 

by this work. Gas-particle partitioning of short-chain PFCAs is dominated by partitioning to the aqueous 

fraction of particles. Their degree of partitioning to particles is sensitive liquid water content and to their 

physical properties. An improved knowledge of KAW for these PFCAs would improve our understanding 

of their atmospheric partitioning. Long-chain PFCAs have a greater sensitivity to the presence and 

quantity of organic matter. Uncertainties in the gas-particle partitioning of long-chain PFCAs includes 

their known surfactant properties and salting out effects. Predictions of gas-particle partitioning of long-

chain PFCAs would improve as a result of better understanding of the physical properties that drive their 

partitioning to organics and interfaces. Comparisons to ambient measurements highlight the utility of this 

framework for understanding the gas-particle partitioning of PFCAs and demonstrate that there are 

additional considerations that may be missing from the framework. 

It is notable that our model underestimated the PFCA particle fraction for all four studies that used 

annular denuder-filter pack sampling apparatus (Figure 5). This did not depend on whether the collected 

particles had diameters less than 2.5 µm10,23,34 or 10 µm,8 as disagreement with this thermodynamic model 

framework remained. This suggests the existence of missing partitioning and/or other mechanisms driving 

the accumulation of particulate PFCAs, which we will explore further here. One potential explanation is 

that a specific particle type plays an important role in driving partitioning, and those particles are not 

internally mixed. For example, hygroscopic dust particles, either in coarse mode (>2.5 µm) or externally 

mixed in the fine mode (<2.5 µm), could be an important sink for particulate PFCAs due to their 

hygroscopic and/or alkaline characteristics. Such chemistry has been observed for several low-molecular-

weight organic acids and strong inorganic acids.82–85 This is consistent with observations of relatively high 

levels of PFCAs in dust and coarse mode aerosol86,87 and is implied within observations that PFCA 

deposition correlated moderately with that of dust components (i.e., non-sea salt Ca2+ and Mg2+) in Arctic 
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ice core samples.88 The assumption of internal mixing in models, which does not represent dust as a 

separate particle population, is likely to lead to underestimation of the deprotonated fraction of the PFCAs, 

leading to lower predicted particle fractions. In addition, if this process is an important sink for PFCAs, 

the model agreement with the Tian et al.70 total suspended particle measurement is coincidental, because 

thermodynamic equilibrium partitioning models cannot capture reactive chemistry happening in the coarse 

mode. 

Several studies examining gas-particle partitioning of atmospheric organic acids have also reported 

similar model-measurement discrepancies.32,89–94 Proposed explanations include the strong effect of 

activity coefficients and the formation of complexes or organic salts. Both could contribute to the 

discrepancies observed here for PFCAs. Other possible explanations include our assumption in this 

modeling framework that the deprotonated PFCAs have no interaction with organic matter and our 

exclusion of surfactant properties. In all, more advanced knowledge of PFCA thermodynamic phase 

partitioning equilibria, reversible and/or irreversible uptake by ambient particulate matter are required to 

explain the discrepancy identified in this study. More reliable measurements of ambient PFCAs in both 

gas and particle phases with high time resolution, as well as uptake experiments on surfaces of different 

composition, physical state, and morphology conducted in laboratory experiments will be beneficial to 

generate reliable parameters to underpin environmental fate modeling of ambient PFCAs. 

Supplementary information 

    Includes: comparison of the different Log Korganic/water values modeled by different models and proxies 

(Figure S1), chemical structure of water-insoluble organic matter TermB (Figure S2), the modeled 

temperature dependence and salt effect of phase partitioning equilibrium constants (Figure S3), modeled 

particle phase fraction of C10-C16 as a function of organic matter mass loadings (Figure S4), comparison 
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between the modeled particle phase fraction ranges and several observation results that sampled particles 

prior to gas phase removal (Figure S5), a summary of the modeling results and literature values for the 

thermodynamic parameters (Table S1), a summary of the sampling information of the studies used for 

detailed phase partitioning analysis (Table S2), and a description of the reference chemical composition 

and acidity of PM from the five representative studies (Section 1). 
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