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Abstract 21 

The production of perfluoroalkyl acids (PFAAs) has been phased out over recent decades; 22 

however, no significant decline in their environmental concentrations has been observed. This 23 

is partly due to the photochemical decomposition of PFAAs precursors (PrePFAAs) which 24 

remain in extensive use. The decomposition of PrePFAAs may be accelerated by the 25 

light-activated engineered nanomaterials (ENMs) in water. In light of this hypothesis, we 26 

investigated the photochemical transformation of three PrePFAAs, which are 8:2 27 

fluorotelomer sulfonic acid (8:2 FTSA), 8:2 fluorotelomer alcohol (8:2 FTOH), and 28 

2-(N-ethylperfluorooctane-1-sulfonamido ethyl] phosphate (SAmPAP), in the presence of six 29 

ENMs under simulated sunlight irradiation. The transformation rates of 8:2 FTSA and 8:2 30 

FTOH were increased by 2–6 times when in the presence of six ENMs. However, most of 31 

ENMs appeared to inhibit the decomposition of SAmPAP. The transformation rates of 32 

PrePFAAs were found to depend on the yield of reactive oxygen species generated by ENMs, 33 

but the rates were also related to compound photo-stability, adsorption to surfaces, and 34 

photo-shielding effects. The PrePFAAs are transformed to perfluorooctanoic acid (PFOA) 35 

or/and perfluorooctane sulfonate (PFOS) with higher toxicity and longer half-life, PFOA or 36 

PFOS and a few PFAAs having shorter carbon chain lengths. Higher concentrations of the 37 

PFAAs photodegradation products were observed in the presence of most of the ENMs.  38 

Keywords: PFAAs precursors, engineered nanoparticles, photochemical transformation, 39 

reactive oxygen species, PFOS, PFOA 40 

 41 

42 
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1. Introduction 43 

Perfluoroalkyl acids (PFAAs) are a class of poly- and perfluoroalkyl substances (PFASs) 44 

that have been used in thousands of products including Teflon cookware, pizza boxes, 45 

furniture, and clothing (Krafft and Riess, 2015). However, PFAAs are endocrine disrupters 46 

that have been shown to interfere with hormones, disrupt brain development in children, 47 

cause damage to male reproductive systems, and cause cancer (Grandjean and Clapp, 2014). 48 

The broad toxicity profile of PFAAs has led to their being gradually phased out of products in 49 

many countries since 2000; however, the concentrations of PFAAs in the environment are still 50 

relatively high (Gao et al., 2019, Gewurtz et al., 2019, Routti et al., 2016). This may be due to 51 

the decomposition of PFAA precursors (PrePFAAs) resulting in the formation of PFAAs 52 

(Nguyen et al., 2013, Peng et al., 2014).  53 

PrePFAAs are produced either as industrial products or as chemical intermediates. 54 

Perfluorochemicals including perfluorooctylsulfonylfluoride (POSF) (Zhang et al., 2004), 55 

methyl perfluorooctane sulfonamide (MeFOSA) (Chu and Letcher, 2014), perfluorooctane 56 

sulfonamidoethanol (MeFOSE) (Avendano and Liu, 2015), N-ethyl perfluorooctane 57 

sulfonamide (EtFOSA), N-ethyl perfluorooctane sulfonamidoethanol (N-EtFOSE) (Gaillard et 58 

al., 2017) are used as precursors for the formation of perfluorinated sulfonic acids (PFSAs). 59 

Flourotelomer alcohols (PFOHs), perfluoroiodinealkanes (PFIs), perfluoroalkyl phosphates 60 

(PAPs), perfluorophosphonates (PFPAs), and perfluorophosphinates (PFPiAs) are used as 61 

precursors for the formation of perfluorinated carboxylic acids (PFCAs) (De Silva et al., 2012, 62 

Lee et al., 2012, Lee and Mabury, 2011). In addition, PrePFAAs are produced in quantities 63 

considerably larger than the quantified mass emissions of PFAAs (Houtz et al., 2013). 64 

PrePFAAs have been detected in rivers, lakes, sediments, wastewater treatment plant (WWTP) 65 
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effluents, and other environments (Chen et al., 2019, Gebbink et al., 2016, Schaefer et al., 66 

2018, Wang et al., 2015).  67 

In the environment, the transformations from most PrePFAAs to PFAAs proceed slowly 68 

with typical half-lives of 300 days (Liu and Avendano, 2013, Royer et al., 2015, Zhang et al., 69 

2017). Many PrePFAAs are highly resistant to microbial degradation with little measured 70 

losses and/or associated product formation after 120 days (Avendano and Liu, 2015, Benskin 71 

et al., 2013, Dasu and Lee, 2016). For example, the SAmPAP diester was found to be 72 

recalcitrant with respect to microbial degradation after 120 days of incubation resulting in an 73 

estimated half-life of >380 days at 25 °C (Benskin et al., 2013). Photochemical transformation 74 

of PrePFAAs are quite slow given that most PrePFAAs lack of conjugated structures with 75 

very low sunlight molar extinction coefficients. Thus, the direct photochemical transformation 76 

of most PrePFAAs is unlikely to occur under ambient sunlight (Martin et al., 2006). 77 

Both PrePFAAs and engineered nanomaterials (ENMs) are often used additives in synthetic 78 

fibers, rubbers, paints, dyes, paper products, cosmetics, and packing materials. For example 79 

Nanoclays combined with EtFOSE-based phosphate diester (e.g., SAmPAP diester) have been 80 

added to packaging materials in order to improve overall material strength, coating stability, 81 

and liquid or gas barrier properties (SCRCAP, 2014). Mixtures of nanoparticles with 82 

perfluorocarbons are used to prevent oxygen and water from penetrating through packaging 83 

containers (Geueke, 2016). Paper mills often add 0.1%–0.3% of nano-sized TiO2, ZnO, or 84 

Fe2O3 to paper pulp for antistatic capacity and wear resistance coupled with 85 

perfluoroalkylethyl acrylate (trademark PF-001) for water and oil resistance. With the 86 

widespread use of ENMs coupled with PrePFAAs in commercial products, large quantities of 87 

ENMs and PrePFAAs are eventually released into the aquatic environment. Since many of the 88 
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commercially produced metal-oxide nanomaterials are photo-activated under UV-vis light 89 

coupled with bandgap energies ranging from 2.2 eV (530 nm) to 3.2 eV (385 nm), they are 90 

able to generate reactive oxygen species (ROS) including hydroxyl radical (•OH), superoxide 91 

anion (O2
•-), and singlet oxygen (1O2) under ambient sunlight irradiation (Buchman et al., 92 

2019, Ganguly et al., 2018, Hoffmann et al., 1995). Thus the ENMs may be capable of 93 

producing indirect photochemical transformation of PrePFAAs in water leading to the 94 

formation of PFAAs as unintended byproducts. Previous studies have demonstrated that 95 

PrePFAAs are a source of PFAAs, but their photochemical transformation pathways are not 96 

resolved, and the photocatalytic impact of various ENMs on the transformation from 97 

PrePFAAs to PFAAs has little attention (Ahrens and Bundschuh, 2014, Sznajder-Katarzynska 98 

et al., 2019). 99 

In light of the above concerns, we herein investigate the photochemical transformations of 100 

three typical PrePFAAs including 8:2 fluorotelomer sulfonic acid (8:2 FTSA), 8:2 101 

fluorotelomer alcohol (8:2 FTOH), and 2-(N-ethylperfluorooctane-1-sulfonamido) ethyl 102 

phosphate (SAmPAP) under simulated sunlight irradiation in the presence of six different 103 

ENMs including TiO2, ZnO, Fe2O3, CuO, graphene oxide (GO), and multi-walled carbon 104 

nanotubes (MWCNTs) in water. The effects of ENMs on the photolysis kinetics of PrePFAAs 105 

were examined. Meanwhile, photo-absorption, photo-shielding, ROS free radicals and band 106 

structure of six ENMs are analyzed to discuss the effects of ENMs on the transformation rates 107 

of PrePFAAs. In addition, the distribution and concentration levels of intermediate products 108 

are also detected during the photochemical transformation of PrePFAAs. 109 

2. Materials and Methods 110 

2.1 Chemicals and Reagents 111 
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8:2 fluorotelomer sulfonic acid (8:2 FTSA, C10H5F17SO3, 90%) was supplied by Synica 112 

Company (Shanghai, CHN). 8:2 fluorotelomer alcohol (8:2 FTOH, C10H5F21O, 92%) was 113 

obtained from DuPont Specialty Chemicals (Delaware, USA). 114 

2-(N-ethylperfluorooctane-1-sulfonamido) ethyl phosphate (SAmPAP, C27H25F34N2O8PS2, 115 

90%) was purchased from Silworld Chemical Co., Ltd (Wuhan, CHN). All other PFAAs 116 

standard samples were supplied by Wellington Laboratories (Guelph, CA). Commercial 117 

nanomaterials, titanium dioxide (TiO2), zinc oxide (ZnO), ferric oxide (Fe2O3), copper oxide 118 

(CuO), graphene oxide (GO), and hydroxyl group functionalized multi-walled carbon 119 

nanotubes (MWCNTs,) were purchased from Sigma-Aldrich (USA). All other chemicals used 120 

were of analytical grade. Deionized water (18.2 MΩ cm−1) was obtained using a Milli-Q 121 

water purification system.  122 

2.2 Analysis and Characterization 123 

X-ray diffraction (XRD) was carried out using a D/MAX-2000 diffractometer (Rigaku, 124 

Japan) using Cu-Kα radiation at a scan rate (2θ) of 4° min−1 to determine the phase identity of 125 

the ENMs and the crystallite sizes. Fourier transform infrared (FTIR) spectroscopy was 126 

carried out at 400–4000 cm−1 on a Perkin-Elmer spectrometer (Spectrum 400, United States). 127 

Field emission scanning electron microscopy (FESEM, S4800, Hitachi, Japan) was employed 128 

for surface topography analysis. The particles size of ENMs was analyzed by Nanoparticle Size 129 

Analyzer (Nicoma 380, PSS, USA). A full-automatic specific surface area analyzer (ASAP 2020, 130 

Micrometrics, USA) was used to measure the specific surface area of ENMs. All the above 131 

characterizations are shown in Fig. S1–S4 and Table S1. Diffusion reflection spectroscopy 132 

(DRS) and UV-vis absorption spectroscopy were carried out on a Cary 500 UV-Vis NIR 133 

spectrophotometer (Agilent/Varian, USA) with an integrating sphere attachment in the 134 
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200–800 nm range. Teflon powder was employed as a reference. Electron paramagnetic 135 

resonance (EPR) spectra were collected on an EPR spectrometer (A300, Bruker, Germany) 136 

for radical analysis with DMPO and TEMP as the radical scavenger. DMPO was used as a 137 

trapping agent to characterize •OH and O2
•-·, and TEMP was used to trap 1O2. The detailed 138 

measurement methods were shown in Supplementary data. 139 

2.3 Steady-State Photolysis Experiments 140 

Steady-state photochemical experiments were conducted to investigate the photochemical 141 

transformation of PrePFAAs and their intermediate products. The photochemical reactor 142 

vessel was constructed of a quartz glass cooling sleeve (250 mm high, 55 mm diameter) 143 

containing a quartz tube (25 mm external diameter) and sealed at one end. The tube was fitted 144 

in the reactor center with a Xenon lamp (CHF-XM-500W; Trusttech, China) with AM 1.5G 145 

filter to simulate sunlight. The actual photon flux was 1.7×10-10 ein s-1 cm-2. The system 146 

temperature was controlled at 25±1°C by circulating water from a thermostatic water bath 147 

(VIVO Itherm-B3; Hamburg, Germany). PrePFAAs and ENM concentrations of 10 mg L−1 148 

and 0.1 g L−1 were employed, respectively. PrePFAAs aqueous solutions were made from an 149 

acetone stock and phosphate buffer (pH=7.0±0.1, degassing with nitrogen). Prior to 150 

irradiation, the samples containing ENMs and PrePFAAs were exposed to the dark for 30 min 151 

under stirring (160 rpm) to establish an adsorption-desorption equilibrium. Then the Xenon 152 

lamp was initiated to conduct the photolytic experiments. The experiments were carried out 153 

over 8 h, with a sampling interval of 2 h and a sampling volume of 1 mL. To avoid the 154 

adsorption of PrePFAAs and their intermediate products on the ENMs and the vessels, each 155 

sampled reaction solution was firstly centrifuged (12,000 rpm) for 10 min to separate the 156 

liquid (ca. 1 mL of aqueous solution containing PrePFAAs and intermediates) and the solids 157 
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(ENMs), and then the ENMs was eluted with 1 mL of acetone at vortex mixer (800 rpm) for 158 

10 min to elute the organic fluorine components. The obtained acetone supernatant (1 mL) 159 

was mixed with the aqueous solution (1 mL) to integrate an acetone-water mixture which was 160 

then concentrated into 100 µL by the rotary evaporation. The 100 µL of concentrated solution 161 

was injected into the HPLC-ESI-MS/MS for the further quantitative measure. Control 162 

experiments, i.e., in the absence of irradiation or ENMs, were conducted simultaneously. 163 

Experimental uncertainties evaluated in reactor without ENMs and irradiation were less than 164 

5% of the initial concentrations. All experiments were carried out in triplicate, and the average 165 

value was adopted.  166 

2.4 Identification of Intermediates 167 

The concentrations of PrePFAAs and their intermediates in the photolysis reactions were 168 

monitored using a high-performance liquid chromatography electrospray ionization mass 169 

spectrometry system (HPLC-ESI-MS/MS; AB3200, Applied Biosystems, USA) equipped 170 

with a Symmetry C18 column. The electrospray ionization (ESI) source was operated in 171 

negative mode. A linear gradient of acetonitrile and 10 mmol L−1 of ammonium acetate 172 

aqueous solution (100:0 to 50:50) at a flow rate of 1.0 mL min−1 was used to separate the 173 

PrePFAAs and their intermediates over a total analysis time of 35 min. The products were 174 

identified using the MS/MS mode and were analyzed by multiple reaction monitoring (MRM) 175 

using their characteristic ion pairs (Table S2), and some identified products were also proofed 176 

by standard samples.  177 

3. Results and Discussion 178 

3.1 Photo-absorption response  179 

The three PrePFAAs do not absorb light in the visible, however, there is a small amount of 180 
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UV light absorption below 300 nm. As shown in Fig. 1a, SAmPAP has the strongest 181 

absorption in the UV region, and its optimal tropospheric absorption overlap should occur at 182 

295 nm. The absorption overlap for 8:2 FTOH is blue shifted by 5 nm down to the 183 

tropospheric cutoff of 290 nm for solar photochemistry. However, the UV absorption 184 

spectrum of 8:2 FTSA shows absorption only below 260 nm.  185 

 186 

Fig. 1 here  187 

The recorded DRS of the six ENMs are shown in Fig. 1b, where nTiO2 and nZnO exhibit 188 

high photo-absorption in the UV region but no characteristic absorption in the visible light 189 

region (>400 nm), while nFe2O3 and nCuO both have stronger adsorption at longer 190 

wavelengths up to 600 nm. The absorption peaks of GO and MWCNTs are mainly in the UV 191 

region and their longer wavelength absorption is weak. These ENMs can absorb the simulated 192 

sunlight and undergo bandgap excitation, which might bridge the light irradiation and 193 

photochemical reaction of PrePFAAs in aqueous solutions. In some cases, these ENMs had 194 

photo-shielding effects (see Fig. S7) due to nanoparticles floating on the surface of water 195 

resulting in light scattering and surface refraction of incident light leading to reduced direct or 196 

indirect photolysis of the PrePFAAs. Therefore, the co-existence of ENMs and PrePFAAs in 197 

water body has the potential to influence photochemical transformations of the PrePFAAs.  198 

3.2 Transformation Kinetics of three PrePFAAs 199 

Fig. 2 and Table S3 summarize the observed photolysis kinetics of the three target 200 

PrePFAAs under simulated sunlight irradiation. The disappearance of the three PrePFAAs 201 

followed apparent first-order reaction kinetics with the corresponding photolytic rates of 202 
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0.069 h−1, 0.148 h−1, and 0.890 h−1 for 8:2 FTSA, 8:2 FTOH, and SAmPAP, respectively. 203 

Since there is a small intersection between the simulated solar spectrum and the absorption 204 

spectra of SAmPAP or 8:2 FTOH, (see Fig. 1 inset), indicating that SAmPAP and 8:2 FTOH 205 

might be transformed via the direct photolysis. However, there is no intersection between the 206 

simulated solar spectrum and 8:2 FTSA, thus 8:2 FTSA is not likely to be decomposed under 207 

sunlight. Furthermore, the frontier molecular orbitals (FMO) analysis results for the three 208 

PrePFAAs also indicate that the stability of SAMPAP is less than those of 8:2 FTSA and 8:2 209 

FTOH (see Fig. S8). The FMO prediction is consistent with the observed faster 210 

transformation rate of SAMPAP during the direct photolysis process. 211 

 212 

Fig. 2. here  213 

Significant differences were observed during the PrePFAAs photolysis in the presence of 214 

the ENMs. Under simulated sunlight irradiation, the photolytic rates of 8:2 FTSA and 8:2 215 

FTOH were increased by about 2–6 times in the presence of six ENMs. nTiO2 had the most 216 

significant enhancement effect on the transformation of 8:2 FTSA and 8:2 FTOH in which the 217 

first-order rate constants for photolysis increased from 0.069 h–1 and 0.148 h–1 to 0.416 h−1 218 

and 0.812 h−1, respectively. In the case of nZnO, the photolytic rate constant of 8:2 FTOH was 219 

higher than those observed for nFe2O3, nCuO, GO and MWCNTs. However, it had the lowest 220 

first-order photolysis rate constant for the transformation of 8:2 FTSA. Even though the photo 221 

absorptivity of nFe2O3 is much higher than that of nCuO, the photolysis rate constants for 8:2 222 

FTSA and 8:2 FTOH were somewhat lower than those observed for nCuO. The photolysis 223 

rate constants for 8:2 FTSA and 8:2 FTOH were moderately enhanced by GO and MWCNTs. 224 

By contrast, the enhancement effects of ENMs on the photolysis of 8:2 FTSA and 8:2 FTOH 225 
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in water could be higher than that of dissolved organic matter (DOM) under the same 226 

concentration (see Supplementary data). However, the photolytic rate constants for SAmPAP 227 

was not enhanced in the presence of nTiO2. Moreover, they were decreased substantially in 228 

the presence of nFe2O3, nCuO, GO and MWCNTs. For example, in a suspension of nFe2O3 229 

photolysis rate constant for SAmPAP decreased by factor of 6.7. It is clear in this specific case, 230 

that hematite nanoparticles inhibit the photolytic degradation of SAmPAP in water. In contrast, 231 

the relative inhibition effects of nCuO, GO and MWCNTs on the photolytic transformation of 232 

SAmPAP were minor.  233 

3.3 Free Radicals and Band Structure Analyses 234 

In the case of PrePFAAs coexisting with ENMs, indirect photolysis by the photo-generated 235 

ROS of ENMs, such as •OH, O2
•-, and 1O2, may play an important role in the transformation 236 

of PrePFAAs. The standard state redox potential (EH) of the dissolved oxygen/superoxide 237 

anion pair (O2/O2
•-), singlet oxygen/dissolved oxygen pair (1O2/O2) and water/hydroxyl 238 

radical pair (H2O/•OH) in aqueous solution is –0.20, 1.88, and 2.20 eV, respectively (Li et al., 239 

2012). Theoretically, in order to generate O2
•-, the potential of the photo-generated electrons 240 

of the material should be lower than –0.20 eV, so that there is sufficient reducing capacity to 241 

reduce O2 to O2
•-. Similarly, if 1O2 and •OH are formed in the photolytic system involving 242 

ENMs, then the potential of the photo-generated holes of the material should be greater than 243 

1.88 eV and 2.20 eV, respectively, so that there is enough energy to oxidize H2O (OH–) to 244 

•OH and to excite ground state 3O2 to 1O2.  245 

Fig. 3 shows the EPR spectra of DMPO/•OH, DMPO/O2
•-, and TEMP/1O2 adducts 246 

produced by different ENMs under simulated sunlight irradiation. There is no EPR signal in 247 

the DMPO and DMPO-ENMs hybrid systems in the absence of irradiation. After irradiation, 248 
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the DMPO and ENMs (nTiO2, nZnO, nCuO, GO) hybrid system have a characteristic peak of 249 

1:2:2:1 (Fig. 3a), which is the DMPO/•OH adduct formed by the reaction of DMPO with •OH. 250 

It can be seen from Fig. S9 that the valence band potentials (Ev) values of four metal-oxide 251 

ENMs, nTiO2 (2.92 eV), nZnO (3.08 eV), nCuO (2.39 eV) and nFe2O3 (2.66 eV) are higher 252 

than the EH of H2O/•OH (2.20 eV) and 1O2/
3O2 (1.88 eV) (Li et al., 2012). Thus, the holes 253 

generated by these ENMs can oxidize H2O to •OH and excite 3O2 to 1O2, respectively. 254 

However, the •OH and 1O2 were not detected in the nFe2O3 suspension. This probably because 255 

the recombination rate of electrons and holes generated by the α-Fe2O3 ENMs is high, and the 256 

diffusion lengths of holes are also low (2–4 nm), which requires a larger potential for the 257 

photo-assisted water oxidation by α-Fe2O3 (Mishra and Chun, 2015). As shown in Fig. 4, the 258 

concentrations of •OH and 1O2 generated by nZnO are significantly higher than those obtained 259 

with nTiO2, especially the yield of •OH in nZnO was approximately 3-fold more than that in 260 

nTiO2, which is consistent with previous reports (Wang et al., 2017). This probably because 261 

the Ev of nZnO is higher due to quantum sizing effects than comparable shifts for nTiO2. In 262 

addition, considering the much stronger bonding energy of Ti-O (666.5 kJ/mol) than Zn-O 263 

(250 kJ/mol), surface bound hydroxyl radicals may disassociate more difficultly from TiO2 264 

than that from ZnO, resulting in lower concentration of hydroxyl radicals in solution, and may 265 

be less likely to form DMPO adducts (Haynes, 2009). The Ec value of nTiO2 (–0.28 eV) is 266 

lower than the EH of O2/O2
•- (–0.20 eV), indicating that the potential of nTiO2 to generate O2

•-, 267 

which agrees with the experimental result shown in Fig. 3. Unexpectedly, considerable 268 

amount of O2
•- could also been detected in the nZnO and nCuO suspensions, although their Ec 269 

values (–0.12 and 0.69 eV, respectively) are higher than –0.20 eV. For nZnO, the actual Ec 270 

may be lower than −0.20 eV due to quantum sizing effects, allowing electron transfer from 271 
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the conduction band to O2 molecules and generating O2
•- (Li et al., 2012, Wang et al., 2017). 272 

For CuO, it has been reported that the significant quantity of superoxide anions might be 273 

rendered directly from the surface defect sites (such as Cu(I) sites) in nanocrystalline CuO 274 

(Meghana et al., 2015). Even though nFe2O3 is n-type semiconductor, it did not produce O2
•-, 275 

or the concentrations were below the detection limit. This may be due the considerable 276 

difference between the Ec of nFe2O3 (0.46 eV) and the EH of O2/O2
•-. 277 

 278 

Fig. 3. here 279 

 280 

Fig. 4. here 281 

For the two carbon nanomaterials, O2
•- and 1O2 signals were detected. The MWCNTs 282 

suspension gave stronger adduct signals, while the GO suspension gave weaker •OH and 1O2 283 

signals. As a one-dimensional nano-material with excellent electrical properties, CNTs have a 284 

band gap determined by the circumferential quantum confinement, which depends on the 285 

diameter and chirality. The band gap of MWCNTs ranged from 23 meV to 2.7 eV depending 286 

on the radial deformation (Gelao et al., 2019). Similarly, the GO can be regarded as an 287 

unfolded CNT with similar electronic structures. However, the abundance of –COOH, –OH, 288 

and –SO3H functional groups and defects on edge of GO nanostructure results in variable 289 

band gap energies from zero (metallic) to 6.5 eV (Lundie et al., 2014). Thus, it is difficult to 290 

estimate whether they can generate ROS by using their Ev and Ec values. It is reported that 291 

types of surface functionalization, defects on the surface, as well as differences in amorphous 292 

carbon and metal impurity content during preparations (e.g., Fe), may facilitate the 293 

photo-generation of some ROS by CNTs or GO (Chen and Jafvert, 2011, Felip-Leon et al., 294 
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2019, Qu et al., 2013, Zhao and Jafvert, 2015). Carboxylate and hydroxylated MWCNTs have 295 

been proved to produce ROS, which agree with our experimental result that MWCNTs with 296 

–OH groups produced O2
•- and 1O2. The numerous functional groups and defect sites on the 297 

surface of GO may lead to the formation of •OH and 1O2. 298 

The indirect photochemical transformation rates of PrePFAAs depend on the ROS yields 299 

generated by ENMs, but they are also related to their intrinsic stability, surface sorption 300 

ability, and photo-shielding effects. The enhancement effects for most of ENMs in the case of 301 

8:2 FTSA and 8:2 FTOH are positively correlated with the ROS concentrations that are 302 

generated except for nZnO. As mentioned above, the yield of •OH and 1O2 generated by nZnO 303 

are higher than for the other ENMs. If the transformation of the PrePFAAs in the presence of 304 

the ENMs are controlled only by ROS yield, then nZnO should accelerate the transformation 305 

rates of the PrePFAAs more than other ENMs. In contrast to this prediction, however, the 306 

photolytic transformation rates of 8:2 FTSA and 8:2 FTOH were the fastest in the presence of 307 

nTiO2. On one hand, nTiO2 is an active photocatalyst at λ < 385 nm that produces ROS. On 308 

the other hand, nZnO particles are relatively unstable with respect to reversion to Zn(OH)2. In 309 

addition, nZnO photo-corrosion during irradiation time >1.0 h may reduce the apparent 310 

photocatalytic activity (Hoffmann et al., 1995, Okamoto et al., 1985, Zhang et al., 2009) when 311 

compared to much short irradiation time. The high ROS concentrations measured during our 312 

experiments with nZnO were detected after 10-minute of irradiation. Photo-corrosion may not 313 

have had a significant impact during this relatively short irradiation time. However, the ROS 314 

yields with nZnO may be lower during an 8 h illumination time due to the accumulative 315 

effects of photo-corrosion. The photolytic decomposition rates of 8:2 FTSA and 8:2 FTOH in 316 

suspensions of GO were found to be slightly higher than those measured with MWCNTs, 317 
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which might be attributed to the relatively stronger oxidation capacity of ·OH generated by 318 

GO. 319 

In the case of SAMPAP, direct photolysis results in its relatively rapid decomposition, 320 

which is most likely due to its lack of chemical stability. As a result, the proportional 321 

contribution of ROS produced by the ENMs to the transformation of SAmPAP is not obvious. 322 

The SAmPAP transformation rates in the presence of nTiO2 and nZnO were comparable to the 323 

measured direct photolysis rate, whereas in the presence of CuO, GO and MWCNTs were 324 

clearly lower than the corresponding direct photolysis rate. That is because the ROS yield 325 

might counteract the photo-shielding effects of colloidal ENMs entirely or partly. However, 326 

the SAmPAP transformation rate in suspensions of nFe2O3 were decreased dramatically.  327 

This effect can be attributed to the lack ROS detected in the nFe2O3 suspensions as a counter 328 

balance to the photo-shielding effects.  329 

3.4 Intermediate Products 330 

It is known that PrePFAAs undergo defluorination, hydrolysis, β-oxidation, and enzymatic 331 

reactions to produce various PFAAs that have different degrees of toxicity and ecological 332 

risks in the aqueous environment and to aquatic and terrestrial organisms (Appleman et al., 333 

2014, Houtz et al., 2016). The PFAAs transformed from PrePFAAs mainly include PFCAs 334 

and PFSAs with different carbon chain lengths. Perfluorooctanoic acid (PFOA) and 335 

perfluorooctane sulfonate (PFOS) are the most studied PFCAs and PFSAs, respectively. Both 336 

of them are PFAAs with long carbon chain (C8), and are main decomposition products of 337 

many PrePFAAs (Gebbink et al., 2016). In the present study, some of PFCAs and PFSAs with 338 

different carbon chain lengths (C4-C8) have been detected by LC-ESI-MS/MS as intermediate 339 

reaction products during photolysis of the PrePFAAs as summarized in Table S2. The carbon 340 



 16

and fluorine recovery rates were analyzed, and the high fluorine recovery rates (mainly in the 341 

range of 56%~98%) indicate that it is sufficient to clarify the photochemical transformation of 342 

the three PrePFAAs based on the detected intermediates (see Supplementary data). 343 

Since the PrePFAAs samples used in this study were commercial industrial-grade products, 344 

various intermediate PFCAs and PFSAs products were detected at measurable concentrations 345 

in the stock solutions of the PrePFAAs. Therefore, the increase in concentration during 346 

photolysis relative to the initial concentration was used to determine the production of the 347 

intermediate reaction products. Based on this approach, SAmPAP was found to be 348 

transformed into both PFCAs and PFSAs, although the concentrations of PFCAs were found 349 

to be much higher than the concentrations of the PFSAs (see Fig. 5). Furthermore, the 350 

concentrations of both PFCAs and PFSAs with longer carbon chain, such as PFOA and PFOS, 351 

were higher than that those with relatively shorter carbon chain, such as PFPnA, PFBA, 352 

PFPnS and PFBS. In contrast, 8:2 FTSA and 8:2 FTOH were decomposed only into PFCAs 353 

with the concentrations of the longer carbon chain PFCAs higher than those of shorter carbon 354 

chain products. For comparison, after sunlight irradiation for 8 h, the PFOA formed by 355 

photolysis of SAmPAP was more than 10 times higher than that formed from 8:2 FTSA, and 356 

more than 20 times higher than that formed from 8:2 FTOH photolysis. Thus, it is clear that 357 

all three PrePFAAs can be photolytically transformed into PFCAs and/or PFSAs of different 358 

carbon chain lengths (C4-C8) under simulated sunlight irradiation conditions, and the C8 359 

products, PFOA or PFOS, were found to be the main products.  360 

 361 

Fig. 5. here 362 

 363 
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When photo-activated ENMs are present with PrePFAAs in a body of water, they will 364 

affect not only the photolytic transformation rates of PrePFAAs, but also the generation rates 365 

and concentrations of the various intermediate reaction products. For instance, with nTiO2, the 366 

photolytic efficiencies of 8:2 FTSA and 8:2 FTOH were enhanced under simulated sunlight 367 

irradiation and more PFCAs were detected in the reaction solution. The concentration of 368 

PFOA formed from 8:2 FTSA was over 2 times higher than that without nTiO2. During 369 

photolysis of 8:2 FTOH with nTiO2, similar concentration of PFOA were produced. However, 370 

the concentrations of PFHpA and PFHxA were increased by three orders of magnitude, and 371 

the concentrations of PFPnA and PFBA were also increased by one or two orders of 372 

magnitude. In addition, PFCAs with different carbon chains (C4-C8) were detected in the 373 

SAmPAP/nTiO2 reaction solution with concentrations in the range of 102 to 103 nmol L-1. 374 

These concentrations were about 30 times higher than those in measured in the absence of 375 

nTiO2. Thus, it is clear that photolysis of suspensions of 8:2 FTOH or SAmPAP with nTiO2 in 376 

water under sunlight irradiation readily form PFCA. Similar results were observed in 377 

suspensions of 8:2 FTOH or SAmPAP with ZnO. When the 8:2 FTSA or 8:2 FTOH were 378 

irradiated in suspensions of Fe2O3, CuO, GO or MWCNTs, the final concentrations of most 379 

reaction products were similar, although their rates of production were different in the case of 380 

each ENM.  381 

Although the photolytic transformation rates for SAmPAP in the presence of the ENMs 382 

were much lower compared to photolysis in the absence of the ENMs (as shown in Fig. 2), 383 

the steady-state concentrations of the intermediate products found to be just slightly lower 384 

than those detected during photolysis in the absence of ENMs. Since SAmPAP has a 27 385 

backbone combined with 34 fluorines, there are clearly multiple steps involved leading to the 386 
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formation of PFOA, PFOS, and related PFAAs having carbon chains ≤ C8 (see Fig. S12). The 387 

initial transformations must involve multiple steps in order for the parent C27 molecule to be 388 

cleaved into PFAAs with carbon numbers >C8. The ENMs did not appear to inhibit rates of 389 

production or steady-state concentrations of C4 to C8 PFAAs that were detected. In some 390 

cases, the detected C4 and C5 PFCAs and PFCSs concentrations declined with the increase of 391 

photolysis time, which may be due to the photocatalytic impact of the ENMs.  392 

4. Conclusions 393 

In the present study, the photochemical transformation processes of three typical PrePFAAs 394 

in the presence of six ENMs under simulated sunlight irradiation were investigated. Based on 395 

our investigation, it is clear that the transformation of PrePFAAs into PFAAs is influenced by 396 

the photochemical activity of the studied ENMs. The direct photolysis rates of 8:2 FTSA and 397 

8:2 FTOH are found to be low, but photolytic conversion of SAmPAP is relatively facile. 398 

Furthermore, in suspensions of nTiO2, nZnO, nFe2O3, nCuO, GO and MWCNTs, the 399 

transformation rates of 8:2 FTSA and 8:2 FTOH were enhanced under simulated sunlight 400 

irradiation, while most of ENMs had inhibiting effects on the photolysis of SAmPAP. 401 

Photo-generated ROS on the surfaces of the ENMs play a key role in PrePFAAs 402 

decomposition. In addition, the photochemical transformation of PrePFAAs might be also 403 

related to the photo-stability, adsorption to surfaces, and photo-shielding effects. Meanwhile, 404 

these PrePFAAs could be transformed to PFOA or PFOS or other PFAAs products, and higher 405 

concentrations of PFAAs products were detected in the presence of most ENMs. 406 

Indeed, both the PrePFAAs and ENMs are widely used together in various industrial and 407 

commercial applications. With the rapid development of nanotechnology, the number of 408 

PrePFAAs/ENMs-containing industrial products on the market has increased. The PrePFAAs 409 
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and ENMs containing products are eventually released into the environment, and inevitably 410 

exposed to sunlight. The inherent photochemical properties of many ENMs will most likely 411 

affect the transport and transformation of PrePFAAs in water. Nevertheless, in the ambient 412 

water environment, various photolysis reactions may be more complicated due the various 413 

competing reaction pathways including the photoactivity of DOM, sorption to organic 414 

surfaces, biodegradation, and loss to the sediments. Meanwhile, the acceleration or inhibition 415 

effects of ENMs might be also influenced by the efficiency limitation of mass transfer, radical 416 

quenching or more complex components in the actual water environment. Anyway, when the 417 

PrePFAAs coexist with ENMs in water, part of these ENMs could accelerate the 418 

transformation from PrePFAAs to PFOA or/and PFOS with higher toxicity and longer 419 

half-life. Therefore, it is necessary to pay more attention to the photochemical transformation 420 

behavior of PrePFAAs coexisting with ENMs in water, and also focus more on the influence 421 

of actual environmental factors next. 422 
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Figure captions 
 

Fig. 1. (a) Molar absorptivity of 8:2 FTSA, 8:2 FTOH, SAmPAP, and emission spectra of 

simulated sunlight (Xenon lamp with AM 1.5G filter); (b) Diffuse reflection spectrum of six 

ENMs, including nTiO2, nZnO, nFe2O3, nCuO, GO and MWCNTs.  

Fig. 2. Transformation kinetics of three PrePFAAs (i.e., 8:2 FTSA, 8:2 FTOH and 

SAmPAP) in the presence of six ENMs (i.e., nTiO2, nZnO, nFe2O3, nCuO, GO and 

MWCNTs) under simulated sunlight irradiation.  

Fig. 3. EPR spectra of DMPO-•OH adducts in aqueous solution (a), DMPO-O2
•-adducts in 

methanol (b), and TEMP-1O2 adducts in aqueous solution (c) after ENMs suspensions were 

irradiated by simulated sunlight for 10 min. [DMPO] = 0.04 mol L-1, [TEMP] = 0.04 mol L-1 

and [ENMs]= 0.1 g L-1.  

Fig. 4. Concentrations of •OH, O2
•- and 1O2 generated by six ENMs (0.1 g L−1) under the 

irradiation of simulated sunlight for 10 min, and the transformation kinetic rates of three 

PrePFAAs under the irradiation of simulated sunlight when coexisting with six ENMs.  

Fig. 5. Concentrations of PrePFAAs photolysis products as a function of reaction time: (a–g) 

8:2 FTSA, (h–n) 8:2 FTOH, and (o–u) SAmPAP. The experiments were conducted using 10 

mg L−1 of PrePFAAs and 0.1 g L−1 of ENMs (i.e., nTiO2, nZnO, nFe2O3, nCuO, GO or 

MWCNTs under simulated sunlight irradiation conditions.  

 

 

 



 

Fig. 1. (a) Molar absorptivity of 8:2 FTSA, 8:2 FTOH, SAmPAP, and emission spectra of simulated 

sunlight (Xenon lamp with AM 1.5G filter); (b) Diffuse reflection spectrum of six ENMs, including 
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Fig. 2. Transformation kinetics of three PrePFAAs (i.e., 8:2 FTSA, 8:2 FTOH and 

SAmPAP) in the presence of six ENMs (i.e., nTiO2, nZnO, nFe2O3, nCuO, GO and 

MWCNTs) under simulated sunlight irradiation.  

 

  



 

 

Fig. 3. EPR spectra of DMPO-•OH adducts in aqueous solution (a), DMPO-O2
•-adducts in methanol 

(b), and TEMP-1O2 adducts in aqueous solution (c) after ENMs suspensions were irradiated by 

simulated sunlight for 10 min. [DMPO] = 0.04 mol L-1, [TEMP] = 0.04 mol L-1 and [ENMs]= 0.1 g 

L-1.  

 

  



 

 

 

Fig. 4. Concentrations of •OH, O2
•- and 1O2 generated by six ENMs (0.1 g L−1) under the 

irradiation of simulated sunlight for 10 min, and the transformation kinetic rates of three 

PrePFAAs under the irradiation of simulated sunlight when coexisting with six ENMs.  

 

 

  



 

 

Fig. 5. Concentrations of PrePFAAs photolysis products as a function of reaction time: (a–g) 8:2 

FTSA, (h–n) 8:2 FTOH, and (o–u) SAmPAP. The experiments were conducted using 10 mg L−1 

of PrePFAAs and 0.1 g L−1 of ENMs (i.e., nTiO2, nZnO, nFe2O3, nCuO, GO or MWCNTs under 

simulated sunlight irradiation conditions.  

 

 



Highlights 

� ENMs can promote or inhibit the photochemical transformation of PrePFAAs in 

water. 

� PrePFAAs could be transformed to PFOA or/and PFOS and other shorter chain 

PFAAs.  

� High concentrations of PFAAs products were detected in the presence of most 

ENMs. 

� Photo-generated ROS play major roles in photochemical transformation of 

PrePFAAs. 

� Photo-stability and photo-shielding of ENMs also affect transformation of 

PrePFAAs. 
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