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ABSTRACT:  Perfluorooctanesulfonic acid (PFOS) decomposition in an aqueous environment 7 

remains a huge challenge because of its extreme chemical and biological inertness even when 8 

compared with other per- and polyfluoroalkyl substances (PFAS). In this work, we demonstrate 9 

for the first time a successful photochemical PFOS degradation by irradiation with 254 nm 10 

ultraviolet (UV) light after adsorption on µm-sized Fe(III)-loaded zeolites under ambient 11 

conditions with oxygen (O2) as the terminal oxidant. 20 µM PFOS loaded on 0.5 g L-1 Fe-zeolites 12 

in aqueous suspension was degraded up to 99% within 96 h under acidic conditions (pH ≤ 5.5) in 13 

the presence of oxygen. Besides fluoride and sulfate, short-chain perfluorinated carboxylic acids 14 

(PFCAs) were identified and quantified as products. In addition, the effects of initial pH, catalyst 15 

dosages, and operation temperature on the degradation of PFOS were investigated. We also 16 

successfully applied the system to real groundwater samples where trace PFOS was present. Our 17 

results indicate that PFOS degradation is initiated by electron transfer from sulfonate to iron. The 18 
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presented experimental study offers an option for a novel water remediation technology, 19 

comprising first a zeolite-based adsorption step followed by a step for photochemical regeneration 20 

of the adsorbent.  21 

1. Introduction 22 

Perfluorooctanesulfonic acid (PFOS) is one of the most important per- and polyfluoroalkyl 23 

substances (PFAS) being widely used in manufacturing industrial and consumer products,1 such 24 

as fire retardants, high-temperature lubricants, waterproof textiles, and Teflon-related products.2 25 

PFOS has been found to be globally distributed in aquatic and terrestrial environments3 and also 26 

in many organisms.4, 5 Several studies suggest that the exposure to PFOS over certain levels may 27 

result in harmful health effects in humans and animals, i.e. liver and kidney toxicity, cardiotoxicity, 28 

reproductive toxicity and neurotoxicity.6-9 Even though production and use of the extremely 29 

persistent PFOS was phased out after the compound was added to Annex B of the Stockholm 30 

Convention, the risk of human exposure due to accumulation in marine systems and 31 

contaminations in groundwater used for drinking water production will continue to exist for 32 

decades.10  33 

PFOS is resistant to most of the conventional reduction/oxidation processes and biological 34 

degradation due to its strong C-F bonds.11 Advanced oxidation processes (AOPs) are ineffective 35 

as PFAS have negligible reactivity with hydroxyl radicals,12 the main reactant in AOPs.13 36 

Destruction of perfluorinated carboxylic acids (PFCAs) was achieved in persulfate systems 37 

activated by heat or UV irradiation, but PFOS was found inert to such approaches.14 Although 38 

there is substantial published research on the degradation of PFCAs, e.g., perfluorooctanoic acid 39 

(PFOA), studies on the degradation of PFOS remain rather limited. The reason is that degradation 40 

of PFOS is an even greater challenge than that of PFCAs. 41 
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There are two major approaches reported to be effective in the degradation of PFOS. First, the 42 

reductive pathway using hydrated electrons (eaq
-) as reactive species, generated by UV photolysis 43 

of potassium iodide,15 sodium sulfite,16 or indole acetic acid.17 However, the generation of 44 

hydrated electrons requires alkaline and anaerobic conditions, and furthermore, the produced 45 

byproducts have the potential to contaminate the treated water. Alternatively, PFOS can be 46 

degraded electrochemically, e.g. at boron-doped diamond (BDD) electrodes. It has been reported 47 

that the oxidation of PFOS is initiated by direct electron transfer from PFOS to the anode,18 after 48 

which a sequence of radical and hydrolysis reactions can take place. However, a significant 49 

shortcoming of this process is its low space-time-yield, in particular for highly diluted water 50 

fluxes.18 In summary, there is an urgent need to develop a method for decomposing PFOS 51 

ecologically and economically under feasible and practically available conditions.  52 

Nowadays, UV irradiation is becoming more and more widespread as a method for disinfecting 53 

drinking, waste, and feed waters.19 Unfortunately, PFOS has almost no absorbance in the UV range 54 

and cannot be directly photolyzed by UV light.20 This obstacle can be overcome using coordination 55 

complexes which interact with photons of artificial UV or solar light giving rise to their 56 

photodecomposition. For instance, it has been reported that PFOS can be complexed with ferric 57 

ions to form [PFOS-Fe]2+ (eq 1). The complex can be excited under vacuum-ultraviolet (VUV, 58 

185 nm) or ultraviolet-C (UV-C, 254 nm) irradiation to produce ferrous ions and C8F17SO3∙ via 59 

ligand-to-metal electron transfer (eq 2).21  60 

C8F17SO3
-  +  Fe3+                  

�⎯⎯⎯�  [C8F17SO3-Fe]2+    (1) 

[C8F17SO3-Fe]2+      UV- C    
�⎯⎯⎯⎯⎯⎯� C8F17SO3∙ + Fe2+                                                                          (2) 

Desulfurization of C8F17SO3∙  yields perfluorinated alkyl radicals, which may react with oxygen 61 

or hydroxyl radicals to be further decomposed. However, the shortcomings of this ferric-ion-62 
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mediated photodecomposition of PFOS in homogeneous systems are obvious: (i) the operational 63 

pH range is restricted to pH ≤ 3, (ii) reaction rates are low, and  (iii) the reaction is probably 64 

vulnerable to the real water matrix22 so an additional pre-enrichment of PFOS is desirable.  65 

In the present study, a complementary combination of efficient PFOS adsorption on 66 

commercially available µm-sized Fe(III)-loaded BEA-type zeolite particles (Fe-BEA35, details 67 

see the SI) and photo-oxidation under UV-C irradiation is proposed. This overcomes several issues 68 

of the existing PFOS degradation techniques. The Fe-BEA35 zeolite was characterized in detail 69 

and first applied for photochemical degradation of PFOA using UV-A light in our previous study.23 70 

Nevertheless, PFOS is known as more persistent than perfluorocarboxylic acids as it is, e.g., 71 

unreactive in e-transfer by sulfate radicals. In this study we show for the first time that PFOS is 72 

degraded using these microscale Fe-zeolite particles when irradiated with UV-C light and identify 73 

the operation steps and conditions for its complete mineralization. Thanks to the high adsorption 74 

affinity toward PFOS, Fe-BEA35 can act as an efficient adsorbent for this contaminant, whereby 75 

the ferric ions embedded in the zeolites possess desirable coordination and catalytic abilities while 76 

being much less vulnerable to the surrounding water matrix. Furthermore, the effects of pH, zeolite 77 

dosages, and operation temperature on degradation of PFOS are investigated in this work. Our 78 

study shows for the first time that this heterogeneous system works successfully in real 79 

groundwater. Furthermore, it can be operated in a wider pH range (up to pH 5.5) than the 80 

homogeneous process. The findings in this study offer a promising new strategy for remediation 81 

of water containing low concentrations of PFOS. 82 

2. Experimental Section 83 

  Detailed information on chemicals, materials, photochemical procedures, and analyses is 84 

described in the Supporting Information (SI). For a typical photochemical PFOS degradation, a 85 
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350-mL reaction suspension containing certain amounts of Fe-zeolites and PFOS was loaded in a 86 

closed-system reactor. A low-pressure mercury lamp (254 nm, 20 W) was used for all reactions. 87 

Details about the reactor setup and the groundwater sample treatment are shown in Figures S1 and 88 

S2. In this study, the desulfurization ratio (𝑑𝑑SO42−) and defluorination ratio (𝑑𝑑F−) are calculated as 89 

follows: 90 

𝑑𝑑SO42− = 
CSO42−

C0
 × 100%       (3) 

𝑑𝑑F−  = CF−

17×C0
 × 100%       (4) 

where CSO42− is the sulfate concentration (µM), CF− is the fluoride concentration (µM), and C0  is 91 

the initial concentration of PFOS (µM). The factor 17 is the number of fluorine atoms in one PFOS 92 

molecule. A complete desulfonation and defluorination of PFOS would yield  𝑑𝑑SO42− and 𝑑𝑑F−  of 93 

100%, respectively. 94 

3. Result and Discussion 95 

3.1. Degradation of PFOS by UV. A typical reaction suspension contained 0.5 g L-1 Fe-BEA35 96 

and C0,PFOS = 20 μM with initial pH0 = 3.0. Under these conditions, after a 24-h equilibration PFOS 97 

was predominantly in the adsorbed state (98%) before start of the irradiation. Thus, the initial 98 

loading of PFOS on the zeolite was 19.6 mg g-1 (Table S1). In order to follow the total 99 

concentration of PFOS (including adsorbed and freely dissolved fraction), an extraction step was 100 

performed as described in the SI. After a 96-h UV-C irradiation, up to 99% of total initial PFOS 101 

was decomposed with 𝑑𝑑F−  = 69% and 𝑑𝑑SO42−= 99% (Figure 1). In order to reveal the key factor 102 

causing the high degradation degree in the system, control experiments under the same conditions 103 

with (i) neither Fe-BEA35 nor other iron sources, and (ii) dissolved ferric ions but no zeolites were 104 

performed. As shown in Figure 1, only little degradation of PFOS (6%) occurred after a 96-h UV-105 
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C irradiation in the systems in the absence of zeolites and in the absence of iron sources, indicating 106 

almost no direct photolysis of PFOS. This is not unexpected, as previous studies confirmed that 107 

PFOS exhibits no significant adsorption in the UV-C range.20 Therefore, significant PFOS 108 

degradation due to direct photolysis can be ruled out. In the second control experiment, the PFOS 109 

degradation performance in a homogeneous system containing 200 µM dissolved ferric ions at pH 110 

3.0 was tested. It is known that PFOS can form complexes with ferric ions in aqueous solution 111 

(PFOS-Fe3+), which can then be decomposed under UV-C irradiation and contribute to PFOS 112 

degradation.21 With dissolved ferric ions, 69% of the initial PFOS was decomposed, and 𝑑𝑑F−  = 113 

18% was achieved within 96 h. The lower PFOS degradation (69% in 96 h vs 92% in 24 h) in the 114 

homogeneous system strongly suggests that the presence of Fe-BEA35 was responsible for the 115 

high PFOS degradation performance in the heterogeneous system. We assume that the adsorption 116 

of PFOS to the zeolite is a precondition for photochemical degradation. The fractions of adsorbed 117 

PFOS (Xsorb) and freely dissolved PFOS (Xfree) can be described as follows: 118 

Xsorb = 1 - Xfree (5) 

Xfree = CPFOS,free / CPFOS,total (6) 

where CPFOS,free and CPFOS,total are the freely dissolved PFOS and total extractable PFOS 119 

concentrations, respectively. Similar to our previous study,23 it is reasonable to hypothesize the 120 

complex formation as a prerequisite for photochemical PFOS degradation according to eq 7 and 121 

8: 122 

C8F17SO3
-  + Fe3+-zeolite 

                 
�⎯⎯⎯�  [C8F17SO3-Fe]2+-zeolite         (7) 

[C8F17SO3-Fe]2+-zeolite
     UV- C    
�⎯⎯⎯⎯⎯⎯� C8F17SO3∙ + Fe2+-zeolite (8) 

Based upon this mechanism, a first-order rate equation can be derived 123 
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d𝐶𝐶PFOS
dt

= - k · 𝐶𝐶[C8F17SO3-Fe]2+-zeolite  = - k · Xcomplex · C PFOS,total =  

 - 𝑘𝑘obs,PFOS  · C PFOS,total                                    
(9) 

where Xcomplex is the fraction of PFOS in reactive complexes. While the overall degree of sorption 124 

Xsorb is experimentally obtained, Xcomplex cannot be easily determined. Hence, we integrate it in the 125 

observable rate coefficient 𝑘𝑘obs,PFOS = k · Xcomplex. The initial reaction period (0 – 24 h) can be 126 

well fitted by a first-order kinetics (Figure S3). However, the reaction slows down at high turnover 127 

(>92% at t >24 h). The influence of PFOS concentration on the rate coefficients together with 128 

possible reasons are discussed in detail in Section 3.3. 129 

In order to understand the PFOS photochemical degradation pathways and underlying 130 

mechanisms better, intermediate products were investigated. No sulfur-containing compounds 131 

other than PFOS and sulfate were detected, and almost full sulfur mass recovery (98%) was 132 

obtained, suggesting that the C-S bond of the PFOS anion was cut and sulfate was subsequently 133 

produced. Apart from fluoride and sulfate, seven perfluorinated carboxylic acids (PFCAs) with 2 134 

to 8 carbon atoms (named C2 to C8, respectively) were detected and quantified by LC/MS and IC 135 

analysis.  136 

The concentration profiles of the PFOS intermediates along the reaction time are shown in 137 

Figure 2 (a). The concentrations of C5, C4, and C3 passed maxima at 6, 24, and 72 h, respectively, 138 

and decreased subsequently, while the concentration of C2 increased continuously over the whole 139 

reaction time. In addition, the early reaction stages (0 to 6 h) were investigated in more detail 140 

(Figure S4). It is worth noting that the concentrations of the initially produced C8, C7, C6, and C5 141 

were relatively low, indicating that the reactivity of carboxylates with longer chains (≥C5) is higher 142 

than that of PFOS in the presence of Fe-BEA35. Taking the two C8 compounds, sulfonate vs 143 

carboxylate, as an example, two batch experiments were performed containing PFOA and PFOS 144 
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separately (Figure S5). By fitting the degradation curves using first-order kinetics (eq 9), around 145 

8 times higher kobs of PFOA than that of PFOS was observed under the same conditions. Overall, 146 

the reaction pattern indicates that cleavage of the C-S bond in the PFOS molecule yields PFOA, 147 

which is decomposed stepwise toward shorter-chain PFCAs. The possible reason for the 148 

continuous increase of C2 is that this very polar compound is not likely to be adsorbed by zeolites 149 

but rather to be released from the zeolites instead, as shown in Figure S6 and also discussed in the 150 

next section.  151 

Figure 2 (b) shows the fluorine mass balance during the degradation of PFOS. The fluorine 152 

sources are grouped into four categories: the remaining PFOS, C5 to C8 PFCAs, C2 to C4 PFCAs, 153 

and fluoride. After a 24-h adsorption, a total fluorine (i.e., PFOS) recovery of (94 ± 2)% was 154 

achieved by acetonitrile (ACN) extraction (see the SI). The small but significant deficit of (6 ± 2)% 155 

points to strong or partially irreversible bonding between Fe-BEA35 and PFOS. After irradiation 156 

for 96 h, the final recovery of fluorine in the form of various fluorine-containing products was (92 157 

± 3)%, which indicates a largely complete PFOS conversion. Nevertheless, the incomplete fluorine 158 

mass balance during the reaction (at 6, 24, and 48 h) indicates the following: (i) formation of some 159 

undetected fluorine-containing intermediates, which finally were converted to PFCAs and fluoride 160 

(at 72 and 96 h), and (ii) formation of some strongly bound intermediates, which cannot be 161 

thoroughly extracted but remained reactive. In addition, traces (<0.1% of the converted PFOS) of 162 

highly volatile 1H-perfluoroalkanes (CnF2n+1H) were detected in the gas phase (Table S2). 163 

In spite of the almost complete PFOS degradation (99%), 𝑑𝑑F−= 69% indicates an only partial 164 

mineralization, whereas some short-chain PFCAs survived. This is in accordance with our 165 

previous findings on PFOA degradation in the Fe-zeolite/UV system.23 Shorter-chain PFCAs 166 

(≤4 C) show a low adsorption degree at the applied zeolite concentration, i.e. they desorb into the 167 
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solution phase instead of being further degraded. To confirm that a complete mineralization of 168 

PFOS can finally be obtained, the solution phase of the 96 h UV irradiated Fe-zeolite suspension 169 

was further treated by UV activation of sodium persulfate (Na2S2O8), which was added in five 170 

steps (8.4 mM each) every 2 h. As shown in Figure S7, the remaining short-chain PFCAs were 171 

nearly completely decomposed (C2 >93%, C3 and C4 >98% removal degree) after 10 h. A nearly 172 

complete defluorination (𝑑𝑑F−  = 89%) of PFOS was achieved (Figure S8). To sum up, a complete 173 

PFOS degradation and defluorination can be achieved in three steps: (i) in the first step, PFOS is 174 

removed from water by adsorption on the separable zeolite adsorbent, (ii) the adsorbed (and thus 175 

enriched) PFOS can be photochemically degraded on Fe-zeolites, and the adsorbent is “ reactively 176 

regenerated”, and (iii) in the third step, UV/persulfate is applied in order to generate sulfate radicals 177 

(SO4
-·), which are nonreactive toward PFOS but are able to degrade the remaining PFCAs.14 This 178 

three-step approach is promising for the treatment of PFOS when aiming at its complete 179 

mineralization. 180 

3.2. Effect of pH on Photochemical Degradation of PFOS. As discussed above, the addition of 181 

Fe-BEA35 can greatly enhance the photochemical degradation of PFOS. For practical wastewater 182 

treatment, further influential factors of the water matrix must be considered, e.g., the pH value. 183 

Therefore, we investigated the photochemical degradation of PFOS at various initial pH 184 

conditions, i.e., pH0 = 3.0, 5.5 and 7.0, as shown in Figure 3 (a), (b), and (c). Compared to pH 5.5 185 

(the native pH value of the 0.5 g L-1 zeolite suspension with 20 µM PFOS), degradation rate, 186 

defluorination, and desulfurization efficiencies were notably improved at pH 3.0. The kobs,PFOS 187 

increased from 0.033 h-1 to 0.10 h-1, and the half-life was shortened from 21 to 7 h (Table S1). 188 

Within a 96-h irradiation, nearly complete PFOS degradation could be achieved at both pH values 189 

of 3.0 and 5.5, but a higher 𝑑𝑑F−  was obtained at pH 3.0 (69%) compared to that at pH 5.5 (56%). 190 
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The lower defluorination ratio at pH 5.5 is due to lower reaction rates of the formed PFCA 191 

intermediates. Their concentration profile along the reaction time at pH0 = 5.5 is presented in 192 

Figure S9. Under these conditions, the concentration of C4 plateaued at t ≥ 72 h, whereas the 193 

concentration of C3 and C2 increased continuously over the whole reaction time. In contrast, at 194 

pH0 = 3.0, the concentrations of both C4 and C3 decreased after they passed their maxima (Figure 195 

2(a)). One possible reason for the observed pH effect is that the acidic conditions (pH = 3.0) can 196 

promote the adsorption of the PFAS on zeolite, as already observed and discussed in our previous 197 

study.23 Table S1 shows the percentages of the PFOS fraction adsorbed on the zeolite (Xsorb) at pH 198 

3.0 and pH 5.5, which are 98% and 84%, corresponding to PFOS loadings on the zeolite of 19.6 mg 199 

g-1 and 16.8 mg g-1, respectively. A similar pattern was observed in PFCAs adsorption on zeolite, 200 

as shown in Figure S6. At both pH values, decreasing Xsorb was found for PFCAs with decreasing 201 

chain lengths, but still higher Xsorb was achieved at pH 3.0 for all PFCAs. In fact, PFOS is nearly 202 

exclusively present in its anionic form under all relevant pH conditions due to its very low pKa 203 

value (<0).24 It is reasonable to assume that the adsorption of PFOS on zeolites is regulated by the 204 

combined effect of hydrophobic interactions between the zeolite surface and the perfluoroalkyl 205 

chain and electrostatic interactions.25-27 The latter comprise interactions of the terminal R-SO3
- 206 

group, which are repulsive with silanol or Si-O-Al- groups of the zeolite surface and attractive with 207 

Fe3+ bound to ion-exchange sites of the zeolite. When pH decreases from 5.5 to 3.0, the density of 208 

negative surface charges on zeolites causing repulsive interactions is diminished, and adsorption 209 

of PFOS is promoted.  210 

When the pH was further increased to 7, the degradation, defluorination, and desulfurization 211 

efficiencies were strongly inhibited (Figure 3). However, the adsorption of PFOS on zeolites did 212 

not decrease significantly (see Table S1) in the range of pH 5.5 to 7. We therefore relate the 213 
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reduced PFOS degradation efficiency at pH 7 to the altered Xcomplex/Xsorb, i.e., the fraction of 214 

complexed (reactive) PFOS related to total adsorbed PFOS on the zeolite. As illustrated in 215 

Figure 4, the adsorbed PFOS on Fe-BEA35 can be classified into two categories: the 216 

nonspecifically adsorbed PFOS and the complexed PFOS (specifically adsorbed PFOS). Upon 217 

irradiation, the sulfonate-to-metal charge transfer takes place on the complexed PFOS with its 218 

sulfonic group very close to the ferric ions, whereas this charge transfer is hindered on the 219 

nonspecifically adsorbed PFOS due to the larger gap between its sulfonic group and the ferric ions. 220 

As ferric ions have a high affinity to hydroxide ions,28 a lower fraction of the complexed PFOS or 221 

a higher nonspecifically adsorbed fraction of PFOS can be expected when pH increases. To sum 222 

up, a hampered PFOS photochemical degradation upon pH increase was caused by a decreased 223 

fraction of complexed PFOS (PFOS-Fe3+) and/or a possibly altered ligand environment at the ferric 224 

sites where OH- ligands replace H2O.  225 

3.3. Effect of Zeolite Dosage and PFOS Concentration. When the proportion of the Fe-BEA35 226 

dosage and initial PFOS concentration were kept constant, kobs,PFOS and 𝑑𝑑F−  both remained nearly 227 

the same with Fe-BEA35 dosages from 0.25 g L-1 to 1.0 g L-1 and initial PFOA concentrations 228 

from 10 µM to 40 µM (Figure 5 and Table 1).  229 

With a constant Fe-BEA35 dosage of 0.5 g L-1, the kobs,PFOS and 𝑑𝑑F−  underwent only a minor 230 

decrease when the initial PFOS concentration was reduced from 20 µM to 10 µM. However, when 231 

considering PFOS concentrations in the range of real contaminated water (46 nM total PFOS, 232 

corresponding to CPFOS,free = 0.25 nM), a significant decline in kobs,PFOS  was observed, 233 

approximately by a factor of 7 (Table 1). In fact, a deceleration of the reaction and 0.4 µM total 234 

remaining PFOS was found in the system with initially 20 µM PFOS after a 96-h irradiation, also 235 

suggesting that a lower kobs, PFOS would appear when low PFOS concentrations are reached. The 236 
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possible reason is that even if the Fe-BEA35 dosage is constant and a similar Xsorb is achieved at 237 

different PFOS concentrations, the PFOS loading on the zeolite (𝑞𝑞PFOS) is strongly decreased at 238 

lower PFOS concentrations, and a much higher single-point sorption coefficient (Kd = 𝑞𝑞PFOS/ 239 

CPFOS,free) is observed (Table 1). As a result, a lower Xcomplex/Xsorb ratio is likely expected with a 240 

lower PFOS concentration, due to the increase of some strongly but non-Fe bonded adsorbates 241 

(nonspecifically adsorbed PFOS). That is to say, the Xcomplex/Xsorb apparently decreases not only 242 

with increasing pH (as discussed in Section 3.2) but also at lower PFOS concentrations. 243 

To sum up, increasing the zeolite concentration to a certain extent while keeping the ratio of 244 

zeolite dosage to the PFOS initial concentration constant will not influence the reaction rate, 245 

making it possible to modify the zeolite concentration for application. The overall reaction rate 246 

decreases at a very low initial PFOS concentration. In practice, a preconcentration of PFOS should 247 

be provided in order to make the best use of the established Fe-BEA35/UV system with a high 248 

PFOS degradation rate. 249 

3.4. Effect of Operation Temperature. Increasing temperature would improve chemical reaction 250 

rates in most cases, but enhanced temperatures are rarely practical in wastewater treatment due to 251 

energy efficiency considerations.29 Nevertheless, there is a potential to apply photochemical 252 

degradation of PFOS under solar light where the UV fraction of solar light can be utilized for 253 

driving the photochemical reaction and the higher wavelength fractions for heating up the 254 

suspension. The main purposes of performing this experiment with elevated temperatures are to (i) 255 

test whether PFOS photochemical degradation and defluorination can be significantly enhanced at 256 

higher temperatures and (ii) shed light on the mechanistic aspect of the photochemical degradation 257 

process. As seen in Figure 6 (a) and Table 1, both kobs,PFOS and the defluorination ratio were only 258 

slightly enhanced when reaction temperature was increased from 25 ℃ to 80 ℃ (by factor 1.3 in 259 
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kobs,PFOS ). We also observed that the initial PFOS adsorption on zeolite is identical at both 260 

temperatures. This is most likely a response to various superimposing effects. Briefly, elevated 261 

temperatures in the scale tested do not strongly facilitate the photochemical degradation of PFOS. 262 

Such results are in accordance with the photon efficiency of the excitation of the PFOS-Fe3+ 263 

complex as the rate-limiting factor for the photochemical degradation of PFOS. 264 

3.5. Real water test. We have demonstrated a successful and efficient photochemical PFOS 265 

degradation by UV-C irradiation after adsorption on Fe-doped zeolites in simple reactors. However, 266 

for complex matrices of water containing PFOS, like real ground and surface waters, the 267 

degradation behavior of PFOS is unknown and thus worthy of investigation. In this study, a 268 

groundwater sample was taken from a well located in Leuna, Germany, for testing. Leuna is a 269 

former refinery site near Merseburg in the eastern part of Germany. The groundwater sample 270 

contains 9.2 nM of PFOS. In addition, other organic compounds, e.g., methyl tert-butyl ether (1.9 271 

mg L-1) and benzene (3.5 mg L-1), were detected in the sample. The detailed chemical composition 272 

is presented in Table S3. Due to the very low PFOS concentration in the groundwater sample, 273 

preconcentration by zeolite adsorption as described in the SI was performed prior to the reaction. 274 

The initial total concentration of PFOS in the zeolite suspension was 46 nM after preconcentration. 275 

For comparison, a synthetic water sample with the same PFOS concentration (46 nM) was 276 

prepared. Apart from the decreased kobs,PFOS caused by the lower PFOS concentration as discussed 277 

in the previous section, the results in Figure 6 (b) and Table 1 show that the degradation 278 

performance of PFOS in the groundwater sample is comparable to that in the synthetic water 279 

sample with the identical initial PFOS concentration or even slightly better. Nevertheless, a further 280 

preconcentration of PFOS concentration is feasible for the improvement of the degradation 281 

behavior. Our previous study about the effect of inorganic ions on PFOA photochemical 282 
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degradation indicates that sulfate may interfere with the complexation between PFOA and ferric 283 

ions and thus reducing the reaction rate.23 Such an inhibiting effect was not observed in the 284 

groundwater sample even though inorganic ions including sulfate were present (CSO4
2-= 5.6 mM). 285 

Overall, a certain PFOS enrichment by Fe-BEA35 from a groundwater sample was achieved, and 286 

the photochemical PFOS degradation process established seems applicable to a real water matrix. 287 

3.6. Reusability Test. From the perspective of practical applications, catalyst stability and 288 

reusability are important issues that must be considered. The stability test of Fe-zeolites was 289 

evaluated by degrading PFOS in a recycling experimental setup as described in the SI. As shown 290 

in Figure S10, the catalyst activity showed a slightly decreasing tendency, but around 90% of its 291 

initial activity was maintained with respect to the remaining PFOS percentage in the fourth 292 

consecutive run. Two reasons are plausible for the observed decrease in the catalytic performance: 293 

(i) hardly avoidable mass losses of the catalyst particles during the reusability test and (ii) a certain 294 

carryover of adsorbed PFOS as well as its degradation products during the runs. Nevertheless, the 295 

inherent catalyst activity will not be affected for either of these two reasons. The results of the 296 

recycling test demonstrate the good stability of Fe-BEA35 and the potential for application. 297 

3.7. Considerations of Energy Demand. In terms of practical application, energy demand is an 298 

important issue that must be considered. The specific energy consumption (SEC) for 90% PFOS 299 

degradation in contaminated water without an enrichment step was calculated to be 468 kWh m-3 300 

based on the fluence rate of the photochemical reactor with a 1.1 cm optical path length.30 301 

Comparing our system with other PFOS degradation processes, e.g., the BDD-based 302 

electrochemical system, the SEC for 90% PFOS degradation was reported as 20 kWh m-3.31 303 

Apparently, the Fe-zeolite-based photocatalytic system is a highly energy demanding PFOS 304 

treatment method. However, thanks to Fe-zeolites’ high adsorption affinity toward PFOS, most 305 
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water can be discharged after desired PFOS depletion. In such a two-step system, the contribution 306 

of SEC for the photocatalytic PFOS destruction as the main driver for energy consumption would 307 

be much lower (approximately 47 or 4.7 kWh m-3 treated water by assuming a 90 or 99% water 308 

disposal). Nevertheless, this energy demand alone corresponds to a contribution of ≥ 1 €/m³, to 309 

total operation costs. For the currently prevailing large-scale PFAS removal technologies, i.e. 310 

activated carbon adsorption, ion exchange and reverse osmosis, full operation treatment costs in 311 

the range of 0.5 – 0.9 € m-3, 0.8 – 1.7 € m-3 and 1.7 – 2.2 € m-3 were reported for the example of 312 

groundwater pump-and-treat units.32 This comparison illustrates that further material and process 313 

optimization is required for the Fe-zeolite-based photocatalysis system in order to improve energy 314 

efficiency and expected operation costs. The present study should be understood as a proof-of-315 

principle for a combined adsorption/photocatalysis approach that not only removes PFAS from 316 

water but facilitates their on-site destruction and adsorbent regeneration. More detailed discussion 317 

about energy demand and practical application can be found in the SI. 318 

3.8. Possible Pathways of Photochemical Degradation of PFOS. Several reaction pathways of 319 

photochemical degradation of PFOS have been investigated in the literature.21, 23, 33-36 Based on 320 

the literature study and our experimental results, a possible reaction mechanism is proposed in 321 

Scheme 1. First, PFOS is specifically adsorbed on Fe3+ sites, forming PFOS-Fe3+ complexes (eq 322 

7). After the excitation under UV irradiation, the Fe3+ complexes are oxidized via a sulfonate-to-323 

metal electron transfer process to produce C8F17SO3∙ (eq. 8).21 A similar electron transfer step is 324 

proposed in ferric ion mediated photodecomposition and electrochemical oxidation of PFOS in 325 

previous studies.21, 37 The loss of one electron leads to a stretching of the C-S bond, thus easing 326 

the desulfurization when reacting with water, yielding perfluorinated alkyl radicals (•C8F17) and 327 

sulfate anions (eq 10).  328 



 16 

C8F17SO3∙ + H2O
                 
�⎯⎯⎯⎯⎯� C8F17∙ + SO4

2-+ 2H+ (10) 

The fate of the •C8F17 radical is determined by a number of radical reactions and hydrolysis steps, 329 

further detailed in the SI. They are the same for PFOS and PFOA decomposition, regardless of the 330 

initial headgroup. In addition, the reduced iron sites (Fe2+) will be reoxidized by oxygen or 331 

hydroxyl radicals in order to close the photocatalytic cycle (eq 11 and 12). Hydroxyl radicals may 332 

be formed during the photolysis of water and ferric species under UV irradiation (eq 13).38  333 

Fe2+-zeolite + O2
                      
�⎯⎯⎯⎯⎯⎯⎯� Fe3+-zeolite + ∙O2

-  (11) 

Fe2+-zeolite + ∙OH  
                      
�⎯⎯⎯⎯⎯⎯⎯� Fe3+-zeolite + OH- (12) 

Fe3+-zeolite + H2O  
       UV       
�⎯⎯⎯⎯⎯� Fe2+-zeolite + ∙OH + H+ (13) 

4. ENVIRONMENTAL IMPLICATIONS.  334 

The idea of using Fe-zeolites as both adsorbent and photocatalyst enables an efficient 335 

technological approach for PFOS removal and degradation as well as on-site sorbent regeneration. 336 

In the first step, PFOS is removed from the large volume of incoming water by adsorption onto 337 

the Fe-zeolites, which can be separated, e.g., by filtration. In the second step, the concentrate of 338 

the loaded zeolite particles can be regenerated in situ by photochemical degradation with UV-C 339 

irradiation. The resulting byproducts, i.e., short-chain PFCAs, are desorbed into the aqueous phase. 340 

Their complete mineralization can be achieved in the regeneration solution (third step) by 341 

combination with UV activation of sodium persulfate. The Fe-zeolite, as a separable adsorbent, is 342 

able to catalyze not only PFOS but also PFOA degradation in the adsorbed state. Thus, our findings 343 

are relevant for the following: (i) the development of adsorptive PFAS removal technologies 344 

combined with on-site adsorbent regeneration; (ii) inspiring PFAS removal approaches based on 345 
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other Fe-loaded catalysts; and (iii) providing suggestions for future studies on material 346 

optimization, reactor, and process design. 347 

 348 
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Table 1. Adsorption and Kinetic Data on PFOS Degradation with Varying Initial PFOS and Zeolite Concentrations f 360 

f At pH0=3.0, oxygen atmosphere, T = 25°C if not otherwise noted. 361 

 362 

 363 

 364 

 
0.25 g L-1 zeolite 

10 µM PFOS 
0.5 g L-1 zeolite 
20 µM PFOS 

1.0 g L-1 zeolite 
40 µM PFOS 

0.5 g L-1 zeolite 
10 µM PFOS 

0.5 g L-1 zeolite 
0.046 µM 

PFOS 

0.5 g L-1 zeolite 
0.046 µM PFOS 

in real water 

0.5 g L-1 zeolite 
20 µM PFOS at 

80 ℃ 
Xsorb, PFOS (%)  96.6 98.6 99.2 98.9 99.6 99.5 98.8  

CPFOS,free (µM) 0.34 0.28 0.33 0.11 0.00019 0.00025 0.25 

qPFOS (wt%) a 1.92 1.96 1.98 0.99 0.0046 0.0046 1.96 

Kd (L kg-1) b 11×104 14×104 12×104 19×104 47×104 36×104 15×104 

𝒅𝒅𝑭𝑭− after 96 h (%) 60 69 70 66 - c - 72 

𝒌𝒌𝐨𝐨𝐨𝐨𝐨𝐨,𝐏𝐏𝐏𝐏𝐏𝐏𝐏𝐏 (h-1) 0.067±0.013d 0.10±0.02 0.13±0.02 0.095±0.024 0.013±0.002 0.020±0.002 0.13±0.05 

PFOS t1/2 (h) 10±2 7±1 5±1 7±1 54±6 34±5 5±1 

a Sorbent loading. 
b Single point adsorption coefficient Kd (L kg-1) = qPFOS (µmol kg-1)/CPFOS,free (µmol L-1). 
c Not available. 
d The error ranges are derived from the regression analysis of the data. 
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 365 

Figure 1. Comparison of PFOS degradation and product formation in three experiments: (i) UV 366 

alone, (ii) UV and ferric ions, and (iii) UV and Fe-BEA35. C0,PFOS = 20 µM, pH0 = 3.0, oxygen 367 

atmosphere, 0.5 g L-1 Fe-BEA35 (1.3 wt% Fe in zeolites), and C0,Fe3+ = 200 µM, where applied. 368 

Error ranges stand for the standard deviations of the results from triplicate assays. Lines serve as 369 

guides for the eye. 370 

 371 

 372 

 373 

 374 

 375 



 20 

 376 

Figure 2. (a) Formation of short-chain PFCA intermediates, fluoride and sulfate during 377 

photochemical degradation of PFOS and (b) fluorine mass balance during photochemical 378 

degradation of PFOS. The 0-h mass balance represents fluorine detected as PFOS in zeolite 379 

suspension by ACN extraction before the start of irradiation. The 96-h mass balance represents 380 

fluorine detected as fluoride and C2 to C4 PFCAs in aqueous phase and C5 to C8 PFCAs and 381 

PFOS by ACN extraction. 0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, pH0 = 3.0, oxygen atmosphere.  382 

Error ranges stand for the standard deviations of the results from triplicate assays in Figure 2(a). 383 

The cumulative error is shown in Figure 1 (b). Lines serve as guides for the eye. 384 
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 385 

Figure 3. Degradation of PFOS under UV-C irradiation at various initial pH values. Time course 386 

of (a) residual PFOS concentration; (b) defluorination ratios (𝑑𝑑F−), and (c) desulfurization ratios 387 

(𝑑𝑑SO42−). 0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, oxygen atmosphere. Error ranges stand for the 388 

standard deviations of the results from triplicate assays. Lines serve as guides for the eye. 389 
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 390 

Figure 4. Schematic diagram of PFOS configurations on Fe-BEA35 with and without specific 391 

adsorption. The term “complexed PFOS” means the specifically adsorbed PFOS at ferric ions. 392 

 393 

 394 
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 395 
 396 

Figure 5. Degradation of PFOS under UV-C irradiation: (a) in the presence of various zeolite 397 

dosages and (b) with various initial PFOS concentrations. pH0 = 3.0, oxygen atmosphere. Error 398 

ranges stand for the standard deviations of the results from triplicate assays. Lines serve as guides 399 

for the eye. 400 

 401 

 402 

 403 



 24 

 404 

Figure 6. Degradation of PFOS under UV-C irradiation: (a) at different operation temperatures, 405 

C0,PFOS = 20 µM and (b) in a real groundwater sample and synthetic water samples with various 406 

initial PFOS concentrations. 0.5 g L-1 Fe-BEA35, pH0 = 3.0, oxygen atmosphere. Error ranges 407 

stand for the standard deviations of the results from triplicate assays. Lines serve as guides for the 408 

eye. 409 

 410 

 411 

 412 
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 413 

 414 

Scheme 1. Proposed reaction mechanism for PFOS photochemical degradation on Fe-BEA35. 415 

Detailed radical reactions and hydrolysis steps are presented in SI. 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 
 424 
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