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Abstract:  

Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that is toxic and bio-

accumulative. Previously, we used hydrated electrons (eaq
–) generated by the UV 

photolysis of nitrilotriacetic acid (NTA) to initiate the photoreductive decomposition of 

PFOS. However, due to the protonation of NTA and the scavenging effect of H+ on eaq
–, 

this process relies highly on alkaline conditions. Herein, we report on an enhanced UV 

photoreductive system based on FeⅡNTA, which results in the decomposition of PFOS 

at pH 8.0 under anoxic conditions. After 10 hours of photolysis, the degradation and 

defluorination efficiencies of PFOS in the UV/FeⅡNTA system were ~60% and 29.5%, 

respectively, with a pseudo first-order degradation rate constant of kobs = 0.081 h-1. 

Laser flash photolysis results combined with time-dependent density functional theory 

(TDDFT) calculations indicate that PFOS, Fe(H2O)6
2+, and NTA form a penta-

coordinated metal-ligand complex that undergoes a UV-induced directional electron 

transfer from FeⅡNTA to PFOS. PFOS decomposes via a mechanism that proceeds 

through a concerted photoinduced intramolecular charge transfer instead of direct 

attack by eaq
–. Model chelate studies show that the inherent properties of the transition 

metal ion and the electron-donating capabilities of the complexing ligands determine 

the efficiency for photoreductive electron transfer. A low apparent activation energy of 

4.74 kJ/mol over a broad pH range results in higher electron transfer efficiencies for 

UV/FeⅡNTA photolysis compared to photolysis initiated by un-complexed NTA. 

Keywords: Perfluorooctane sulfonate (PFOS); Photocatalysis; Reductive 

defluorination; Intramolecular electron transfer  



1. Introduction 

Per- and polyfluoroalkyl substances (PFASs, CnF2n+1−R) refer to a family of 

anthropogenic chemicals that most often contain a hydrophobic perfluoroalkyl chain 

and a hydrophilic functional end group. Due to their unique physico-chemica l 

properties, PFASs have been extensively produced and utilized in various industria l 

and commercial applications since the 1940s [1, 2]. More than 3000 PFASs are 

presently or previously on the global chemical market [3, 4]. The PFAS family of 

compounds show strong persistence, high bioaccumulation and toxicity, and pose long-

term risks to the environment, biota and humans [5, 6]. Perfluorooctane sulfona te 

(PFOS, C8F17SO3
−) is the first representative PFASs that was added to the Stockholm 

Convention on Persistent Organic Pollutants (POPs) in 2009. Due to the excellent 

physicochemical properties, such as the strong thermal and chemical stability, high 

surface activity, and the water- and oil-repellency, PFOS has been used in a wide variety 

of industrial and consumer applications (e.g. metal plating and cleaning, textile 

treatment, fire-fighting foams, semiconductor industry, and surface protectors in 

carpets, leather, paper, packaging, fabric, and upholstery) [2, 4]. Paul et al. estimated 

that ~ 45250 t PFOS was released to the environment between 1970−2012 from direct 

(manufacture, use, and consumer products) and indirect (PFOS precursors and/or 

impurities) sources [7]. However, in the past decade, increasing toxicologica l 

researches have shown that PFOS is related to epigenetic changes, developmenta l 

toxicity, immunotoxicity, hepatotoxicity, and endocrine disruption [5, 8, 9]. 

Additionally, because of the high bonding energy of C-F bond (485 kJ/mol) and strong 



electronegativity of fluorine (4.0), PFOS is extremely resistant to hydrolysis, pyrolys is, 

photolysis and biological degradation, which makes it highly persistent in the 

environment [2].With an oxidation potential higher than +2.0 V (vs. NHE) and a 

reduction potential lower than -1.3 V [10], PFOS is difficult to be effective ly 

decomposed by conventional water treatment technologies [11, 12].  

At present, advanced treatment technologies, such as photocatalysis [13], 

sonochemical degradation [14], zerovalent iron reduction in subcritical water [15], 

nanoscale bimetallic catalytic reduction [16], microwave decomposition [17], 

electrochemical treatment [18] and plasma chemical degradation [19], have been 

explored for PFOS decomposition. Among these alternatives, photoreduction via 

hydrated electron (eaq
–) production is attractive due to the reactivity and nucleophilic ity 

of eaq
– (E= –2.9 V), toward halogenated organic contaminants [20]. In a previous study, 

we reported on a photoreductive system for PFOS degradation using eaq
– released from 

photoactivated nitrilotriacetic acid (NTA), which was used as a benign sacrific ia l 

electron donor [21]. However, speciation of NTA depends on pH (i.e. pKa1 = 1.89, pKa2 

= 2.49, pKa3 = 9.73) and complete deprotonation is critical for the effective generation 

of eaq
–. As a consequence, the efficiency of UV/NTA photolysis depends greatly on pH 

(e.g. pH > 9.7), which may limit its potential engineering application [21]. In fact most 

photolytic systems generating eaq
– (e.g. UV/KI [22], UV/sulfite [23], UV/p-

benzoquinone [24], etc. [25]), require strong alkaline conditions to prevent the rapid 

consumption of eaq
– by protons. In addition, due to the low absorption coefficient of 

NTA at 254 nm, the transient yield of eaq
– by UV/NTA process is low [21]. Therefore, 



developing new approaches that can achieve effective degradation and defluorina t ion 

of PFOS under circumneutral conditions is desirable.  

For the past decades, transition-metal-catalyzed reaction has become a rapidly 

growing area of research due to the excellent properties of transition-metal ions in 

reversible ligation, electron transfer, light-harvesting, catalytic transformation and 

opening new reaction pathways [26-29].  Previous studies show that a dynamic 

Fe2+/Fe3+ redox cycle can enhance the photodecomposition of PFOS and PFOA under 

UV [30-32] and VUV [33, 34] illumination. However, Fe(H2O)6
2+ and Fe(H2O)6

3+ are 

only stable in very acidic conditions (pH<4). Under neutral or alkaline conditions, Fe2+ 

and Fe3+ ions are easy to precipitate in the form of oxyhydroxide iron species [35]. Thus, 

under normal condition in the absence of chelation, the catalytic effects of Fe2+/Fe3+ is 

only applicable at low pH [33, 36, 37]. Complexation of FeⅡ and FeⅢ with 

aminopolycarboxylic acids (APCAs) and carboxylates can extend the pH range for 

redox catalysis [38]. For example, NTA forms stable complexes with Fe2+ and Fe3+ [39, 

40]. Since FeⅡNTA and FeⅢNTA complexes are soluble over a wide pH range of 2-10 

[39], they can be potentially used as photocatalysts or photolytic sources of eaq
– under 

UV 254 illumination at circumneutral pH. Furthermore, depending on the specific 

chelating agents the oxidation-reduction potentials and photon absorption capacities of 

the metal-ligand complexes can be shifted [41]. The apparent catalytic effects of 

FeⅡNTA and FeⅢNTA redox have been explored for enhancing photo-Fenton oxidation 

[39], persulfate activation [42], cytochrome c reduction [43] and electro-Fenton 

reactions [44]. Moreover, the 2nd-order rate constant of FeⅡNTA with •OH at 



circumneutral pH (5.0×109 M-1∙s-1, pH=6.2) [45] is higher than Fe2+ + •OH (3.5×108 M-

1∙s-1, pH=4.5-6.2) [20] and NTA + •OH (5.5×108 M-1∙s-1, pH=6.0) [46], therefore 

FeⅡNTA may have a higher efficiency in preventing the geminate recombination of eaq
– 

with •OH.  

Given the enhanced photocatalytic potential of the Fe(Ⅱ/Ⅲ)-ligand complexes, we 

now explore the efficiency of UV/Fe-NTA system on the degradation and 

defluorination of PFOS. The novel photolytic system aims to realize efficient 

degradation and defluorination of PFOS under relatively mild conditions with eco-

friendly additives. Herein, we also report on the possible catalytic mechanism based on 

laser flash photolysis experiment, UV-Vis characterization, TDDFT calculations and 

on the variation of model chelating agents. The parametric effects of temperature, pH, 

FeⅡ/NTA molar ratios and actual FeⅡNTA concentrations are also reported.  

2. Materials and Methods 

2.1. Chemicals 

Perfluorooctanesulfonic acid (PFOS, ~40% in water), nitrilotriacetic acid 

trisodium salt (NTA, ≥98.0%), trisodium citrate (CA, ≥99.0%), HPLC grade 

ammonium acetate (99.99%) and methanol (≥99.99%) were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, Mo, USA). Ferrous sulfate heptahydrate (≥99.0%), 

ferric sulfate pentahydrate (≥97.0%), cobalt(Ⅱ) sulfate heptahydrate (≥99.5%), 

copper(Ⅱ) sulfate pentahydrate (≥99.0%), diethylenetriaminepentaacetic acid 

pentasodium salt (DTPA, ≥99.0%), iminodiacetic acid (IDA, ≥98.0%), methylglyc ine 

diacetic acid trisodium salt (MGDA, ≥99.0%), ammonium hydroxide solution (25%), 



ammonium chloride (≥99.8%), sodium hydroxide (≥96.0%) and hydrochloric acid 

(36.0%-38.0%) were obtained from Sinopharm Chemical Reagent Co. (Shangha i, 

China). Sodium perfluoro-1-[1,2,3,4-13C4]octanesulfonate (MPFOS, ≥99%, 13C4) used 

as the internal standard for the quantification of PFOS was acquired from Wellington 

Laboratories Inc. (Guelph, ON, Canada). Milli-Q water and deionized water were used 

throughout the whole experiment. 

2.2. Reductive defluorination 

The photoreductive degradation of PFOS was conducted under anoxic conditions 

in a stainless steel cylindrical reactor as reported previously [21] (Fig. S1, SI). The 

outer and inner diameters of the reactor were 100 mm and 60 mm, respectively. A low-

pressure mercury lamp (14 W, Heraeus, Germany) with quartz tube protection was 

placed in the center of the reactor, emitting 254 nm UV light. The incident photon 

intensity in this system was determined to be 2.17×10−6 Einstein L-1 s-1 by iodide/ioda te 

actinometry using the intrinsic quantum yield of 0.81 for iodide/iodate as a reference 

[47]. Solutions of FeⅡNTA were synthesized in a N2 atmosphere by mixing FeSO4 (0.3 

mM) and NTA (2 mM) in deoxygenated water for 30 mins. All FeⅡNTA solutions were 

freshly prepared each time before use. Then 720 mL solution containing PFOS (0.01 

mM) and FeⅡNTA was added to the reactor. Before the reaction, the mixture was 

bubbled with highly purified nitrogen for 30 mins. The initial solution pH was adjusted 

to desired values with 0.1 M HCl or NaOH. The study was carried out in the absence 

of acetate, phosphate or ammonium buffer to preclude any complexation with Fe ions. 

The reaction temperature was held constant at 30 oC by a circulating cooling system. 

javascript:void(0);


After various time intervals, samples of the liquid were analyzed after filtration through 

0.22 μm nylon filter (ANPEL Laboratory Technologies, Shanghai, China) or 

centrifugation. 

2.3. Analytical methods 

The concentrations of PFOS versus time were determined by high-performance 

liquid chromatography/tandem mass spectrometry (HPLC−MS/MS, TSQTM Quantum 

AccessTM, Thermo Finnigan, San Jose, CA, USA). The formation of fluoride was 

quantified by ion chromatography equipped with a conductivity detector (Dionex, ICS-

3000, Thermo Fisher Scientific, USA). More detailed information is available in the SI. 

2.4. Laser flash photolysis experiment and UV-Vis characterization 

Nanosecond laser flash photolysis for the detection of eaq
– was performed using an 

LP980 Edinburgh instrument (UK) with laser excitation at 266 nm from a Surelite I-10 

Q-Switched Nd:YAG laser (35 mJ). Components of the laser flash photolysis apparatus 

were as described by Jin et al. [48]. Detailed information about the instrument and 

experiment is available in the SI. 

The UV-Vis spectra were recorded at room temperature with a Shimadzu 

spectrophotometer (UV-1900i, Shimadzu, Japan). Samples containing FeⅡNTA were 

prepared in a glovebox (Super 1220/750/900, Mikrouna Co. Ltd., Shanghai, China) 

with deoxygenated Milli-Q water. 

2.5. DFT calculations 

The geometrical optimization was carried out at the B3LYP [49, 50]/6-31G(d) [51-

56] level with Grimme’s D3BJ empirical dispersion-corrected density fuctional theory 



(DFT) [57] using Gaussian16, Revision B.01 [58]. The time-dependent density 

fuctional theory (TDDFT) calculations were performed at the CAM-B3LYP[59]/6-

311G(d)[60] level with Grimme's D3 dispersion correction [61] to simulate the 

absorption spectra. Three different functionals, CAM-B3LYP, B3LYP and M062X [62] 

were compared with the experimental spectra to further analyze the electronic structure 

in the excited state. The CAM-B3LYP functional gave the best agreement with the 

measured spectra. The first 70 TDDFT excited states were simulated based on the 

optimized structure in the ground state. The hole-electron distribution was analyzed 

using Multiwfn [63] and the figures were rendered with VMD [64]. 

2.6. Calculations 

The PFOS degradation and defluorination ratios were calculated as follows: 

Degradation ratio =  
[PFOS]0−[PFOS]t

[PFOS]0
× 100%        (9) 

Defluorination ratio =  
[F−]t

[PFOS]0×17
× 100%          (10) 

where [PFOS]0 and [PFOS]t are the PFOS concentrations at the start of the reaction and 

at the irradiation time t, respectively. [F−]t refers to the concentration of fluoride ions at 

time t. 

  



3. Results and Discussion 

3.1. Photodegradation and defluorination of PFOS by UV/FeⅡNTA system 

The λ = 254 nm photochemical decomposition of PFOS was carried out at pH 8.0 

under anoxic conditions. In order to determine the synergistic effect of FeⅡ and NTA, 

three control experiments were conducted. The results are shown in Fig. 1. Since PFOS 

has no appreciable absorption at 254 nm [65], the direct photolysis of PFOS (the 3rd 

control experiment) was shown to be negligible. The 10-h degradation and 

defluorination ratios of PFOS were only 4.7% and 0.9%, respectively. Adding 0.3 mM 

Fe2+ (the 2nd control experiment) didn’t result in obvious increases in PFOS degradation 

and defluorination, which seems contradictory to the results of previous studies that 

Fe2+/Fe3+ cycle can effectively catalyze the photodecomposition of PFOS [30]. The 

inefficiency of Fe2+ in this study can be ascribed to three aspects. 1) Fe2+/Fe3+ is only 

stable in strong acidic condition [35], while at pH above 4-5 the catalytic reaction 

cannot proceed because of formation of inactive and insoluble iron precipitation. 2) The 

actual active Fe ion that can catalyze PFOS decomposition is Fe3+ and the complexation 

between Fe3+ and PFOS is a prerequisite [66]. The FeⅢ-PFOS complex undergoes 

photooxidation via a ligand-to-metal charge transfer (LMCT) process [30]. However, 

Fe2+, which cannot directly catalyze the photooxidation of PFOS, was used in this study. 

3) Decomposition of the transient PFOS radical after a LMCT requires the involvement 

of O2 and •OH [30], which were not present under the anoxic conditions. The recovery 

of Fe3+ from Fe2+ also requires O2 for a continuous catalysis of PFOS degradation [67].  

Therefore, Fe2+ cannot mediate the photodecomposition of PFOS under the 



aforementioned conditions.  

Addition of 2 mM NTA (1st control experiment) significantly accelerated the 

photodegradation of PFOS. The 10-h degradation and defluorination ratios of PFOS 

were 43.3% and 14.9%, respectively. The mechanism of UV/NTA system has been 

elucidated in our previous study [21]. However, compared with the strong alkaline 

condition, PFOS degradation and defluorination were significantly suppressed at pH 

8.0. For instance, the 10-h degradation and defluorination ratios of PFOS at pH 8.0 in 

this study were 2.0-fold and 3.1-fold, respectively, lower than those obtained at pH 10.0 

[21]. Therefore, the high efficiency of the UV/NTA photolytic system for degrading 

PFOS is limited by the requirement for high pH in potential scaled-up enginee r ing 

applications. 

Adding 0.3 mM Fe2+ to 2 mM NTA to form FeⅡNTA complex (the treatment 

experiment) enhanced the decomposition and degradation of PFOS at pH 8.0. The 10-

h PFOS degradation and defluorination ratios increased to 59.9% and 29.5%, 

respectively. PFOS degradation in the UV/FeⅡNTA system follows pseudo-first-order 

kinetics (Fig. S3, SI), with an observed rate constant kobs = 0.081 h-1, and a 

corresponding half-life time t1/2 = 8.6 h. The observed rate constant for PFOS 

decomposition in the UV/NTA system at pH 8.0 was only 0.055 h-1 (t1/2 = 12.6 h). The 

k, t1/2 values and energy consumption of some other treatments such as direct UV, 

UV/persulfate, UV/Fenton(Fe3+), sonolysis and electrolysis, are summarized in Table  

S1 in the SI. Overall, UV/FeⅡNTA system has a satisfactory performance and a 

moderate energy consumption of 120.4 kJ/μmol. Even though the UV/FeⅡNTA process 



has a lower PFOS degradation rate constant than UV/KI (0.18 h-1) and UV/sulfite (0.16 

h-1), it still has potential applications under circumneutral conditions, and causes 

relatively low secondary pollution risks. 

3.2. Mechanism of the photodegradation of PFOS by UV/FeⅡNTA system   

The photochemical experimental results indicate that UV/FeⅡNTA system has a 

good performance in PFOS degradation and defluorination under the weakly alkaline 

conditions (pH 8.0). According to the results of Jin et al., Fe3+ can mediate the 

decomposition of PFOS via a photocatalytic oxidation mechanism of LMCT [30]. 

Therefore, determination of the actual Fe speciation is critical to understand Fe-ligand 

photo-redox processes. The aqueous FeⅡ and Fe(total) concentrations were determined 

with a UNICO spectrophotometer (UV-2800, UNICO, USA) based on the 1,10-

phenanthroline method [68]. According to the results in Table. S2, SI, the majority of 

Fe (> 92%) was present as Fe2+ during the reaction process, suggesting that Fe2+ is the 

active species, which implies that PFOS undergoes decomposition via a potential 

photo-reductive pathway.  

Our previous study demonstrated that eaq
– plays a key role in the photoreductive 

decomposition of PFOS in UV/NTA system [21]. Furthermore, it has previously been 

shown that Fe ions could induce a redox reaction between Fe-NTA and a water as a 

ligand at λ = 254 nm, resulting in water dissociation and generation of radicals [69]. 

Therefore, we conducted a laser flash photolysis study to characterize eaq
–. The results 

are shown in Fig. 2. The transient absorption spectra of intermediates were obtained at 

10 nm intervals between 300 nm and 750 nm upon the photolysis of FeⅡNTA in N2 



saturated water (Fig. 2a). The broad optical absorption band with a peak at around 700 

nm is attributed to eaq
– according to previous theoretical [70] and experimental [71] 

characterizations. However, the absorption peak of eaq
– decayed quickly within 0.3-0.4 

μs, indicating that eaq
– was rapidly quenched. The decays of eaq

– in the presence of 

PFOS with different concentrations are shown in Fig. 2b. Adding PFOS accelerated the 

decay of eaq
–, and the decay rate increased with an increase in PFOS concentration. 

However, compared with the UV/NTA system, the impact of PFOS on eaq
– decay in 

UV/FeⅡNTA system was much smaller. For instance, the half-life of eaq
– in UV/FeⅡNTA 

system decreased by 1.39-fold and 1.52-fold, respectively, with the addition of 50 μM 

and 500 μM PFOS, whereas in UV/NTA system, it decreased by 1.84-fold and 2.9-fold, 

respectively, with the addition of 10 μM and 100 μM PFOS. This result implies that eaq
– 

may not be the only viable pathway responsible for PFOS decomposition in 

UV/FeⅡNTA system. This conclusion can be further supported by the eaq
– yield 

comparison under different conditions (Fig. 2c and 2d). In the UV/NTA system at pH 

10.0, the transient yield of eaq
– was much higher with a longer half-life, which makes 

UV/NTA system have a good performance under strong alkaline conditions [21]. 

However, at pH 8.0, the transient yield and the half-life of eaq
– both decreased 

dramatically (Fig. 2c) due to the protonation of NTA and the scavenging effect of H+. 

Therefore, UV/NTA system has a low efficiency under circumneutral conditions. 

However, compared with the UV/NTA system at pH 8.0, the generation of eaq
– in 

UV/FeⅡNTA system was even weaker (reflected by the half-life of eaq
–, which was only 

0.18 μs in UV/FeⅡNTA system in contrast to the 2.14 μs in UV/NTA system). Therefore, 



even though these two systems have comparable transient yields of eaq
– at pH 8.0, their 

steady-state concentrations of eaq
– differ a lot. These results mean that the photoinduced 

generation of eaq
– from NTA was greatly inhibited by the coordinated transition metal. 

A plausible explanation is that the generated eaq
– are easily trapped by the empty d 

orbitals of FeⅢ, thus leading to an efficient back reaction and a short half-life of eaq
–. 

Anyhow the weak generation and short half-life of eaq
– cannot explain the improved 

performance of UV/FeⅡNTA system compared to the UV/NTA system (Fig. 1), 

suggesting that eaq
– is not the primary pathway for PFOS decomposition in the 

UV/FeⅡNTA system. Other mechanisms should be taken into consideration. 

Furthermore, in order to gain insight, other metal-NTA complexes including CoⅡNTA, 

CuⅡNTA and FeⅢNTA were investigated for the photoinduced generation of eaq
–. These 

results are discussed in section 3.3.  

NTA is an APCA which contains three carboxylate groups bound to a nitrogen 

atom. APCAs have strong chelating effects with first-row transition metal ions. For 

instance, Fe-APCA complexes are commonly found in aqueous solution as monomeric 

or dimeric species, with the monomeric one dominant (>80%) [39]. Multi-denta te 

metal-ligand complexes can enhance the UV-Vis absorption of APCAs and extend their 

absorption spectra to longer wavelengths (Fig. S4a, SI). For instance, the absorbance 

of 10 mM NTA (pH 8.0) at λ = 254 nm is only 0.031, whereas the value increases to 

0.398 when complexed with 1.5 mM Fe2+. Therefore, metal-NTA complexation can 

significantly enhance the photon adsorption, which should increase the quantum yield 

of the overall photochemical process. Moreover, Fe2+ and Fe3+ are both octahedral 



coordinated, while NTA is a tetradentate ligand. So the coordination around Fe2+/Fe3+ 

is completed by two water molecules to form the FeⅡNTA or FeⅢNTA complex (Fig. 

S5, SI) [69]. In the pH range of 2-10, equilibrium exist among the protonated form, the 

monohydroxy anion, and the dihydroxy anion as shown in Fig. S5, SI [39]. However, 

when PFOS is present in the solution, the sulfonate group of PFOS has the potential to 

substitute for water or hydroxide in coordination spheres of Fe2+/Fe3+. Complexation of 

PFOS is actually detected in the UV-Vis spectra as illustrated in Fig. S4b, SI. When 

PFOS is added to the aqueous solution of FeⅡNTA, the UV absorbances over the 

wavelength range of 240-330 nm increased obviously. A shoulder at ~260 nm is 

consistent with a change in the coordination environment of FeⅡ due to ligand 

substitution by PFOS. Moreover, the absorption increases also suggest an enhanced 

photodetachment of the complex under 254 nm irradiation.  

Therefore, in order to further confirm the coordination geometry of the [PFOS, 

OH− and FeⅡNTA] complex and to investigate its photoexcitation under 254 nm 

irradiation, a density functional theory (DFT) calculation was carried out. The 

geometrically optimized structure of the [PFOS, FeⅡ, NTA] complex is shown in Fig. 

S6 in the SI. According to the calculated ΔGo, the pentacoordinated FeⅡ complex with 

the ligands PFOS and NTA is more stable compared to the hexacoordinated FeⅡ 

complex with PFOS, OH− and NTA as ligands. Furthermore, the sulfonate group serves 

a monodentate ligand on FeⅡ due to geometric limitations; bidentate coordination of the 

sulfonate group is prevented. Based on the pentacoordinated geometry of the [PFOS-

FeⅡ-NTA] complex, a TDDFT calculation was further carried out to characterize the 



photoexcitation, photoionization and charge transfer processes. As is shown in Fig. S7, 

SI, the simulated spectrum closely matches the experimental spectrum (Fig. S4b, SI). 

Both have an intense band at 200 nm and a shoulder at ~260 nm. A total of 70 excited 

states and their corresponding electronic transitions were computed. The computed 

spectrum contains three adjacent excited states >254 nm (257.80 nm, 279.34 nm and 

322.20 nm), corresponding to the excitations involving the MOs in the range of α-

HOMO to α-LUMO and β-HOMO to β-LUMO+1 (Fig. 3). These excited states along 

with the other two around 254 nm (243.5 nm and 248.9 nm) were summarized in Table  

S3, SI. The relevant MOs are shown in Fig. S8 in the SI. The nature of these excitations 

are interpreted on the basis of the orbital composition of the frontier MOs. In general, 

the HOMOs (α and β) of the complex are located in FeⅡ and NTA, and the LUMOs (α 

and β) are located in the antibonding orbitals in the PFOS region. This observation 

implies that all the above-mentioned excitations correspond to charge transfer from 

FeⅡNTA to PFOS. For instance, the excited state at 257.80 nm originates primarily from 

α-HOMO(185)→α-LUMO(186) (percentage contribution of 94.5%), which shows a 

significant FeⅡNTA→PFOS charge transfer character. Likewise, the β-HOMO(181)→β-

LUMO(182)/β-LUMO+1(183) transfers are consistent with a FeⅡ→PFOS MLCT. 

These excited states, especially the 257.8 nm, may play important roles in the 

photochemistry of UV 254 nm system. Gu et al. [23] suggested that after the electron 

was transferred to PFOS, it would prefer to localize in the molecular region cove ring 

the C4, C5, C6, C7 and C8 positions of PFOS (C8F17SO3
•2−). This consequent 

delocalization would provide a sufficient force to weaken C-C and C-F sigma bonds, 



which should result in PFOS dissociation. In addition to the frontier MOs, the hole -

electron distributions of three excited states (at 257.80 nm, 248.90 nm and 243.71 nm) 

are illustrated in Fig. S9, SI; they are also consistent with the frontier MOs analysis of 

electron transfer to PFOS with a hole vacancy remaining in the FeⅡNTA region after 

photoexcitation. 

Based on the results of the laser flash photolysis study, UV-Vis spectral 

characterizations and the TDDFT calculations, it is concluded that PFOS 

decomposition in UV/FeⅡNTA system occurs via a photoinduced intramolecular charge 

transfer mechanism instead of proceeding via direct ejection of eaq
–. PFOS, FeⅡ and 

NTA initially form a pentacoordinated complex, which allows for a photoexcited 

intramolecular electron transfer from the FeⅡNTA moiety to PFOS (Eq. 1). Then PFOS 

undergoes reductive degradation along with the oxidation of FeⅡNTA to form either 

FeⅢNTA or NTA oxidation products. 

PFOS + Fe2+ +NTA → [PFOS − FeⅡ −NTA] complex
hv
→ PFOS degradation  (1) 

3.3. Metal ligand effects 

In order to test the effect of other transition metal ions and multidentate chelating 

ligands, and to further explore the pathways and their activities, Co2+, Cu2+ and Fe3+ 

complexed with NTA, and Fe2+ complexed with DTPA, IDA, CA and MGDA were 

chosen to investigate structure-activity relationship of the model chelates in the 

mediation of the photodegradation of PFOS. The structural formulas of the ligands are 

shown in Table S4, SI. The results of the model chelate study are shown in Fig. 4.  

As can be seen in Fig. 4A, the transition metal ions show different effects in 



mediating the photodegradation and defluorination of PFOS. Compared with the 

UV/NTA system, FeⅡNTA and FeⅢNTA show obvious enhancement effects, whereas 

CoⅡNTA and CuⅡNTA have inhibitory effects. The overall comparable efficiencies of 

FeⅡNTA and FeⅢNTA can be attributed to the FeⅡ/FeⅢ redox cycle under UV 

irradiation. As discussed in section 3.2, FeⅡ is considered as the dominant active form 

in mediating the photodecomposition of PFOS. After the photoexcited charge transfer, 

FeⅡ was converted to FeⅢ, which can be rapidly reduced to FeⅡ in the presence of NTA 

under 254 nm irradiation [69]. Furthermore, along with FeⅡ, NTA contributes to the 

HOMOs of the [PFOS-FeⅡ-NTA] complex (Fig. S10, SI). Therefore, FeⅢ is also able 

to achieve a high efficiency in the presence of reductive ligands. The slightly higher 

efficiency of FeⅢ than FeⅡ in the initial phase may be ascribed to the stronger photon 

absorption of FeⅢNTA than FeⅡNTA at λ 254 nm (Fig. S4a, SI). CoⅡ slightly inhib ited 

the effect of NTA, while the inhibitory effect of CuⅡ was much clearer. These results 

were derived from the apparent negative effects of CuⅡ and CoⅡ on the generation of 

eaq
– (Fig. 2d). The transient yield and half-life of eaq

– in UV/CoⅡNTA system were 

much lower than in the UV/NTA system, while no discernable signal of eaq
– was 

observed in UV/CuⅡNTA system. Therefore, the decomposition of PFOS was partially 

suppressed due to the inefficient generation of eaq
–. On the other hand, although the 

effect of eaq
– was minimized, CoⅡNTA and CuⅡNTA may play a role in the 

intramolecular electron transfer process, especially in light of the strong photon 

absorption for CuⅡNTA(Fig. S4a, SI). However, the catalytic efficiencies of CoⅡ and 

CuⅡ were much lower than that of FeⅡ and FeⅢ, which was possibly derived from the 



nature of the transition metal ions. Hori et al. indicated that the activity of metals in 

enhancing PFOS decomposition in subcritical water follows an increasing order of no 

metal ≈ Al < Cu < Zn << Fe [15]. Bao et al. reported that Fe is most effective for C-F 

bond activation by forming an PFSAs-metal-H intermediates that resulted in a lowered 

potential energy surface of the corresponding transition state [72].  

In addition to the transition metal ions, the effects of the different ligands were 

also tested (Fig. 4). In general, except for MGDA, complexation of chelating ligands 

with FeⅡ improves the photoreaction efficiency. The relative enhancements in reactivity 

followed the order of DTPA > NTA > IDA > CA. This order may be due to the number 

of the electron donating groups in the ligands. As was previously discussed, the acetate 

and amine groups play important roles in UV/APCAs systems [21]. Similarly, the 

coordinated carboxylate groups and the amine group (N) contribute to the occupied 

MOs (αHOMO-2−αHOMO and βHOMO-2−βHOMO) of the [PFOS-FeⅡ-NTA] 

complex (Fig. S10, SI). Therefore, with more binding sites, DTPA and NTA have a 

greater MLLCT (FeⅡAPCAs→PFOS) capacity and resultant efficiency. However, 

MGDA showed a converse pattern compared to the other chelators in that MGDA had 

a higher efficiency than FeⅡMGDA complex in mediating the degradation and 

defluorination of PFOS. This phenomenon is due to the fact that the electron-donating 

effects of methyl group attached to the α-carbon of the amine in the MGDA molecule 

enhances the UV generation of eaq
–; therefore, the UV/MGDA system already has a 

relatively high efficiency. Furthermore, the methyl group impacts the complexation of 

MGDA with FeⅡ, which is illustrated by the lower stability constant for FeⅡMGDA. 



The metal-ligand bond strength may also influence the electron transfer process [43]. 

Thus, complexation of MGDA with FeⅡ did not enhance the observed efficiency of 

MGDA.  

The actual effect of a specific metal-ligand complex depends on the nature of the 

metal ions and the structure of the ligands. In some cases, complexation with metal ions 

decreases the relative photoreaction efficiency of the ligands. Complexes of FeⅡ/FeⅢ 

with the various APCAs with more donor moieties have higher efficiencies. The 

catalytic character of Fe and the improved MLLCT efficiency may play a crucial role. 

3.4. Influential experimental parameters 

3.4.1 Temperature 

The effect of temperature on the photodegradation and defluorination of PFOS in 

the UV/FeⅡNTA system is shown in Fig. S11 in the SI. Raising the temperature from 

30 oC to 50 oC slightly increases the degradation rate and defluorination extent of PFOS. 

The 10-h degradation ratios of PFOS at the temperature of 30 oC, 40 oC, 50 oC were 

59.9%, 60.3% and 63.2%, respectively; the 10-h defluorination ratios of PFOS were 

29.5%, 29.5% and 31.1%, respectively. The pseudo first-order rate constants at the 

different temperatures showed little variation (i.e. 0.081 h−1, 0.086 h−1 and 0.091 h−1, 

respectively, at 30 oC, 40 oC and 50 oC). The apparent activation energy was determined 

from an Arrhenius plot as shown in Fig. S11d, SI. Based on the temperature dependence 

of the measured rate constants, the overall apparent activation energy (Ea) was 

calculated to be 4.74 kJ/mol. The Ea value is much lower than those obtained in the 

photoreductive decomposition of PFOA in UV/KI system (59.54 kJ/mol) [73] and in 



the PFOA pyrolysis (154±11 kJ/mol) [74]. The observed Ea is lower than the activation 

energies of the eaq
– reactions, which lie in the range of 6-30 kJ/mol [20]. Buxton et al. 

indicated that diffusion controlled reactions of most solutes in water have activation 

energies between 10 to 18 kJ/mol [20]. These results further confirm that PFOS 

degradation in the UV/FeⅡNTA system may occur via intramolecular electron transfer, 

which saves the energy for electron solvation and its subsequent diffusion to the 

substrate. 

3.4.2 pH 

According to previous studies, pH is an important variable that impacts PFOS 

degradation. In the case of UV/NTA photolysis under acidic conditions, eaq
– is readily 

quenched by reaction with H+, and the increased extent of NTA protonation results in a 

decrease in the yield of eaq
– [21]. Therefore, efficient degradation and defluorination of 

PFOS in UV/NTA system occurs preferably at high pH. In contrast, as shown in Fig. 

S12A, SI, the highest efficiency observed in UV/FeⅡNTA system was obtained at pH 

8.0. For instance, as the initial solution pH increased from 5.0 to 8.0, the 10-h 

degradation ratio of PFOS increased from 34.0% to 59.9%; the 10-h defluorination ratio 

of PFOS increased from 17.0% to 29.5%. However, as pH increases from 8.0 to 10.0, 

a decrease in 10-h PFOS degradation ratio (from 59.9% to 48.0%) and a decrease in 

10-h PFOS defluorination ratio (from 29.5% to 25.8%) are observed. This effect can be 

attributed to the increasing [OH–] that leads to substitution of carboxylate ligand by 

hydroxide on the FeⅡNTA complex with the subsequent precipitation of FeⅡ as 

FeII(OH)2 (Ksp = 8×10-16) [42]. Therefore, different from the UV/NTA system, very 



alkaline conditions on the contrary reduce the degradation and defluorina t ion 

efficiencies of PFOS in UV/FeⅡNTA system. The optimum pH for UV/FeⅡNTA 

process was 8.0. Furthermore, the impact of pH for UV/FeⅡNTA system is not as 

significant as in the UV/NTA system. Weak acidic conditions (pH of 5.0 and 6.0) have 

moderate efficiencies. Therefore, UV/FeⅡNTA photolysis can be applied over a 

relatively broad pH range. These results also imply that UV/FeⅡNTA system has a 

different mechanism with UV/NTA system, by which the effect of proton is minimized.  

3.4.3 FeⅡ:NTA molar ratios and FeⅡNTA concentrations 

The effect of FeⅡ:NTA molar ratio was investigated by fixing the concentration of 

NTA at 2 mM and changing the FeⅡ concentration from 0.1 mM to 1.0 mM. The time 

profiles of PFOS degradation and defluorination at different FeⅡ:NTA molar ratios are 

illustrated in Fig. S12B in the SI. In general, the addition of FeⅡ over the range of 0.1-

1.0 mM enhanced PFOS degradation and defluorination compared with the UV/NTA 

system, except that 1.0 mM FeⅡ resulted in a slight inhibition of PFOS degradation. 

However, the highest PFOS degradation and defluorination efficiencies were obtained 

with the FeⅡ:NTA ratio of 0.3/2.0. This is because as the reaction proceeded, the 

chelating ligand was also consumed. When the chelator was in excess over FeⅡ, the free 

chelator could recapture the metal ions released from the destroyed L-Fe chelate, avoid 

iron precipitation and guarantee the photoreductive reaction proceed continuously. In 

addition, NTA can also effectively reduce FeⅢ back to FeⅡ under UV irradiation [69], 

thus accelerating the FeⅢ/FeⅡ redox cycle. Therefore, excess NTA which serves as the 

sacrificial electron donor, is needed for continuous PFOS defluorination. The optimal 



FeⅡ:NTA ratio in the present study was 0.3/2.0. 

In addition, the effect of FeⅡNTA concentration was investigated. As is shown in 

Fig. S12C in the SI, a doubling of [FeⅡNTA] accelerated PFOS degradation and 

defluorination, but the relative enhancement was not as significant as observed in the 

UV/NTA/PFOS system [21], especially during the initial stages of photolysis. This is 

because during the early stage of photolysis, [FeⅡNTA] was in excess of [PFOS], thus 

limiting the capacity of FeⅡNTA to bind PFOS. This result is consistent with the 

proposed mechanism that the photoinduced intramolecular electron transfer is the rate 

limiting step leading to PFOS degradation in this UV/FeⅡNTA system instead of 

production of eaq
–. 

4. Conclusions and Implications 

As a potent nucleophile, eaq
– has been shown to be effective in the photolyt ic 

reductive decomposition of recalcitrant organic pollutants such as PFOS. However, due 

to competitive back and side reactions, the eaq
– can react with any electron acceptor. In 

order to increase the steady-state concentration of eaq
–, high energy inputs or extreme 

conditions are required. They include raising reaction temperature [25], applying high 

photon fluxes [23] and the need for alkaline conditions [21]. The UV/FeⅡNTA system, 

developed as a novel photoreductive process for PFOS degradation, extends the pH 

range for application from the usual highly alkaline conditions down toward 

circumneutral pH. Meanwhile, by the coordination of FeⅡ, a linkage is constructed 

between the electron donor and acceptor, which allows the occurrence of a 

photoinduced intramolecular charge transfer and thereby increases the electron 



selectivity. Compared with the eaq
– photoreduction process, photoinduced 

intramolecular charge transfer process has a lower activation energy, a wider pH range 

for application and a higher electron transfer efficiency. A comparison between 

UV/FeⅡNTA and UV/NTA system is shown in Table S5, SI. Considering that the 

photocatalytic activity of metal-ligand complexes depends on the specific metal ion 

employed and the donating capability of the coordinating ligands, designing more 

efficient chelates as the photocatalyst is desirable.  

Mixed redox state metal-ligand complexes such as the FeⅡ/FeⅢ-APCAs have been 

widely used in photo-Fenton and electro-Fenton systems to activate H2O2 or persulfate 

in various advanced oxidation processes (AOPs). The present study indicates that 

FeⅡ/FeⅢ-APCAs can also be used to catalyze the photoreduction of PFOS in the 

absence of oxygen. Therefore, combined or sequential reactors can be further employed 

in a treatment train process [75], in which the reduction or oxidation can be easily 

operated by controlling the gas-phase atmosphere and by adding specific reductants or 

oxidants. In such cases, the reductive and oxidative processes are employed 

synergistically for targeted pollution control, for example, of PFAS, in order to effect 

total mineralization. 
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Figure Captions 

Fig. 1. The time profiles of PFOS degradation (a) and defluorination (b) under different 

conditions. The treatment experiment: PFOS (0.01 mM), FeⅡNTA (FeⅡ: 0.3 mM; NTA: 

2 mM), UV irradiation, N2 saturated, pH (8.0); the 1st control experiment: PFOS (0.01 

mM), NTA (2 mM); UV irradiation, N2 saturated, pH (8.0); the 2nd control experiment: 

PFOS (0.01 mM), Fe2+ (0.3 mM), UV irradiation, N2 saturated, pH (8.0); the 3rd control 

experiment: PFOS (0.01 mM), UV irradiation, N2 saturated, pH (8.0). Error bars 

represent standard deviations of triplicate assays. 

Fig. 2. (a) Transient absorption spectra following the laser flash photolysis of 1.5 mM 

FeⅡ complexed with 10 mM NTA at pH 8.0. (b) Decay of eaq
– detected at 700 nm in 

FeⅡNTA system in the presence of PFOS with different concentrations. The transient 

absorption curves were also fitted. (c) Transient absorption curve recorded at 700 nm 

under different conditions. The concentrations of the metal ions and NTA were 1.5 mM 

and 10 mM, respectively. The initial pH of the metal-NTA solutions were all adjusted 

to 8.0. (d) The partially enlarged view of (c). 

Fig. 3. TDDFT simulated spectrum of the pentacoordinated [PFOS-FeⅡ-NTA] complex 

and the electron transitions in the excited states, which are listed in Table S3. Isosurface 

plots of the frontier MOs computed at 0.05 au. 

Fig. 4. The time profiles of PFOS degradation (a) and defluorination (b) in the presence 

of various model chelates: metal ions (Fe2+, Fe3+, Co2+ or Cu2+: 0.3 mM), model ligands 

(NTA, DTPA, IDA, CA or MGDA: 2 mM), PFOS (0.01 mM), UV irradiation, N2 

saturated, pH (8.0). 



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.  

 

☐The authors declare the following financial interests/personal relationships which 

may be considered as potential competing interests:  

 

 

 

 

 

 

 



 

Highlights 

UV/FeⅡNTA system decomposes PFOS effectively under circumneutral conditions. 

A concerted photoinduced intramolecular charge transfer mechanism is involved. 

The properties of metal ions and ligands determine the photocatalytic efficiency.  

A higher electron transfer efficiency is obtained than eaq
– reduction.  

 

 



 

Fig. 1. The time profiles of PFOS degradation (a) and defluorination (b) under different conditions. 

The treatment experiment: PFOS (0.01 mM), FeⅡNTA (FeⅡ: 0.3 mM; NTA: 2 mM), UV irradiation, 

N2 saturated, pH (8.0); the 1st control experiment: PFOS (0.01 mM), NTA (2 mM); UV irradiation, 

N2 saturated, pH (8.0); the 2nd control experiment: PFOS (0.01 mM), Fe2+ (0.3 mM), UV irradiation, 

N2 saturated, pH (8.0); the 3rd control experiment: PFOS (0.01 mM), UV irradiation, N2 saturated, 

pH (8.0). Error bars represent standard deviations of triplicate assays. 

 



 

Fig. 2. (a) Transient absorption spectra following the laser flash photolysis of 1.5 mM FeⅡ 

complexed with 10 mM NTA at pH 8.0. (b) Decay of eaq
– detected at 700 nm in FeⅡNTA system in 

the presence of PFOS with different concentrations. The transient absorption curves were also fitted. 

(c) Transient absorption curve recorded at 700 nm under different conditions. The concentrations of 

the metal ions and NTA were 1.5 mM and 10 mM, respectively. The initial pH of the metal-NTA 

solutions were all adjusted to 8.0. (d) The partially enlarged view of (c).  



 

Fig. 3. TDDFT simulated spectrum of the pentacoordinated [PFOS-FeⅡ-NTA] complex and the 

electron transitions in the excited states, which are listed in Table S3. Isosurface plots of the frontier 

MOs computed at 0.05 au.
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Fig. 4. The time profiles of PFOS degradation (a) and defluorination (b) in the presence of various 

model chelates: metal ions (Fe2+, Fe3+, Co2+ or Cu2+: 0.3 mM), model ligands (NTA, DTPA, IDA, 

CA or MGDA: 2 mM), PFOS (0.01 mM), UV irradiation, N2 saturated, pH (8.0). 

 


