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Introduction 

Perfluorocarboxylic acids (PFCAs) and perfluorosulfonic acids and their salts have been widely used as emulsifying agents in polymer synthesis and as surface treatment agents in photolithography, paper coatings, and waxes and polishes. 1−3 As the use of these perfluorinated acids has increased, some of them, such as perfluorooctanoic acid (C7F15COOH; PFOA) and perfluorooctanesulfonate, have recently been detected in environmental waters, in wildlife, and in humans.4,5 These anthropogenic compounds, whose high stability is ascribed to their C–F bonds, have no known natural decomposition processes. To thermally decompose them, a very high temperature (~1200 °C) is required. Therefore, the development of techniques for decomposing them (as waste, especially in wastewater) to harmless species under mild conditions is desirable as a measure against stationary sources. Ideally, the method would involve cleavage of the C–F bonds to form F– ions, because F– ions readily combine with Ca2+ to form environmentally harmless CaF2. In the present work, we examined the decomposition of PFOA and other PFCAs in water by UV–visible light irradiation (direct photolysis), by H2O2 with UV–visible light irradiation, by heteropolyacid photocatalyst H3PW12O40·6H2O (1), and by persulfate ion (S2O8
2–).6,7  

Materials and Methods 

A cylindrical pressure-resistant Inconel reactor equipped with a sapphire window on the top for introduction of light was used. A gold vessel, which is stable to highly acidic solutions, was introduced into the reactor. In a typical photochemical run, an aqueous solution (22 mL) of PFOA (29.6 m mol; 1.35 mM) was filled into the gold vessel. The direct photolysis of PFOA was examined by using this solution. In other experimental runs, H2O2 (1.0 M) or 1 (1.47 × 104 mol; 6.68 mM) or K2S2O8 (1.10 mmol; 50.0 mM) was added to the solution. After the reactor was purged and then pressurized to 0.48 MPa with oxygen gas, the solution was irradiated with UV–visible light from a xenon–mercury lamp. After irradiation, the pressure was released, and the reaction gas was collected in a sampling bag and subjected to gas chromatography/mass spectrometry (GC/MS) and GC measurements. The liquid phase was also subjected to ion chromatography (IC), ion-exclusion chromatography (IEC), high performance liquid chromatography (HPLC), electrospray ionization (ESI) mass spectrometry, and UV–visible spectroscopy.  

Results and Discussion 

Direct Photolysis. As mentioned above, PFOA is chemically and thermally stable. However, irradiation of an aqueous solution of PFOA under 0.48 MPa of oxygen at room temperature caused decomposition of PFOA and the formation of F - , CO2, and short-chain PFCAs. The amounts of PFOA decreased and the amounts of CO2 and F -  increased with increasing irradiation. After 72 h of irradiation, 89.5% of the initial PFOA was decomposed. The amount of C6F13COOH increased up to 48 h of irradiation, and then decreased, whereas those of PFCAs bearing shorter perfluoroalkyl groups, for example, C5F11COOH, continued to increase after 48 h. This observation indicate that the short-chain PFCAs form in a stepwise manner from longer-chain PFCAs. The fluorine recovery after 72 h of irradiation (the molar ratio of total fluorine content after irradiation in the F -  and short-chain PFCAs formed and in unchanged PFOA to that in the PFOA before irradiation) was 95.9%. On the other hand, the carbon recovery (the molar ratio of total carbon content in the CO2 and short-chain PFCAs formed and in unchanged PFOA to that in the PFOA before irradiation) was 104%. Hence, the initial fluorine and carbon in PFOA can be well accounted for by unchanged PFOA, F - , and short-chain PFCAs in the liquid phase and CO2 in the gas phase. When argon gas was used instead of oxygen, the amount of PFOA decomposed was slightly decreased, whereas the amounts of F -  and CO2 relevantly decreased. This suggests that oxygen plays an important role, probably not in the first PFOA decomposition step (C–C bond cleavage between C7F15 and COOH), but in 

the subsequent steps that produce F -  and CO2. In the reaction under argon, the oxygen recovery (the molar ratio of total oxygen content in the CO2 and short-chain PFCAs produced and in unchanged PFOA to that in the PFOA before irradiation) was 167%. This indicated that the oxygen in the products mainly came from water. To elucidate the origin of oxygen in the products, we carried out the photoreaction of PFOA in H2(18O) under both argon and oxygen atmospheres. As expected, the short-chain product [C6F13COO] -  showed large peaks which correspond to [C6F13C(16O)(18O)]-  and [C6F13C(18O)(18O)]- , and a very small peak which corresponds to [C6F13C(16O)(16O)]- . Another product, [C5F11COO] -  also showed large peaks for [C5F11C(16O)(18O)]-  and [C5F11C(18O)(18O)]-  and a very small peak for [C5F11C(16O)(16O)]- . These observations clearly indicate that water acts as an oxygen source for the short-chain PFCAs, that is, the products were formed through hydrolysis. In addition, GC/MS analysis of the gas phase after the reaction in H2(18O) showed CO2 peaks corresponding to C(16O2), C(16O)(18O), and C(18O)2 with relative abundance of 21.0, 6.5, and 72.5%, respectively. Therefore, water also acts as the oxygen source for the CO2 produced.  

Hydrogen peroxide + UV–visible light irradiation. The combination of H2O2 and UV irradiation has been applied to the decomposition of many organic pollutants in water, where the photolysis of H2O2 causes cleavage of the molecule into chemically active OH radicals. By using this system, PFOA was also decomposed to form F - , CO2, and short-chain PFCAs. However, the amounts of PFOA decomposed and of F -  and CO2 formed all were lower than those in the direct photolysis.  

Heteropolyacid photocatalyst. Heteropolyacids are attractive candidate photocatalysts for the decomposition of PFCAs because of their multi-electron redox capabilities and their high stability under highly acidic conditions. By use of 1, the amount of PFOA decreased markedly after irradiation and F -  and CO2 were found as products. The PFOA decomposition rate using 1 was 2.9 times that of the direct photolysis, and the PFOA was completely decomposed within 24 h. In the absence of light irradiation, no reaction occurred. When the reaction in the presence of 1 was carried out under argon instead of oxygen, only 7.7% of the initial PFOA was decomposed after 24 h of irradiation. Thus, a combination of 1, oxygen, and light irradiation is required to achieve efficient PFOA decomposition.  

Persulfate. Persulfate ion is an attractive candidate to photochemically decompose PFCAs because photolysis of S2O8
2– produces two sulfate radical anions (SO4·–), and the formed SO4·– can act as a strong oxidant in aqueous systems. The amount of PFOA decreased with irradiation, and F– and CO2 were found as products. The PFOA decomposition rate was 11 times that for direct photolysis, and after 4 h of irradiation, PFOA was completely decomposed. In the photochemical PFOA decomposition system using 1, the PFOA decomposition rate was 2.9 times that for direct photolysis. Hence, the use of S2O8

2– was more efficient, although this method is not a photocatalytic system. We detected not only F– ions but also small amounts of shorter-chain PFCAs. The total recovery of fluorine was 99.1 % at 2 h of irradiation. Likewise, total carbon recovery was 97.7 %. Hence, the initial fluorine and carbon in PFOA can be almost completely accounted for by unchanged PFOA, F–, CO2, and short-chain PFCAs formed. The irradiation-time dependence of the amounts of SO4
2– detected during photochemical decomposition of PFOA was also determined. After 12 h of irradiation, the amount of SO4

2– reached 2.26 mmol. The initial amount of S2O8
2– was 1.10 mmol; therefore, the recovery of sulfur content was 103%. Thus, all sulfur species used in this reaction were eventually transformed into SO4

2–, for which there is a well-established waste treatment process. 
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Figure 1. Irradiation-time dependence of the PFOA decomposition using S2O8
2–: detected molar amounts of PFOA, CO2, and F–. An aqueous solution (22 mL) containing S2O8

2– (1.10 mmol; 50.0 mM) and PFOA (29.6 m mol; 1.35 mM) was irradiated with a xenon–mercury lamp under oxygen (0.48 MPa).7 
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