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Abstract 

The present thesis is aiming at developing novel techniques for treating perfluoroalkyl acids 

(PFAAs) in water. It is a huge challenge to treat PFAAs in aqueous environment due to their low 

concentrations (ng L-1 to g L-1) and high resistance to biological and chemical degradation. To 

tackle this challenge, combining pre-enrichment and degradation processes can provide promising 

solutions. Three different pathways were studied in the present thesis to treat PFAAs after pre-

enrichment on zeolites. A novel photochemical degradation approach of perfluorooctanoic acid 

(PFOA) under UV-A irradiation after adsorption on Fe-doped zeolites with molecular oxygen as 

the terminal oxidant has been established for the first time. Zeolite-bound iron species were 

proposed to offer catalytic sites for carboxylate-to-metal charge transfer activated by UV-A as 

initial step of PFOA degradation. The Fe-zeolite photocatalytic system was further applied for the 

even more resistant perfluorooctanesulfonic acid (PFOS). After adsorption on Fe-zeolite, UV-C 

irradiation was required to trigger its photochemical degradation and fully mineralize the short-

chain byproducts after introduction of sodium persulfate. The activation of sodium persulfate can 

be alternatively achieved by heat to treat PFOA pre-loaded on BEA zeolites. A complete PFOA 

mineralization was realized in the presence of zeolites. The effects of reaction conditions, such as 

reaction pH and coexisting inorganic ions were investigated for all three established systems as 

well as the long-term stability. The Fe-zeolite photocatalytic system designed for PFOS and heat-

activated persulfate/zeolite system for PFOA were successfully applied to real ground water 

samples containing trace-level PFAAs. These findings of the thesis provide efficient strategies for 

treatment of water containing highly recalcitrant trace amounts of PFAAs, which can inspire 

remediation techniques for water contaminated by other micropollutants as well. 
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Kurzreferat 

Die vorliegende Arbeit zielt darauf ab, neuartige Techniken zur Entfernung von 

Perfluoralkylsäuren (PFAAs) aus Wasser zu entwickeln. Die Behandlung von PFAA-

Kontaminationen in Wasser stellt aufgrund ihrer geringen Konzentrationen (ng l-1 bis g l-1) und 

ihrer hohen Resistenz gegenüber biologischem und chemischem Abbau eine große 

Herausforderung dar. Eine vielversprechende Lösung bietet die Kombination aus 

Voranreicherungs- und Abbauprozessen. In der vorliegenden Arbeit wurden drei verschiedene 

Wege zur Behandlung von PFAAs nach Adsorption in Zeolithen untersucht. Ein neuartiger 

photochemischer Ansatz zum Abbau von Perfluoroctansäure (PFOA) unter UV-A-Bestrahlung, 

nach Adsorption an Fe-dotierten Zeolithen, mit molekularem Sauerstoff als terminalem 

Oxidationsmittel wurde erstmals etabliert. Die vorliegenden Ergebnisse weisen darauf hin, dass 

Zeolith-gebundene Eisenspezies katalytische Zentren für den durch UV-A aktivierten Carboxylat-

zu-Metall-Ladungstransfer bieten, welcher für den PFOA-Abbau verantwortlich ist. Des Weiteren 

wurde das photokatalytische System aus Fe-Zeolithen auch für die noch persistentere 

Perfluoroctansulfonsäure (PFOS) angewendet. Um den photochemischen Abbau nach der 

Adsorption an Fe-Zeolithen, zu initiieren, war eine UV-C-Bestrahlung erforderlich, sowie die 

Einführung von Natriumpersulfat, um die kurzkettigen Nebenprodukte vollständig zu 

mineralisieren. Die Aktivierung von Natriumpersulfat kann alternativ auch thermisch erreicht 

werden. Eine vollständige PFOA-Mineralisierung wurde in Gegenwart von Zeolithen realisiert. 

Die Auswirkungen der Reaktionsbedingungen, wie pH-Wert und vorliegende anorganische Ionen, 

wurden für alle drei etablierten Systeme untersucht, ebenso wie die Langzeitstabilität. Das für 

PFOS entwickelte Fe-Zeolith-Photokatalysatorsystem und das durch Hitze aktivierte 

Persulfat/Zeolith-System für PFOA wurden erfolgreich auf reale Grundwasserproben angewendet, 



 

 

die PFAAs im Spurenbereich enthielten. Die Ergebnisse dieser Arbeit liefern effiziente Strategien 

für die Behandlung von Wasser, das geringe Mengen von hochgradig persistenten PFAAs enthält, 

und können als Inspiration für Sanierungsverfahren für Wasser dienen, das auch mit anderen 

Mikroverunreinigungen kontaminiert ist. 
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1 Introduction 

Water is essential for all life on earth. Only 2.5% of all water sources on earth can be regarded 

as freshwater, whose majority exists in form of ice and permanent snow and thus is not available 

for direct use. Currently, only 0.3% of freshwater is easily accessible by human beings [1]. With 

the development of production activity of humankind, industrial wastewater and sanitary sewage 

are discharged into natural water, causing serious environmental pollution. The discharged 

pollutants are ranged from traditional persistent organic pollutants (POPs), e.g., polychlorinated 

biphenyls (PCBs), to emerging contaminants in the categories of pesticides, pharmaceuticals, 

surfactants, and personal care products. Per- and polyfluoroalkyl substances (PFAS) are among 

the emerging POPs which have drawn much attention in last decades as they are frequently 

detected in groundwaters, sediments, animals and even human beings globally [2-4]. Recent 

studies show that the exposure of PFAS at certain levels may cause adverse effects on human 

health. Even though production and application of PFAS was currently restricted, the risk of 

human exposure due to accumulation in marine systems and contaminations in groundwater used 

for drinking water production will continue to exist for decades [5]. 

The PFAS are reported to slip through the wastewater treatment plants and end up in the treated 

water [2]. Treatment of PFAS in the environment is a huge challenge due to the following reasons. 

Firstly, the PFAS are resistant to most conventional reduction and oxidation processes as well as 

biological degradation due to the strong C-F bonds [6]. For instance, PFAS are practically inert to 

hydroxyl radicals as they do not contain C-H bonds available for H abstraction [7] so that many 

∙OH-based advanced oxidation strategies fail to degrade PFAS. Secondly, PFAS concentrations in 

the water bodies are rather low, i.e., usually at the ng L-1 to µg L-1 level [8]. Treating trace amount 

of PFAS in complex water matrices is particularly difficult. Thus, there is an urgent need for 

development of novel technologies which can i) enrich trace-level PFAS from complex water 

matrices; ii) degrade PFAS efficiently and cost-effectively. 

Extensive research within the last two decades focused on various strategies for PFAS 

degradation which in general require harsh conditions. Reductive degradation has been 

investigated for PFAS treatment in recent years. During various reductive processes, active 

reducing species are typically yielded, e.g., hydrated electrons from UV photolysis of iodide, 

sulfite, and indole acetic acid [9]. The hydrated electrons can directly interact with C-F bonds 

yielding fluoride ions. Electrochemical degradation is another technique for PFAS treatment 
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receiving growing research interest recently, in which PFAS can be directly oxidized on various 

types of anodes [10, 11]. These PFAS degradation technologies can fully or partially degrade 

PFAS within acceptable time, showing promising results. Nevertheless, such technologies still 

face certain practical limitations: i) relatively high energy demands and/or operation costs; ii) low 

space-time yield, in particular for low concentrations in large water fluxes. 

The proper materials assisting PFAS treatment should: i) possess high adsorption affinity 

towards PFAS to effectively enrich it from complex water matrix; ii) be stable during a 

regeneration process and allow in-situ PFAS degradation. For instance, activated carbon and 

carbon nanotubes are typical adsorbents used in PFAS treatment [12, 13]. Yet the stability of 

carbon-based adsorbents remains uncertain during various degradation/regeneration processes, 

e.g., hydrated electron-based reductive processes, activated persulfate processes, and 

electrochemical processes. Except carbon-based material, zeolites, i.e., microporous minerals with 

certain framework structures, are also commonly applied as adsorbents and/or catalysts. In recent 

years, zeolites are frequently being utilized in wastewater treatment, e.g., for adsorptive removal 

of PFAS. But the catalytic properties of certain types of zeolite for PFAS degradation have not yet 

been investigated.  

Perfluoroalkyl acids (PFAAs) are a subgroup of PFAS. PFAAs such as perfluorooctanoic acid 

(PFOA) and perfluorooctanesulfonic acid (PFOS) draw much attention recently as they were 

frequently detected in the environment. The present thesis is aiming at contributing to the field of 

PFAAs removal/degradation techniques based on trap & treat principle. We use zeolite as both 

adsorbent and catalyst, which opens the design of novel approaches for PFAAs treatment. A 

feasible process scheme typically consists of the following steps: in the first step, PFAAs is 

removed from water by adsorption to zeolite fixed bed or dispersed zeolite that can then be 

separated by microfiltration. In the second step, the loaded zeolite particles can be regenerated in 

situ by various techniques: UV-A / UV-C irradiation for PFOA and PFOS degradation (Fe-zeolite); 

Heat-activated persulfate for PFOA degradation (Beta zeolite). Overall, a combination of PFAAs 

adsorptive enrichment and degradation by applying related types of zeolite can be realized, which 

is promising for the treatment of this highly recalcitrant trace level contaminant. 
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2 Background  

2.1 Introduction to PFAAs 

PFAAs are emerging persistent organic pollutants (POPs), which have drawn much attention in 

last decades as they are reported to be not eliminated in wastewater treatment plants [14]. The 

increasing interests in PFAAs in the environment can be seen from the number of published papers 

from 1997 to 2020 provided by Web of Science index in Figure 1. 

 

Figure 1. Number of published papers by searching key words “environmental” and “perfluorinated” in 

Web of Science (01.02.2021). 

PFAAs are a family of synthetic chemicals, initially developed by the 3M Company. One 

characteristic of PFAAs is that all of hydrogen atoms in PFAAs are replaced by fluorine atoms. 

The common chemical state of fluorine in the environment is in metal salts, e.g., cryolite (Na2AlF6), 

fluorspar (CaF2), and fluorapatite (Ca5F(PO4)3) [15] or in dissolved state as fluoride (F-). The 

natural fluorination of hydrocarbons rarely happens in the environment, as the formation of carbon 

fluorine bonds in biological systems needs extremely high energy input. Hence, all the PFAAs and 

other organic chemicals found in the environment that contain carbon fluorine bonds are of 

anthropogenic origin [16]. 

The carbon fluorine bond has a high bond energy and polarity. In addition, the carbon fluorine 

bond is getting stronger with the increasing fluorination degree as shown in Table 1 [13]. When 

all the hydrogen atoms are replaced by fluorine atoms in the hydrocarbon, these carbon fluorine 

bonds will contribute to the high chemical and thermal stabilities of molecules.  
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Table 1. Carbon fluorine bond length and strength in various fluorocarbon structures [13]. 

 Bond Length  

(Å) 

Bond Strength  

(kJ mol-1) 

H3C-H 1.11 422 

H3C-F 1.385 448 

H2FC-F 1.358 458 

HF2C-F 1.332 479 

F3C-F 1.317 485 

 

The molecular weight, boiling point, heat of vaporization, and surface tension comparison of 

perfluoroalkane with its hydrocarbon alkane is shown in Table 2 [13]. Fluorine has a small atomic 

van der Waal radius (1.35 Å), a high ionization potential (1680 kJ mol-1), and low polarizability, 

which leads to weak inter- and intramolecular interaction [13]. This explains the low boiling points 

of perfluoroalkanes relative to their molecular weights, and their low refractive indexes as well as 

low surface tensions. 

Table 2. Physical properties of n-perfluorooctane compared to n-octane [13]. 

 C8F18 C8H18 

Molecular weight (g mol-1) 438 114 

Boiling point (°C) 97 125 

Heat of vaporization (kJ kg-1) 84 363 

Refractive index (nD
20) 1.280 1.398 

Surface tension (mN m-1) 15 22 

 

Usually, PFAAs contain one or several functional groups connected to the fluorocarbon chain 

according to their applications. This functional group commonly mediates a certain water 

solubility of the compound. For instance, in the perfluorooctanoic acid (PFOA) a reactive, charged 

and hydrophilic carboxylic headgroup provides the molecule the desired application properties 

[17]. 

2.1.1 Introduction to PFOA and PFOS 

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are two representative 

PFAAs which have been extensively detected in the environment among various kinds of PFAAs. 
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Some physical and chemical properties of PFOA and PFOS are presented in Table 3. Note, that 

free acids are usually not met in aqueous environments. The properties of the corresponding anions 

are more relevant. 

Table 3. Some physical and chemical properties of PFOA and PFOS [18-21]. 

 PFOA PFOS 

CAS number 335-67-1 1763-23-1 

Chemical formula C8HF15O2 C8HF17O3S 

Molecule weight (g mol-1) 414.07 500.13 

Structure 
  

Solubility in water at 

25°C (mg L-1) 
3400 570  

(potassium salt) 

Melting point (°C) 54.3 54 

Boiling point (°C) 192 258 – 260 

pKa -0.5 -6.0 – -2.6 

Vapor pressure at 25°C 

(mm Hg) 
0.526 0.002 

Critical micelle 

concentration (M) 
10-2.04 10-2.97 

 

There are two main industrial production processes used for synthesizing PFOA and PFOS, i.e., 

electrochemical fluorination and telomerization. The electrochemical fluorination process has 

been applied for synthesizing perfluorinated compounds (PFCs) since the 1960s [22]. The 

electrochemical fluorination process produces a mixture of branched and linear isomers. For 

instance, an organic raw material (e.g., C8H17SO2F) will go through electrolysis in anhydrous HF, 

which leads to the replacement of all the hydrogen atoms by fluorine atoms. The radical nature of 

the process results in the breakage of carbon chains and their rearrangement, which leads to the 

production of a mixture of branched and linear isomers [23]. The proportion of branched to linear 

carbon chains during the electrochemical fluorination depends on the introduced chemicals and 

processes conditions. For PFOA and PFOS, the average content of branched isomers is 20% to 30% 

[24]. Dupont firstly applied telomerization method into production of PFOA [25]. The PFOA 
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produced by the telomerization process is almost completely linear. Because the telomerization 

method is able to produce more pure linear products than electrochemical fluorination, it has been 

used for producing reagent and analytical grade of PFOA and PFOS standards.  

Historically, PFOA, PFOS and their related substances have been extensively used in the 

manufacture of various industrial and commercial products, such as fire-fighting foams, paper and 

packing protective coatings, leather, carpets, inert surfactants, household cleaning products, 

pesticides, insecticides, thermally stable lubricants etc. [26, 27].  

2.1.2 Distribution of PFOA and PFOS 

The overall estimated historical worldwide production of perfluorooctane sulfonyl fluoride 

(POSF), an intermediate for PFOS production, was 96,000 – 122,500 tons from 1970 to 2002. The 

estimated release is about 45,250 tons POSF to the environment globally from direct (production 

and consumer products) and indirect sources (precursors and impurities) between 1970 – 2012 

[28]. Although 3M had ceased the production of POSF in 2002 and a reduction has been observed 

in some compartments, the remaining sectors where POSF and its related substances are still used, 

e.g., existing fire-fighting foam stock, photolithography and semiconductors, and hydraulic fluids 

and metal plating [29]. The future environmental exposure is determined by emission routes and 

transportation. The PFOA and PFOS are two predominant PFAAs representatives which are 

frequently detected in the environment. The properties of PFOA and PFOS, e.g., low vapor 

pressure and high water solubility, indicate that they are present dominantly in the hydrosphere, 

e.g., oceans, lakes, rivers, groundwater and related sediments [30]. A global survey of PFAAs 

concentrations in oceans showed that PFOA and PFOS are the predominant PFAAs contaminants 

at the surface and deep (4000 – 4400 m) water in Pacific and Atlantic Oceans, with a concentration 

range of 15 – 192,000 pg L-1 for PFOA and 1.1 – 57,000 pg L-1 for PFOS [8]. The total PFOA 

inventory in ocean water is estimated to be in the range of 110 to 10,000 tons [31]. For PFOS the 

range is 235 to 1,770 tons [28]. From a global distribution model, the estimated total inventory of 

perfluorooctanoate (PFO) were 4 – 800 tons in freshwater and 3 – 340 tons in sediments [31, 32].  

2.1.3 Bioaccumulation and toxicity of PFOA and PFOS 

More and more studies suggest that PFOA and PFOS can bioaccumulate in food chains, they 

are commonly found in the tissues of wild animals all over the world, indicating the 

bioaccumulation of PFOA and PFOS occurs globally. As far as in the North Pacific Ocean, the 
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PFOA and PFOS were detected from the blood sera samples from seals, Laysan and black footed 

albatrosses [33]. The PFOA and PFOS can be related or contacted with living organisms through 

many pathways. But the clearances of PFOA and PFOS were reported to be almost negligible in 

humans [34]. According to investigation on retired fluorochemical production workers, the 

elimination half-lives in serum were 3.5 years for PFOA and 4.8 years for PFOS, respectively [35]. 

Several studies suggest that the exposure to PFOA and PFOS over certain levels may result in 

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

reproductive toxicity and neurotoxicity [36-39]. 

2.2 Strategies for PFAAs treatment  

Most wastewater plants are not designed to process PFAAs. As a consequence, any PFAAs that 

come into the wastewater plant usually end up in the treated water through the plant. PFAAs are 

resistant to most conventional oxidation and reduction processes due to the strong C-F bonds. For 

instance, it is practically inert to hydroxyl radicals because PFAAs do not contain C-H bonds 

available for H abstraction. Recently, several PFAAs removal/degradation technologies have been 

reported, including adsorption, hydrated electron-based degradation, sulfate radical-based 

degradation, electrochemical degradation, photochemical and photocatalytic degradation [40]. 

2.2.1 Adsorption 

Adsorption is one of the most important wastewater treatment techniques which has been widely 

used for removing various kinds of pollutants from water over the last decades. The most widely 

applied adsorbents at technical scale for PFAAs treatment are activated carbon and ion-exchange 

resins.  

Ochoa-Herrera et al. [41] evaluated different adsorbents towards PFOS, i.e., active carbon, high-

silica zeolite NaY, anaerobic sludge. Active carbon showed the highest adsorption affinity to PFOS 

among these adsorbents. In addition, they investigated the adsorption of PFOS, PFOA and 

perfluorobutanesulfonate (PFBS) on activated carbon. They found the adsorption affinity of PFOS 

onto activated carbon was stronger than PFOA and PFBS, which indicated the substitution of 

sulfonic group by carboxylic group and decreasing fluorocarbon chain length led to a weaker 

adsorption of the PFCs on activated carbon. Saeidi et al. [13] investigated the adsorption of PFOA 

and PFOS on activated carbon felts (ACFs). They found the particularly high adsorption affinity 

of surface-defunctionalized ACF towards PFAAs due to the joint effect of hydrophobic 
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interactions and electrostatic attraction between positively charged adsorbent surface sites and 

PFAAs anions. They claimed PFAAs adsorption behaviors on various ACFs were significantly 

affected by the surface chemistry of ACFs in terms of their anion/cation exchange capacity, point 

of zero net proton charge and oxygen content.  

The adsorption technique is widely used for treatment of wastewater. It benefits from its simple 

facilities, easy operation, and cost-effectiveness. However, the pollutants enriched solids after 

adsorption are produced and needed to be further treated. Taking the activated carbon as an 

example, the common way to treat the exhausted activated carbon is incineration at high 

temperature. That is, extra efforts are needed after adsorption step, and attention should be paid 

for a secondary pollution during these treatments. 

2.2.2 Reductive degradation with hydrated electrons 

Reductive degradation has been investigated for wastewater treatment in recent years. The 

characteristics of reductive processes are yielding active reducing species, i.e., hydrated electrons 

and hydrogen atoms, when combing with certain activation methods e.g., UV light, ultrasound, 

and electron beam irradiation in presence of certain reducing reagents such as iodide, sulfite, and 

indole acetic acid. Because the produced active reducing species, e.g., hydrated electrons, are able 

to donate an unpaired electron to the target compound and reduce it chemically, the reductive 

degradation processes are particularly promising towards certain hardly degradable contaminants 

in water, e.g., chlorinated and fluorinated organic compounds, and inorganic pollutants (bromate 

and perchlorate). 

Park et al. [42] investigated the PFOA and PFOS degradation by iodide photolysis under UV-C 

irradiation. The photolysis of iodide under UV-C irradiation produces iodine radical and hydrated 

electron (eq.1).  

I- + h
                      
→        I∙ + eaq

-  (1) 

The degradation kinetics of PFOA and PFOS were found dependent on perfluorocarbon chain 

length, headgroups, iodide concentration, and initial PFOA and PFOS concentration, but not 

affected by pH. One limitation of iodide-mediated hydrated electron generation by photolysis is 

that the produced hydrated electrons will be scavenged by the intermediates triiodide.  

Besides iodide, sulfite was also used as a reductant to generate hydrated electrons upon 

photolysis (eq.2). 
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SO3
2-

 + h
                      
→        SO3

-
∙ + eaq

-  (2) 

Bentel et al. [43] studied the structure-reactivity relationships with 34 typical PFAS with 

hydrated electrons generated by UV irradiation of sodium sulfite. They found the perfluorinated 

carboxylic acids (PFCAs) with different perfluorocarbon chain length (from 2 to 10 carbon 

numbers) showed a similar degradation and defluorination rate. In contrast, the perfluorinated 

sulfonic acids (PFSAs) exhibited an apparent relationship between reactivity and chain length. 

Combining with theoretical calculations on carbon fluorine bond dissociation energies, they found 

several reaction pathways of PFAS degradation caused by hydrated electrons. They are: H/F 

exchange, terminal function group dissociation, HF elimination and hydrolysis triggered by 

decarboxylation. Huang et al. [44] reported the reactivity of hydrated electrons towards a series of 

perfluorinated carboxylates by laser flash photolysis. At ionic strength of 0.01 M NaClO4, the 

second-order rate constants for the reactions of hydrated electrons with PFOA, perfluorobutanoic 

acid (PFBA) and trifluoroacetic acid (TFA) were estimated to be (1.7 ± 0.5) ×10
7 M−1s−1 , 

(8.8 ± 0.2) ×10
6 M−1s−1 and (2.3 ± 0.2) ×10

6 M−1s−1, respectively. The rate constant appeared to 

increase with the increasing fluorocarbon chain lengths. In addition, the second-order rate 

constants for hydrated electrons with PFOS (in the form of tetraethylammonium salt) was reported 

to be 7.3 ×10
7 M−1s−1  [45]. However, hydrated electrons can easily be quenched by some 

coexisted scavengers in wastewater as shown in Table 4. Therefore, great care must be paid to 

these coexisted scavengers before applying hydrated electron-based treatment into PFAAs 

degradation.  

Reduction degradation processes that utilize hydrated electrons for efficient PFAAs degradation 

and defluorination have been investigated and proved. Nevertheless, most researchers conducted 

their experiments in artificially simulated water. These processes usually require certain conditions, 

e.g., Milli-Q or deionized water, alkaline pH, anaerobic environment, and high reagent dosages. 

Considering the high reactivity of hydrated electrons towards some coexisted scavengers in 

wastewater, the effectiveness and efficiency of hydrated electron-based processes for PFAAs 

treatment in natural water matrices still need to be evaluated. 
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Table 4. Rate constants for reaction of hydrated electrons with some solutes [46, 47]. 

solute k (M-1 s-1) 

H+ (2.4 ± 0.2) × 10
10

 

∙OH ~ 3 × 10
10

 

CO2 (7.7 ± 1.1) × 10
9
 

O2 (1.9 ± 0.2) × 10
10

 

NO3
-
 (1.1 ± 0.1) × 10

10
 

Cl
-
 <106 

SO4
2-

 <106 

CO3
2-

 <106 

 

2.2.3 Oxidative degradation with sulfate radicals 

Sulfate radical-based advanced oxidation processes (AOPs) have been successfully used in 

wastewater treatment. Comparing with hydroxyl radicals (another reactive species in AOPs), the 

sulfate radicals have even higher redox potential (E0 = 2.5 – 3.1 V vs. NHE) than hydroxyl radicals 

(E0 = 1.8 – 2.7 V vs. NHE) [48]. The typical ways to generate sulfate radicals are thermal activation 

and UV irradiation of some oxidants, e.g., peroxymonosulfate (PMS) and persulfate (PS). One 

limitation of applying sulfate radical-based processes in PFAAs treatment is that sulfate radicals 

are not able to degrade perfluorinated sulfonic acid, e.g., PFOS. 

Hori et al. [49, 50] were the pioneers who applied sulfate radicals in treatment of 

perfluorocarboxylic acids (PFCAs), including PFOA. They tried both strategies to generate sulfate 

radicals, i.e., photolysis of PS with UV-visible light and thermal activation of PS at elevated 

temperature (80 °C). They claimed the produced sulfate radicals will attack PFCAs via one-

electron transfer (eq.3). After decarboxylation, subsequent several radical reactions and hydrolysis 

processes, a complete mineralization of PFCAs can be achieved. 

CnF2n+1COO
-
 + SO4

-
∙

                      
→        CnF2n+1COO∙ + SO4

2-
 (3) 

Several researchers investigated the reaction rate constants for sulfate radicals with PFCAs by 

experiments and model simulations. Lutze et al. [51] reported that the second-order rate constants 
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for sulfate radicals with different PFCAs (C4 to C8) are in the range of 1.7 − 4.4 ×10
4 M−1s−1. 

The difference in the relative reaction rate constants are not related to the chain length of different 

PFCAs but can rather be considered as experimental errors. Kutsuna et al. [52] also provided the 

similar second-order rate constants of sulfate radicals and PFCAs (1.3 × 10
4 M−1s−1 for PFBA, 

1.4 × 10
4
 M−1s−1 for PFPrA). However, Qian et al. [53] reported different rate constants between 

sulfate radicals and PFCAs. They derived these constants by fitting model data with experimental 

data of PFOA degradation and shorter-chain PFCAs formation (PFHpA, PFHxA, PFPeA, PFBA, 

and PFPrA) on the basis of a stepwise degradation of PFCAs (Table 5). 

Table 5. Rate constants for reaction of sulfate radicals with PFCAs from model simulations [53]. 

PFCAs k (M-1 s-1) 

PFOA (C8HF15O2) 2.59 × 10
5
 

PFHpA (C7HF13O2) 2.68 × 10
5
 

PFHeA (C6HF11O2) 7.02 × 10
5
 

PFPeA (C5HF9O2) 1.26 × 10
6
 

PFBA (C4HF7O2) 1.05 × 10
7
 

PFPrA (C3HF5O2) 9.31 × 10
7
 

 

It is indicated that the rate constants between sulfate radicals and PFCAs are related to the carbon 

chain lengths (rate constants increases with a decreasing carbon chain lengths). However, the 

competition of PFOA and shorter-chain PFCA products for sulfate radicals can be ignored only 

under circumstances of very high degradation rates for all products and very low yields of shorter-

chain PFCA products. Therefore, these derived rate constants by model simulations are not very 

convincing. Besides, sulfate radicals can also be quenched by certain coexisted scavengers in 

wastewater as shown in Table 6. 
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Table 6. Rate constants for reaction of sulfate radicals with some solutes [54-58]. 

solute k (M-1 s-1) 

SO4
-
∙ 4.4 × 10

10
 

OH- 1.4 × 10
7
 

S2O8
2-

 6.3 × 10
5
 

CO3
2-

 4.1 × 10
6
 

HCO3
-
 9.1 × 10

6
 

Cl
-
 2.7 × 10

8
 

 

The reported second-order rate constants for reactions between sulfate radicals and different 

PFCAs are much smaller compared with reactions between hydrated electrons and PFCAs. Yet, 

sulfate radical-based techniques have some advantages over hydrated electron-based techniques 

on PFCAs degradation from these aspects:  

i) The half-life of sulfate radicals (30 – 40 s) [59] is three order of magnitude longer than 

hydrated electrons (< 60 ns) [60], which enables sulfate radicals to survive the mass 

transfer more easily and better contact with target compounds than hydrated electrons;  

ii) Sulfate radical-based techniques are supposed to be less vulnerable and more suitable in 

the real water matrix. Apart from lower reaction rates with certain coexisted scavengers, 

sulfate radical-based techniques do not require anaerobic conditions. 

iii) More activation strategies can be performed in sulfate radical-based techniques, e.g., 

thermal, UV light, and transition metal based catalysts/reagents [61]. In contrast, the 

ways to generate hydrated electrons are relatively limited. The most reported methods 

are activation of certain reducing reagents by UV light, γ-irradiation and electron beam, 

which usually require high energy [62, 63]. 

2.2.4 Electrochemical degradation 

Electrochemical degradation has been receiving growing interest recently for wastewater 

treatment, because it is able to completely mineralize a wide range of recalcitrant organic 

compounds into water, carbon dioxide and inorganic ions. There are two major strategies during 
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electrochemical degradation: (1) Direct oxidation: direct oxidation of organic pollutants on the 

anode surface; (2) Indirect oxidation: the formation of radical species that attack pollutants. The 

strategies of direction oxidation of PFAAs on the various types of anodes have been widely 

investigated. 

Carter et al. [10] first reported the oxidative degradation of PFOS using boron-doped diamond 

(BDD) film electrodes. The degradation of PFOS yielded fluoride, sulfate, carbon dioxide, and 

traces of shorter-chain PFCAs. They used a flow-through reactor to monitor the PFOS reaction 

rate and found the overall PFOS reaction was mass transfer limited. The density functional theory 

(DFT) simulation indicated the rate-limiting step for PFOS oxidation was most likely the direct 

electron transfer from PFOS to BDD electrode (eq. 4). 

C8F17SO
3

-
 

                      
→        C8F17SO3∙ + e- (4) 

Lin et al. [11] compared the activities of Ti/SnO2–Sb/PbO2, Ti/SnO2–Sb, and Ti/SnO2–Sb/MnO2 

anodes on degradation of PFOA. The Ti/SnO2–Sb/PbO2 and Ti/SnO2–Sb showed better PFOA 

degradation and defluorination efficiencies. The main influential factors on electrochemical 

degradation of PFOA on Ti/SnO2–Sb anode were investigated, i.e., initial pH values, current 

density, initial PFOA concentrations and electrode distance. Based on the intermediate products 

(shorter-chain PFCAs and fluoride) during the electrochemical degradation of PFOA, they 

proposed a PFOA degradation mechanism including several steps of direct electron transfer, 

decarboxylation, radical reaction, and hydrolysis. A complete mineralization of PFOA can be 

achieved at the end. 

The electrochemical degradation of PFAAs turns out to be a promising solution. However, 

electrochemical degradation processes usually have relatively low efficiency of electrical energy 

usage but high operational cost, especially when the concentrations of the target pollutants are low. 

2.2.5 Photochemical degradation 

Photochemical degradation technique utilizes the UV or visible light to degrade the pollutants 

directly. It is acknowledged that solar energy is the most abundant energy resource on earth. The 

solar energy is environmentally friendly, as there are no emissions, no greenhouse gases, and no 

fossil fuels during the utilization. But currently, only limited UV range can be used for PFAAs 

degradation. 
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Chen et al. [64] found PFOA degrades very slowly by direct photolysis under 254 nm UV light, 

and the direct photolysis of PFOA can be considerably accelerated under 185 nm UV light. As 

PFOA has strong absorption from 190 nm to 220 nm (Figure 2), which makes the decarboxylation 

easier under 185 nm UV light.  

 

Figure 2. UV absorption of 50 mg L-1 aqueous PFOA solution [64] 

Jin et al. [65] reported a rapid degradation of PFOS under anaerobic alkaline conditions with 

185 nm UV irradiation. They found the photochemical degradation of PFOS was more favored at 

anaerobic alkaline conditions compared with aerobic neutral conditions. The decomposition rates 

of branched PFOS isomers were much faster than the linear PFOS, which indicated hydrated 

electrons might be the active species for PFOS degradation [65]. Besides, very limited fluorinated 

intermediates were detected and quantified suggesting the defluorination process was relatively 

complete. Direct photodegradation usually takes place under UV ranges, and shows a better 

degradation efficiency at vacuum UV range (185 nm), which is not applicable when utilizing the 

solar energy. Researchers tried to introduce reactive reagents during the photodegradation, so that 

a higher degradation efficiency and broader adsorption band can be achieved. Hori et al. [66] 

improved the photochemical degradation of PFCAs under 254 nm UV light by introducing trace 

amounts of ferric ions. The reaction constants of PFCAs degradation with ferric ion addition were 

3.6 – 5.3 times higher than those with photochemical degradation alone. The improved PFCAs 

photodegradation efficiency could be explained by photoredox reactions between ferric/ferrous 

ions, oxygen and PFCAs via the complexation between PFCAs and ferric ions (eqs.5 - 8).  
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CnF2n+1COO
-
 + Fe3+

                      
→        [CnF2n+1COO-Fe]

2+
 (5) 

[CnF2n+1COO-Fe]
2+   254 nm UV  
→        Fe2++ CnF2n+1COO∙   (6) 

Fe2+ + O2 →  Fe3+ + ∙O2
-
 (7) 

Fe2+ + ∙OH → Fe3+ + OH- (8) 

Wang et al. [67] also applied these photoredox reactions to PFOA photochemical degradation. 

They investigated the influence of different initial ferric ion concentrations on PFOA degradation 

under 254 nm UV irradiation. Besides the ferric ions, they tried to introduce other metal ions during 

the photodegradation of PFOA, e.g., cupric ions, magnesium ions, zinc ions, manganese ions, etc. 

They found the introduction of cupric ions and zinc ions can also slightly improve the reaction rate 

in photochemical degradation of PFOA. Jin et al. [68] found that the addition of ferric ions could 

greatly enhance the degradation rate of PFOS under 254 nm UV irradiation. The degradation rate 

constant of PFOS photodecomposition in the presence of ferric ions was 50 times higher than that 

with direct photolysis. From scavenger experiments, they found molecule oxygen might involve 

in PFOS defluorination processes in the absence of hydroxyl radicals. In addition, although 

hydroxyl radicals are inert to PFOS decomposition, they can promote the defluorination processes. 

They finally suggested the ligand-to-metal charge transfer was the key step during PFOS 

photodecomposition (eqs.9 and 10).  

C8F17SO3
-
 +  Fe3+

                 
↔     [C8F17SO3-Fe]

2+
    (9) 

[C8F17SO3-Fe]
2+      UV- C    
→       C8F17SO3∙ + Fe2+                                                                          (10) 

Photochemical degradation is an environmentally friendly technique for PFAAs degradation. 

Yet, high energy demand (185 or 254 nm UV light) and relatively low PFAAs degradation rates 

will limit the application of this technique. 

2.2.6 Photocatalytic degradation 

Similar to the technique of photochemical degradation, the photocatalytic degradation also 

utilizes UV or visible light to degrade the pollutants. The difference is that photocatalytic 

degradation achieves pollutant degradation via using catalysts. The most common active species 
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produced during photocatalytic degradation are hydroxyl radicals, superoxide radicals, electrons 

and oxidative holes in metal oxides. 

Panchangam et al. [69] reported photocatalytic degradation of various PFCAs by TiO2 under 

254 nm UV irradiation. They claimed the oxidative holes in excited TiO2 generated during UV 

irradiation were the oxidation sites for PFCAs. They proposed the degradation of PFCAs started 

with TiO2 excitation under UV irradiation, which would produce excited TiO2 species with 

electron-hole pair (eq.11). The excited TiO2 can accept electrons from PFCAs anions to produce 

PFCAs radicals.  

TiO2 + h 
                
→     TiO2

*
 (11) 

Li et al. [70] compared the catalytic degradation of PFOA with TiO2 and In2O3 as photocatalysts 

under 254 nm UV light, and they found In2O3 possesses much higher activity for PFOA 

decomposition. They claimed that the PFOA terminal carboxylate group can tightly coordinate to 

In2O3 surface with bridging or bidentate configuration, which is helpful for PFOA to be 

decomposed directly by reactions with photogenerated holes in In2O3 (Figure 3). In contrast, PFOA 

coordinated to TiO2 surface through a monodentate configuration, and photogenerated holes in 

TiO2 will transform to hydroxyl radicals preferentially, which are inert to PFOA degradation. 

 

Figure 3. Schematic diagram of PFOA configurations adsorbed on In2O3 and TiO2 [70]. 
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Zhao et al. [71] reported a wide band gap photocatalyst (-Ga2O3) for photocatalytic 

decomposition of PFOA under 254 nm UV light. The decomposition of PFOA with -Ga2O3 

followed the pseudo-first-order kinetics. They claimed that the electron photogenerated by exciting 

the catalyst surface can react with water to produce hydrated electrons, which were the main 

reactive species for PFOA decomposition. Alternatively, the surface adsorbed PFOA molecules 

can also be directly degraded by photogenerated electrons from -Ga2O3 conduction band upon 

irradiation.  

Photocatalytic degradation of PFAAs is a promising technology which is capable of 

decomposing a wide range of organic pollutants. A significant amount of research has been 

focused on TiO2 based photocatalysts at a laboratory scale, but certain limitations e.g., low 

quantum yields, less reactivity and narrow-band absorption, need to be addressed before industrial 

scale application. 

2.2.7 Other PFAAs degradation techniques 

Besides the PFAAs removal/degradation technologies discussed above, other PFAAs 

degradation techniques were also reported, e.g., ultrasonic degradation, biodegradation and 

mechanochemical degradation. The degradation of PFAAs through ultrasonication is mainly 

through pyrolysis in cavitation bubbles at very high temperature [72, 73], which is less energy 

efficient. On the other hand, only very limited microorganisms can be applied for biodegradation 

of PFAAs [74-76]. Mechanochemical processes were reported to be effective on PFAAs 

decomposition. For instance, the mechanical agitation can generate high transient temperature 

which initiates the reactions between the reagents (e.g. potassium hydroxide) and PFAAs [77]. 

2.3 PFOA and PFOS degradation pathways 

2.3.1 Oxidative degradation pathway 

In most of oxidative PFOA degradation processes as discussed in chapter 2.2.3 (e.g., sulfate 

radical-based degradation, BDD electrode-based electrochemical degradation, ferric ion mediated 

photochemical degradation and TiO2 mediated photocatalytic degradation), the degradation of 

PFOA was reported to start with an attack of the reactive species at its carboxylic headgroup [49, 

67, 69]. After losing one electron from PFOA headgroup, C7F15COO• will be produced (eq. 12). 

The radical C7F15COO• undergoes Kolbe decarboxylation reaction to form •C7F15 (eq. 13) which 

is supposed to react further with (i) molecule oxygen, (ii) hydroxyl radicals, (iii) water and (iv) 
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can recombine with other (perfluorinated) radicals. In the (i) case, •C7F15 can react with oxygen to 

produce perfluoroalkylperoxyl radicals which undergo a bimolecular radical-radical reaction and 

yield two perfluoroalkoxy radicals •OC7F15 (eqs. 14-16) [51, 52]. •OC7F15 will abstract H from 

HSO4
- (in sulfate radical-based processes) or from water to form perfluoroalkyl alcohol (C7F15OH) 

(eqs. 17 and 18). It eliminates rapidly one HF and forms C6F13COF then hydrolyzed to 

C6F13COOH. C6F13COOH will follow a similar degradation pathway as for PFOA (eqs. 19 and 

20). Finally, a complete degradation/defluorination of PFOA can be achieved. In the (ii) case, 

•C7F15 may react with •OH to produce C7F15OH (eq. 21) [78] then further degraded as described 

in (i). In addition, some researcher also claimed the •C7F15 can directly react with water (the (iii) 

case) to form C7F15OH and •H [79, 80]. This mechanism is however suspicious because •H is much 

more reactive than • C7F15.  

C7F15COO
-
 
𝑖𝑛 𝑣𝑎𝑟𝑖𝑜𝑢𝑠 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠
→                        C7F15COO•       

(12) 

C7F15COO• → •C7F15 + CO2                                                                           (13) 

•C7F15 + O2 → C7F15OO•                                                                                 (14) 

2C7F15OO• → C7F15OOOOC7F15                                                                 (15) 

C7F15OOOOC7F15 → 2C7F15O• + O2                                                               (16) 

C7F15O• + HSO4
-
 → C7F15OH + SO4

-
•                   (17) 

C7F15O• + H2O → C7F15OH + •OH                                                                  (18) 

C7F15OH → C7F13OF + HF                                                                               (19) 

C7F13OF + H2O → C6F13COOH + HF                                                              (20) 

•C7F15 + •OH → C7F15OH                                                                               (21) 

The recombination of fluorinated radicals ( •CnF2n+1 + •CmF2m+1 → Cn+mF2(n+m+1)) yields 

perfluoroalkanes which are volatile and may escape from the aqueous solution. This maybe the 

reason that they are not considered in many reaction schemes. Applied on peroxyl radicals 

recombination can yield peroxides (RF-OO•+ •RF’→ RF-O-O-RF’) which have been postulated by 

Lutze et al. [51] but not identified so far. 
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Similarly, the degradation of PFOS was also initiated from the attack of oxidizing species at its 

sulfonate headgroup in oxidative degradation processes (BDD electrode-based electrochemical 

degradation and ferric ion mediated photochemical degradation) [10, 68]. After losing one electron 

from PFOS headgroup, C8F17SO3• will be produced (eq. 22). The loss of one electron leads to the 

stretching of the C-S bond, thus easing the desulfurization when reacting with water, yielding 

perfluorinated alkyl radicals (•C8F17) and sulfate anions (eq. 23). The •C8F17 will follow the 

reaction pathway as •C7F15 does and be converted to PFOA. 

C8F17SO3
- 𝑖𝑛 𝑣𝑎𝑟𝑖𝑜𝑢𝑠 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠→                       C8F17SO3• 

(22) 

C8F17SO3• + H2O → •C8F17 + SO4
2-

+2H+ (23) 

2.3.2 Reductive degradation pathway 

The reported mechanisms of reductive PFOA and PFOS degradation processes (mainly hydrated 

electron-based) were more controversial. There were two major pathways for PFOA or PFOS 

degradation, i.e., H/F exchange and decarboxylation/desulfurization [81]. In the former case, the 

hydrated electron attacks the carbon preferentially on the -position of PFOA or PFOS. Two H/F 

exchanges on the -position take place sequentially and yield the relatively stable C6F13CH2COO- 

(eqs. 24-29) or C7F15CH2SO3
- (eqs. 30-35) [81, 82]. It is also possible that additional H/F exchange 

takes place at the middle –CF2– groups. But complete defluorination of PFOA and PFOS cannot 

be achieved by this degradation pathway [81]. Some researchers claimed the intermediate 

C6F13CH2COO- and C7F15CH2SO3
- will be further transformed to C6F13COO- and C7F15SO3

-

/C7F15COO- respectively, via reactions 36-39 [82-84], which seemed, however, rather unlikely.  

In addition, it is reported that decarboxylation and desulfurization of PFOA and PFOS can occur 

when their headgroups are attacked by hydrated electrons [81, 85-87]. After subsequent radical 

reactions and hydrolysis, the shorter-chain PFCAs with one CF2 unit less are produced. Various 

reaction pathways were proposed but remained suspicious. The electronic state of the postulated 

intermediate dianion C7F15COO
2-

• is not clear. In addition, the availability of free H radicals for 

reductive saturation of fluorinated radicals in aqueous solution remains suspicious. 

C7F15COO
-+ 𝑒𝑎𝑞

−  → C7F15COO
2-

•        (24) 
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C7F15COO
2-

• → C6F13C•FCOO
-
 + F−                                                                           (25) 

C6F13C•FCOO
-
 + H• → C6F13CHFCOO

-
                                                                                 (26) 

C6F13CHFCOO
-+ 𝑒𝑎𝑞

−  → C6F13CHFCOO
2-

•                                                                 (27) 

C6F13CHFCOO
2-

• → C6F13C•HCOO
-
 + F−                                                               (28) 

C6F13C•HCOO
-
 + H• → C6F13CH2COO

-
                   (29) 

C8F17SO3
-+ 𝑒𝑎𝑞

−  → C8F17SO3
2-

•        (30) 

C8F17SO3
2-

• → C7F15C•FSO3
-
 + F−                                                                           (31) 

C7F15C•FSO3
-
 + H• → C7F15CHFSO3

-
                                                                                 (32) 

C7F15CHFSO3
-+ 𝑒𝑎𝑞

−  → C7F15CHFSO3
2-

•                                                                 (33) 

C7F15CHFSO3
2-

• → C7F15C•HSO3
-
 + F−                                                               (34) 

C7F15C•HSO3
-
 + H• → C7F15CH2SO3

-
                   (35) 

C6F13CH2COOH → •C6F13 + :CH2 + •COOH       (36) 

•C6F13 + •COOH →  C6F13COOH       (37) 

C7F15CH2SO3
-
 → •C7F15 + :CH2 + SO3

-
•                   (38) 

•C7F15 + SO3
-
• → C7F15SO3

-
       (39) 

2.4 Zeolites 

2.4.1 Introduction of zeolites 

Zeolites are crystalline aluminosilicates with macromolecular inorganic frameworks and 

microporous inner structure, which can be found in metamorphic, sedimentary, and volcanic rocks 

[88].  The structure of zeolites can be described by a general formula: 

Mx/z[(AlO2)x(SiO2)y]﹒n H2O 

in which M stands for mono- or divalent cations with the positive charge z. The zeolite framework 

consists of negatively charged [AlO4/2]
-- and neutral SiO4/2-tetrahedra which share bridge oxygen 

atoms [89]. The density of negative charges on zeolite framework is dependent on its aluminum 
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content, which is compensated by positively charged cations, e.g., protons and metal ions. This 

enables zeolites possess ion exchange property. For instance, zeolites can be loaded with iron ions 

by simple ion exchange procedures [90]. To remove any leachable iron in the zeolites, a 

competitive exchange by potassium ions can be performed under acidic conditions [91]. 

Theoretically, increasing aluminum content leads to an increasing number of negatively charged 

sites, i.e., a higher cation exchange capacity. On the other hand, increasing silicon content leads to 

an increasing hydrophobicity of zeolite surface. Moreover, the additional species (e.g., water) 

inside the pores of zeolites can be removed, so that the void space can be utilized for selective 

hosting of certain guest species of specific shape, size and polarity. On top of that, the catalytically 

active sites in zeolite frameworks coupled with the spatial confinement of zeolite pores provides 

zeolites with shape-selective catalysis [92].  

Depending on synthesis conditions, zeolites can possess various types of framework structures. 

The framework structure defines i) pore volume and distribution; ii) pore opening shape and size; 

iii) channels and cages arrangement. Different types of zeolites are defined with three-letter codes 

by International Zeolite Association according to their framework structures, e.g., beta-BEA, 

faujasite-FAU, mordenite-MOR, and pentasil-MFI, etc. To describe a zeolite precisely, the molar 

ratio of SiO2/Al2O3 will be stated after its three-letter code, e.g., BEA35 is a Beta structure type 

zeolite with a 35-molar ratio of SiO2/Al2O3. 

2.4.2 Zeolites application in water treatment 

Zeolites have been widely used as catalysts, adsorbents and ion exchangers in industrial 

processes (e.g., in traditional petrochemical industries). In the past few decades, zeolites were also 

applied in the field of wastewater treatment thanks to its remarkable adsorption and ion-exchange 

capability [92]. For instance, zeolites can be fabricated as membranes for reverse osmosis due to 

its molecular-sieving properties. Spilled oil or salt removal from water can be achieved by zeolite 

membranes with water permeation and high oil/salt rejection properties [93]. Recently, an all-silica 

zeolite Beta was investigated for selective removal of PFOA [94]. It is claimed that the adsorption 

of PFOA is driven by favorable steric factors and a negative adsorption enthalpy, i.e., the helical 

conformation of the perfluorocarbon chains positioned in a tight packing with a maximal sterical 

capacity. These properties from all-silica zeolite Beta type zeolite allow a high adsorption affinity 

and selectivity toward PFOA and other similar perfluorinated compounds. Moreover, with its 
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superior ion-exchange property, zeolite impregnated with various metal ions can be realized, 

which has been widely used in micropollutants treatment in situ with trap & treat principle. 

Besides zeolites, some carbonaceous materials, e.g., activated carbon, graphene, and carbon 

nanotubes, have been frequently used as adsorbents for micropollutants removal from water. 

Carbonaceous materials usually possess high specific surface area and strong adsorption affinities 

to varieties of micropollutants. However, if a combined adsorption and degradation processes were 

considered, carbonaceous materials often encounter challenges by strong oxidative species, e.g., 

hydroxyl radicals or ozone, in the regeneration step. For instance, Valdes et al. [95] studied a 

combined process of ozone and activated carbon in wastewater treatment. They claimed the ozone 

will generate oxygen-containing functional groups, e.g., anhydride, lactones, and carboxylic 

groups, on activated carbon surface and decrease its specific surface area, which led to a decline 

in the adsorption capacity of the activated carbon to micropollutants. However, zeolites are 

relatively stable thanks to their composition and inherent properties, which are not subject to 

oxidation. Zeolites are thereby suitable candidate as long-lived recyclable catalysts, which can 

adsorb recalcitrant pollutants but maintain the adsorption capacity during the regeneration process 

in the presence of strong oxidants. For instance, Gonzales-Olmos et al. [96] designed a combined 

adsorption/reaction strategy for methyl tert-butyl ether (MTBE) treatment with Fe-doped zeolites. 

After Fe species are immobilized on zeolite, a heterogeneous Fenton-like reaction in the presence 

of H2O2 enables an efficient degradation of MTBE after its adsorption. The calcined Fe-doped 

zeolites showed no significant loss in catalytic reactivity after 6 reaction cycles. In addition, this 

kind of two-step strategy makes a large-scale application possible when column setups and fixed-

bed reactors are considered. 
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3 Overview of the following manuscripts 

In the manuscript 3.1 “Degradation of perfluorooctanoic acid adsorbed on Fe-zeolites with 

molecular oxygen as oxidant under UV-A irradiation”, we established for the first time the 

photochemical degradation of PFOA under UV-A irradiation after adsorption on Fe-doped zeolites. 

We investigated the effects of reaction pH, adsorption of PFCAs, coexisted inorganic ions, 

atmosphere, and long-term reusability. We finally proposed a photochemical PFOA degradation 

mechanism with zeolite-bound iron species as catalytic sites for carboxylate-to-metal charge 

transfer. It offers a novel approach for the removal of the highly recalcitrant PFOA from 

contaminated waters. Using Fe-zeolites as both adsorbent and photocatalyst could provide 

guidance in the design of new technological approaches for degradation of PFOA.  

In the manuscript 3.2 “Photodegradation of perfluorooctanesulfonic acid on Fe-zeolites in 

water”, we applied Fe-zeolites photocatalytic system from perfluorinated carboxylates, i.e., PFOA, 

now to perfluorinated sulfonates, i.e., PFOS.  PFOS is known as highly resistant towards electron-

transfer reactions with, e.g., sulfate radicals (whereas PFOA reacts). The photochemical 

degradation of PFOS after adsorption on Fe-zeolites was triggered under UV-C irradiation. The 

resulting byproducts, i.e., short-chain PFCAs, are desorbed into the aqueous phase. Their complete 

mineralization can be achieved in the regeneration solution by combination with UV activation of 

sodium persulfate. It is indicated that PFOS photochemical degradation is initiated by electron 

transfer from sulfonate to iron. Additionally, we successfully applied the Fe-zeolites photocatalytic 

system to real ground water samples where trace PFOS was present. 

In the manuscript 3 “Enhanced degradation of perfluorooctanoic acid by heat-activated 

persulfate in the presence of zeolite”, we developed an innovative treatment strategy for PFOA 

using heat-activated persulfate in the presence of zeolite (BEA35). BEA35 zeolite can not only 

remove PFOA by adsorption, but also facilitate the degradation of PFOA by means of heat-

activated persulfate until a complete mineralization is achieved. The effects of reaction pH, zeolites 

dosages and types on PFOA degradation performances were studied. We applied the heat-activated 

persulfate/BEA35 system to ground water samples that contained trace PFOA. We also tried to 

provide a first estimation of the costs for treatment of PFOA-contaminated water in a realistic 

application scenario, i.e., zeolite-based fixed-bed adsorber. These findings provide an effective 

and efficient strategy for treatment of water containing traces of PFOA which can also inspire the 

development of remediation technologies for water contaminated by other micropollutants. 
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3.1 Degradation of perfluorooctanoic acid adsorbed on Fe-zeolites with molecular 

oxygen as oxidant under UV-A irradiation 
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a Helmholtz Centre for Environmental Research – UFZ, Department of Environmental 

Engineering, Permoserstrasse 15, D-04318 Leipzig, Germany 

b IQS School of Engineering, Universitat Ramon Llull, Via Augusta 390, 08017 Barcelona, Spain 

 

Abstract 

Perfluorooctanoic acid (PFOA) is of emerging concern owing to its global distribution and 

environmental persistence. Efficient degradation approaches are so far limited. Herein, we 

demonstrate for the first time the photochemical degradation of PFOA under UV-A irradiation 

after adsorption on Fe-doped zeolites with molecular oxygen as the terminal oxidant. In a system 

containing 1 g L-1 PFOA-loaded Fe-zeolites, outstanding PFOA decomposition (> 99%) was 

achieved within 24 h under slightly acidic conditions (pH ≤ 5.5). Short-chain perfluorinated 

carboxylic acids (PFCAs) are the main intermediates, beside fluoride and CO2. No PFOA 

degradation occurs with Fe-free zeolites or dissolved ferric ions. Furthermore, we investigated the 

effects of pH, inorganic ions and gas atmospheres on PFOA degradation. A photochemical 

degradation mechanism with zeolite-bound iron species as catalytic sites for carboxylate-to-metal 

charge transfer is proposed. The presented study offers a novel approach for the removal of the 

highly recalcitrant PFOA from contaminated waters. 

 

Keywords: Fe-zeolites; Degradation; UV-A; Heterogeneous photochemistry; Perfluorooctanoic 

acid 
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1.  Introduction 

Perfluorooctanoic acid (PFOA) is one of the most important perfluorinated organic compounds: 

it possesses unique physicochemical properties and has been widely used in industrial and 

consumer applications [1-3]. Recently, PFOA has received much attention because it is extremely 

persistent in the environment and is detected in groundwaters [4], sediments [5] and human beings 

worldwide [6]. In addition, PFOA is resistant to most conventional reduction and oxidation 

processes as well as biological degradation, due to the strong C-F bond [7-9]. It is practically inert 

to hydroxyl radicals (•OH) as it does not contain C-H bonds available for H abstraction [10].  

Extensive research within the last two decades identified various reductive and oxidative 

pathways for PFOA degradation which in general require long reaction times and/or harsh 

conditions [11]. Reductive defluorination of PFOA requires solvated electrons that can be 

generated e.g., from the UV photolysis of iodide [12]. With respect to PFOA oxidation, it has been 

reported that electrochemical and photocatalytic treatments are efficient tools for degrading PFOA 

[13, 14].  Zhuo et al. used a Ti/SnO2-Sb-Bi electrode for electrochemical decomposition of PFOA 

and claimed that the oxidation of PFOA was initiated through a direct one-electron transfer from 

the carboxylate group to the anode [15].  Li et al. used indium oxide for the photocatalytic 

degradation of PFOA, where PFOA is decomposed directly by photogenerated holes of indium 

oxide under UV-C irradiation [16]. Alternatively, sulfate radicals produced by the thermolysis or 

photolysis of peroxydisulfate (S2O8
2-

) can decompose PFOA via the electron transfer from its 

carboxylate group to the sulfate radical [17, 18].  However, the efficiency of persulfates is rather 

low because the second-order rate constant for the reaction between sulfate radicals and PFOA 

(kSO4- = (1.7-4.4) × 104 M-1s-1) is much lower than those for typical water matrix components (e.g., 

chloride or carbonate) [19].  

PFOA itself can hardly be degraded by direct photolysis, as it has a very weak light absorbance 

in the UV range [20, 21].  Nevertheless, by adding a certain amount of ferric ions to the system 

under acidic conditions (pH ≤ 3.0), PFOA degradation is promoted. It has been suggested that 

under these conditions [PFOA-Fe]2+ complexes are formed (reaction 1) and react under vacuum 

UV (V-UV, 185 nm) or UV-C (254 nm) irradiation to produce ferrous ions and carboxyl radicals 

via a ligand-to-metal charge transfer (reaction 2) [20, 22, 23]: 

C7F15COO
-
 + Fe3+

     pH≤3     
→      [C7F15COO-Fe]

2+
 

(1)   
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[C7F15COO-Fe]
2+  V-UV or UV-C 
→          Fe2++ C7F15COO∙ 

(2) 

Decarboxylation of  C7F15COO∙ yields perfluorinated alkyl radicals C7F15∙. They may combine 

with molecular oxygen or hydroxyl radicals, or react with water to be decomposed further [24, 

25]. In the presence of oxygen, ferrous ion can be re-oxidized to ferric ion, thus closing the catalytic 

iron cycle [23]. 

However, light with longer wavelength is unable to trigger such a ligand-to-metal charge 

transfer. Furthermore, the restricted operation pH range (pH ≤ 3.0), low reaction rates and the 

production of iron sludge in this homogeneous photochemical system will limit its applications in 

practical wastewater treatment.   

Although the principle of ligand-to-metal charge transfer is known for PFOA degradation in 

solution, it has not been tested and reported in a heterogeneous system. In the present study, we 

found out that by adding Fe-loaded zeolites instead of aqueous ferric ions, the photochemical 

degradation of PFOA can already occur under UV-A irradiation (300 nm < λ < 400 nm) instead of 

UV-C (e.g., at λ ≈ 254 nm). Furthermore, as the zeolite acts as adsorbent for PFOA, a combination 

of adsorptive enrichment and photochemical degradation can be achieved. The separable 

heterogeneous catalyst and adsorbent can be used to concentrate PFOA from typical trace level 

polluted water streams and facilitates degradation under well-controllable conditions. These 

potential advantages are significant for application and justify a detailed mechanistic and 

optimization study. 

Zeolites can be loaded with iron ions by simple ion exchange procedures. It has been shown in 

several studies that Fe-loaded zeolites are active as heterogeneous Fenton-like catalysts for the 

degradation of various organic contaminants by hydrogen peroxide [26, 27]. Isolated mononuclear 

and binuclear iron species attached to acidic sites at the inner zeolite surfaces are generally 

attributed to high redox reactivity [28, 29]. In addition, Gonzalez-Olmos et al. observed an 

acceleration of dissolved organic carbon (DOC) removal in phenol degradation using Fe-loaded 

zeolites as catalysts, and ascribed this effect to a photo-Fenton reaction at the iron sites inside the 

zeolite pores improving the degradation of carboxylic acid intermediates [30].  

The present study makes use of specific colloidal µm-sized Fe-zeolites: Trap-Ox®, a material 

designed for groundwater treatment. The applied synthetic zeolites are of BEA framework type 

and were selected based upon an initial screening of PFOA adsorption to various zeolite types 



32 

 

[31]. Degradation of PFOA adsorbed to the Fe-zeolite under UV-A irradiation yields short-chain 

PFCAs as intermediates. Complete mass balances were obtained by means of an exhaustive 

extraction approach. The effects of pH, inorganic ions and gas atmospheres were investigated. 

Moreover, a degradation mechanism with molecular oxygen (O2) as the final oxidant is proposed. 

 

2.  Experimental Section 

2.1. Chemicals and Materials.  

   All chemicals were in reagent grade and used without further purification, where not otherwise 

stated. Deionized water was used for the preparation of all solutions and suspensions. The Trap-

Ox® zeolites BEA35 and Fe-BEA35 were provided by Clariant Produkte GmbH (Germany) and 

INTRAPORE GmbH (Germany), respectively. The number 35 represents the molar ratio of 

SiO2/Al2O3 for both zeolites. The BEA framework type is characterized by channels with 12 T 

atoms (T = Si or Al) having diameters of around 6.6-6.7 Å for the larger straight channels and 5.6-

5.7 Å for the smaller zig-zag channels [32, 33]. Iron(III) oxide nanopowder (<50 nm particle size), 

PFOA (C7F15COOH, 96% purity) and heptafluorobutyric acid (HFBA, C3F7COOH, 98% purity) 

were obtained from Sigma Aldrich. Perfluorohexanoic acid (PFHeA, C5F11COOH, 98% purity), 

perfluoropentanoic acid (PFPeA, C4F9COOH, 97% purity) and perfluoropropionic acid (PFPrA, 

C2F5COOH, 97% purity) were obtained from J&K Scientific. Perfluoroheptanoic acid (PFHpA, 

C6F13COOH, 97% purity) was obtained from Alfa Aesar. Trifluoroacetic acid (TFA, CF3COOH, 

99% purity) was obtained from Fluka.  

2.2. Catalyst Pre-treatment.  

In this study, commercially available Fe-BEA35 was used as adsorbent and catalyst. Preliminary 

experiments showed that the original Fe-BEA35 contains a certain amount of labile iron which is 

potentially leached during the reaction. Therefore, a pretreatment procedure was applied in order 

to stabilize iron as Fe3+ and remove any leachable iron by competitive exchange with potassium 

ions under acidic conditions [34]: 4 g of Fe-BEA35 in a 50 mL plastic centrifuge vial was mixed 

with 40 mL of 0.1 M KNO3 (pH = 3.0) and 100 µL of 30 wt-% H2O2 solution. The suspension was 

shaken overnight, centrifuged at 2500 rpm for 5 min and the supernatant was removed. This 

washing procedure was repeated a second time (2 h contact), after which the solid was washed 

twice with 20 mL deionized water (1 h contact). Finally, the Fe-BEA35 was dried in an oven at 80 

℃.  
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2.3. Photochemical Procedures and Reusability Test.  

Where not otherwise stated, an aqueous PFOA solution (100 mL, 48 µM) was mixed with 0.1 g 

of Fe-BEA35 in a 200 mL glass bottle followed by shaking for 24 h in order to obtain a 

homogeneous suspension. The calculated concentrations of total iron in Fe-BEA35 and PFOA 

under these conditions are 2.32×10
-4

 M and 4.83×10
-5

 M, respectively. In one set of experiments, 

the PFOA concentration was increased by a factor of 10. 0.1 M HCl and 0.1 M NaOH were used 

to adjust pH values. 30 mL suspension was taken to a 40 mL quartz bottle equipped with a 

MininertTM valve. The suspension was purged with oxygen or nitrogen gas for 10 min shortly 

before UV irradiation. The quartz bottle was shaken during the degradation process with 240 rpm 

to ensure a good dispersion of the zeolite particles (see Figure S1, Supporting Information (SI)). 

The reactions under nitrogen atmosphere were performed in a nitrogen-filled glovebox in order to 

preclude penetration of oxygen into the reaction vessels. For irradiation, a mercury lamp (either 4 

W, UV-A, central wavelength 365 nm, or 4 W, UV-C, central wavelengths 254 nm, both from 

Herolab GmbH Laborgeräte, Germany) was placed beneath the plane reactor basal face, which 

was made from quartz glass. The photon flux was determined by means of ferrioxalate actinometry 

to be 4.47×10
-6

 mol s-1  under UV-A and 4.54×10
-6

 mol s-1  under UV-C, respectively. The 

spectral curves of these two UV lamps are shown in Figure S2. The distance between the UV lamp 

screen and the bottom of the reactor was 20 mm. Details of the reactor setup are shown in Figure 

S1.  

Samples of the reaction suspension were taken at certain time intervals. In order to determine 

the total amounts of PFOA and byproducts (including adsorbed fractions), an exhaustive extraction 

approach was used as follows: 100 µL aliquots of suspension were taken and sulfuric acid was 

used to adjust the suspension to pH 2, and then extracted with 2 mL acetonitrile for 24 h. The 

suspension was centrifuged at 2500 rpm for 5 min, and the clear supernatant was taken for LC-MS 

analysis. The applied extraction method was developed in preliminary tests where acetonitrile 

extraction at various pH values was studied. Acidic conditions showed the highest PFOA recovery. 

Fluoride and the freely dissolved acid concentrations in the aqueous phase were determined by IC 

and LC-MS analysis, using the clear supernatants obtained by centrifugation of 1 mL suspension 

aliquots (2500 rpm for 5 min).  

UV-A irradiation leads to degradation of PFOA into short-chain PFCAs which are released into 

the aqueous phase thus regenerating the adsorbent. For a complete mineralization of these 
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degradation products, the aqueous phase of the suspension in one experiment was subsequently 

treated by UV-C activation of sodium persulfate as follows: the UV-A irradiated suspension was 

centrifuged at 2500 rpm for 5 min to separate the zeolite particles which were practically free of 

residual PFCAs. The clear supernatant was taken and 8.4 mM sodium persulfate was added once 

every 2 hours, followed by UV-C irradiation until all of the short-chain PFCAs were decomposed. 

For catalyst reusability tests (1 g L-1 Fe-BEA35, C0,PFOA = 48 μM, pH0 = 5.5, oxygen purged), 

after every irradiation period the supernatant was removed and replaced by the same volume of 

fresh aqueous PFOA solution. After shaking for 1 day for adsorption equilibration, the suspension 

was ready for the next irradiation run. 

2.4. Analysis.  

PFOA and its degradation products PFHpA (C7), PFHeA (C6), PFPeA (C5), and PFBA (C4) 

were measured by means of a HPLC system coupled to a single-stage quadrupole mass 

spectrometer with electrospray ionization (LCMS-2020; SHIMADZU Corp.). Aliquots of 3 µL of 

the solution containing the target compounds were injected by an auto-sampler into a 100 mm × 2 

mm Gemini C6-Phenyl column (110 Å pore and 3 µm particle size, Phenomenex) at 40 °C. The 

mobile phase was a combination of 30 vol-% solvent A (10 mM ammonium acetate dissolved in 

90 vol-% deionized water and 10 vol-% methanol) and 70 vol-% solvent B (10 mM ammonium 

acetate dissolved in 90 vol-% methanol and 10 vol-% deionized water), delivered at a flow rate of 

0.3 mL min-1 with a total run time of 33 min. The correlation coefficients (R2) of the calibration 

curves for PFOA and the other acids were ≥ 0.99 for sample concentrations ≤ 1 mg L-1. PFPrA 

(C3), TFA (C2). Fluoride concentrations were analyzed by means of an IC DX 500 ion 

chromatograph (Dionex) equipped with an anion suppressor (ASRS300), conductivity detector (IC 

25) and an IonPac AS11-HC column (250 mm × 4 mm) using a flow rate of 1 mL min-1 and the 

following eluent gradient: 1 mM KOH from 0 to 8 min, increased linearly to 30 mM KOH over 

20 min and held at 30 mM KOH for 2 min. In this study, the defluorination ratio (𝑑𝐹−) is calculated 

as follows: 

𝑑𝐹−  = 
CF-

15×C0

 × 100% (3) 

  where CF-  is the fluoride concentration (µM) and C0  is the initial concentration of PFOA (µM). 

The factor 15 represents the number of fluorine atoms in one PFOA molecule. Complete 

defluorination of PFOA results in 𝑑𝐹−  = 100%. 
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The analysis of gas phase intermediates was conducted on a GC/MS (GCMS-QP2010, 

SHIMADZU Corp.) by means of headspace sampling (25 µL gas) after 24 h irradiation. The GC 

separation column was a 30 m DB1 (0.32 mm inner diameter, 0.25 µm film thickness). The MS 

was operated in the SCAN-mode (m/z = 41-500 amu). The injector temperature was set at 150 °C, 

and the GC oven program was isothermal at 35 °C. 

A Zetasizer Nano ZS (Malvern Instruments Ltd, U.K.) was used for dynamic light scattering 

(DLS) and zeta potential measurements. Scanning electron microscopy images were recorded with 

a Zeiss Merlin VP scanning electron microscope (Zeiss, Germany). X-ray photoelectron 

spectroscopy (XPS) measurements were performed on an Axis Ultra photoelectron spectrometer 

(Kratos, Manchester, UK) using monochromatized Al Kα radiation (hν = 1486.6 eV). X-ray 

powder diffraction (XRD) patterns were obtained on a Bruker D8-Advance diffractometer. For 

details of XPS and XRD measurements see SI part. 

UV–vis diffuse reflectance spectra (DRS) of zeolite samples were obtained for the 10 g L-1 

zeolite suspensions using a Varian Cary 3 spectrophotometer with a diffuse reflectance accessory 

in the 190–600 nm range. BaSO4 powder was used as a non-absorbing reference standard. The 

spectra were converted according to the Kubelka–Munk function and deconvoluted into sub-bands 

with Gaussian peak shape using Origin 2018 [31].  Spectra were interpreted by comparing the 

positions of the resulting peaks with literature data [31, 35, 36].  

 

3.  Results and Discussion 

3.1. Catalyst characterization  

   As shown in Figure 1, Fe-BEA35 zeolites comprise joined spherical particles without sharp 

edges. According to the SEM images, the diameter of primary particles is around 0.5 m. Table 

S1 shows the particle size distribution of Fe-BEA35 in suspension, which was determined by 

means of dynamic light scattering revealing a mean diameter of 0.86 m. It was in good 

accordance with the particle size determined by laser diffraction for the dry Fe-BEA35 powder 

samples. The XRD pattern was in good agreement with the BEA framework type as shown in 

Figure S3 [37]. The iron content of the Fe-BEA35 was measured to be 1.3 wt-% by X-ray 

fluorescence analysis. In addition, the peak at binding energy of 711.2 eV in Fe 2p 3/2 XPS spectra 

of Fe-BEA35 indicates the existence of Iron (III) (Figure S4) [38]. A BET surface area of 600 
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m2 g-1 and a total pore volume of 0.42 cm3 g-1 were determined from N2 adsorption/desorption 

measurements (for details see SI part). 

 

 

Figure 1. Scanning electron microscope (SEM) images of Fe-BEA35. 

 

3.2. Photochemical degradation of PFOA in the presence of Fe-BEA35 under UV-A 

irradiation.  

   From the point of view of application, UV-A has a number of advantages over shorter 

wavelengths, including potential use of solar irradiation or LEDs and less demands on material 

selection for reactor design. A typical reaction suspension contained 1 g L-1 Fe-BEA35 and C0,PFOA 

= 48 µM with pH0 = 5.5. Under these conditions, PFOA was predominantly in the adsorbed state, 

as only 16% of the initially added PFOA was detected in the aqueous phase after the pre-

equilibration period of 24 h, i.e., before start of the irradiation period. Thus, the initial loading of 

PFOA on the zeolite was 16.8 mg g-1. In order to follow the total concentrations, residual PFOA 

and intermediates were extracted from the zeolite into the liquid phase by adding sulfuric acid to 

adjust pH to 2, and then introducing 95 vol% acetonitrile for extraction. The recovery of PFOA in 

this procedure (before irradiation) was nearly complete, i.e. (94 ± 3)%.  

In order to elucidate the photochemical degradation mechanism, control experiments were 

carried out under the same conditions in the presence of non-Fe-doped BEA35 and in the absence 

of zeolite but presence of ferric ions (pH0 = 3.0 and 5.5, Figure 2(a)). As revealed by previous 

studies, PFOA has almost no absorption in the UV-A range and the direct photolysis of PFOA 

does not take place in relevant time scales [20, 21]. In addition, PFOA degradation within 24 h is 

also insignificant in the presence of 200 µM FeIII at pH = 3.0 (dissolved Fe) and 5.5 (colloidal Fe) 

under UV-A irradiation, as indicated by the two control experiments. No PFOA degradation was 
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also observed with BEA35 (no iron). However, in the presence of Fe-BEA35, up to 90% of the 

initial PFOA was decomposed after 6 h of UV-A irradiation, and complete degradation (> 99%) 

with 𝑑𝐹− = 38% was achieved within 24 h. When applying a high-surface area iron oxide, i.e., iron 

(III) oxide nanoparticles (Figure S5), almost no PFOA degradation was observed within 24 h. 

Thus, only the combination of UV-A irradiation and Fe-BEA35 effected a significant PFOA 

degradation and the Fe speciation within the zeolite obviously plays an important role.  
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Figure 2. Degradation of PFOA under UV-A irradiation (C0,PFOA = 48 µM, oxygen atmosphere, 

1 g L-1 (Fe-)BEA35 and C0,Fe
3+ = 200 µM, where applied). (a) Comparison of degradation in 

presence of ferric ions, Fe-BEA35 and BEA35 (pH0 = 3 and pH0 = 5.5). (b) Formation of short-

chain intermediates and fluoride in the presence of Fe-BEA35 (1 g L-1, pH0 = 5.5). (c) Mass 

balance of fluorine for the above experiment. Mass balance at 0 h represents F detected as PFOA 

in ACN extract of zeolite suspension before start of reaction, and at 24 h is composed of fluorine 

detected as C2-C4 PFCAs and fluoride in aqueous phase of suspension as well as C5 to C7 PFCAs 

in ACN extract of suspension. Error ranges represent average deviations of single values from the 

mean of triplicate assays in Figures 1(a) and (b). Error bars for individual PFCAs were omitted for 

the sake of clarity but are exemplarily shown for PFPeA. The cumulative error is shown in Figure 

1(c). Lines are added to guide the eye. 

In spite of its almost complete degradation, only a partial defluorination of PFOA was achieved 

within 24 h. We found six shorter-chain perfluorinated carboxylic acids (PFCAs) with 2 to 7 

carbon atoms. They were identified and quantified by LC/MS (C7 to C4) and IC (C3 and C2) 

analysis. Their concentration time profiles, shown in Figure 2(b), indicate that the longer-chain 

PFCAs are decomposed stepwise towards shorter-chain PFCAs during the irradiation. The 

possible reason for steadily increasing concentrations of C5 to C2 PFCAs was further investigated 

by means of adsorption experiments.  

Xsorb and Xfree as the fractions of adsorbed and freely dissolved PFCA, respectively, were 

calculated according to eqs. 4 and 5, where CPFCA,free and CPFCA,total are the freely dissolved and 

total PFCA concentrations added, respectively. 

Xsorb = 1 - Xfree (4)   

Xfree = CPFCA,free / CPFCA,total (5) 

                                                                                

  As shown in Figure 3, Xsorb decreases with decreasing chain lengths, e.g., the distribution between 

Xsorb and Xfree in 1 g L-1 zeolite suspensions changes from 84:16 for PFOA to 10:90 for PFBA. This 

may explain why the shorter-chain PFCAs are accumulated in irradiated zeolite suspensions: they 

are preferably released from the zeolite phase where the photochemical reaction takes place.  

It can be hypothesized that complex formation is a pre-requisite for photochemical degradation 

of PFCAs according to eqs. 6 and 7: 
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CnF2n+1COO
-
 + Fe3+-zeolite 

                 
↔     [CnF

2n+1
COO-Fe]

2+
-zeolite (6) 

[CnF
2n+1

COO-Fe]
2+

-zeolite
 UV-A 
→   CnF2n+1COO∙ + Fe2+-zeolite (7) 

Based on this mechanism, a simplified rate equation (8) can be derived: 

d[PFCA]

dt
= -k · 𝐶

[CnF2n+1COO-Fe]
2+

-zeolite
  = -k · Xcomplex · C PFCA, total (8) 

  where Xcomplex (with 0 ≤ X ≤ 1) is the fraction of PFCA in reactive complexes. To better illustrate 

the PFCAs complex formation, a schematic diagram of PFOA adsorbed on Fe-BEA35 was 

displayed in Figure 4. Two adsorptive states of PFOA are presented on the zeolite: complexed 

PFOA (i.e. specifically adsorbed PFOA at ferric ions) and non-specifically adsorbed PFOA. The 

complexed PFOA is signified by its carboxylic group in the close vicinity to the ferric ions, which 

enables the carboxylate-to-metal charge transfer upon irradiation, while the non-specifically 

adsorbed PFOA has less or no chance to allow the charge transfer as its carboxylic group is not 

able to reach the ferric ions. While Xcomplex cannot be easily determined, the overall degree of 

adsorption (Xsorb) is obtained experimentally (eqs. 4 and 5). Thus, using lumped rate coefficients 

k’ and k’’  

k' = k · Xcomplex/Xsorb (9) 

k'' = k' · Xsorb (10) 

eq. 8 can be simplified to a pseudo-first-order rate law: 

d[PFCA]

dt
 = -k' · Xsorb · C PFCA, total = -k'' · C PFCA, total (11)   

  The X values and the ratio Xcomplex/Xsorb are related to compound properties such as chain lengths 

of PFCAs, which determine their hydrophobicity and thus their tendency for non-specific 

adsorption into the zeolite. The composition of the aqueous phase, e.g., pH value and 

concentrations of competing inorganic ions as well as other factors, can also affect Xcomplex/Xsorb, 

which will be discussed in the following chapters. In addition, it is worth noting that pseudo-first-

order kinetics cannot describe the whole degradation curve according to the experiment, but gives 

satisfying fitting within the initial reaction period (0 – 6 h) (Figure S6).  

The fluorine mass balance during Fe-zeolite-catalyzed photo-degradation of PFOA is shown in 

Figure 2(c). The fluorine in the suspension is grouped into four contributions: the remaining 

PFOA, C5 to C7 PFCAs, C2 to C4 PFCAs and fluoride. The initial recovery by acetonitrile 
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extraction is around (94 ± 3)% after 24 h adsorption. The final recovery of fluorine in the form of 

the various products related to total PFOA initially added is (89 ± 5)% after 24 h of irradiation. 

Some highly volatile fluorinated alkanes, i.e., CnHF2n+1 were formed as detected by GC/MS 

headspace analysis (see Table S2) but only in trace amounts (<0.1 mol-% of initial PFOA).  

It should be pointed out that the remaining shorter-chain products desorb from the zeolite and 

accumulate in the aqueous phase. Thus, the process can be exploited in terms of regeneration of 

the adsorbent for PFOA adsorption. Comparing with PFOA, the toxicity of these shorter-chain 

products is lower [39-41]. Nevertheless, the aqueous phase containing shorter-chain products is a 

concentrated regeneration solution which can be subject to further degradation, e.g., by oxidation 

with sulfate radicals produced from UV activation of persulfate [17, 19]. To test whether a 

complete mineralization of PFOA by a UV/persulfate post-treatment of the regeneration solution 

is feasible, the aqueous phase of the 24 h-UV-A irradiated PFOA/zeolite suspension was further 

treated by UV-C activation in the presence of sodium persulfate. A certain amount of sodium 

persulfate was added portion-wise every two hours to minimize the self-scavenging effect 

otherwise would occur when a large amount of sodium persulfate is added at a time. As shown in 

Figure S7, the shorter-chain PFCAs (C2, C3, C4, C5 and C6) were nearly completely decomposed 

within 10 h. Thus, a nearly complete defluorination (86±4 %) and mineralization of PFOA was 

achieved by the combined process (Figure S8). It is worth noting that the degradation of PFCAs 

by sulfate radicals is strongly suppressed by typical water matrix components such as chloride [19]. 

Thus, it is obvious that for future design of a technical process, the sequence of steps is the key to 

improved efficiency, i.e., I) PFOA adsorption out of e.g., contaminated groundwater into zeolite 

particles, II) separation of particles and III) PFOA photodegradation inside the zeolite releasing 

shorter-chain acids into a controllable regeneration solution (water largely free of chloride, 

carbonate and natural organic matter as typical radical scavengers) which can be IV) post-treated 

by UV/persulfate.  

3.3. Effect of the adsorption of PFCAs on the photochemical degradation of PFOA. 

One of the driving forces of PFCAs adsorption on zeolites is the hydrophobic effect, as the 

hydrophobic perfluoroalkyl chains of PFCAs find a suitable environment in the narrow zeolite 

channels. The electrostatic repulsion between terminal aluminol groups (internal surface) and 

silanol groups (external surface) of Fe-BEA35 and carboxylate head groups of PFCAs counteracts 

the adsorption [42]. As the Al content in the zeolite is low (1 Al atom per 17 Si atoms) it can be 
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assumed that zeolite-bound Fe3+ ions cannot be not coordinatively saturated by sufficient 

negatively charged aluminol groups in close proximity but need further ligands, e.g., OH- or H2O 

and can also bind PFCA anions. As can be seen from Figure 3, adsorption affinity of PFCAs 

decreases with decreasing chain length and thus decreasing hydrophobicity. Thus, the complexing 

ability of the zeolite-bound Fe3+ for PFCAs is obviously not strong, instead one can assume a 

synergistic effect of electrostatic interactions between R–COO- and Fe3+ sites together with 

hydrophobic interactions of the perfluoroalkyl chain in the zeolite channels.  

 

Figure 3. Results of adsorption experiments: distribution of PFCAs with various chain lengths 

between zeolite Fe-BEA35 (Xsorb) and the aqueous phase (Xfree) after 4 days shaking. CFe-BEA35 = 

1 g L-1, C0,PFCAs = 48 µM and pH0 = 5.5.  

It is considered that the performance of the photochemical degradation of PFCAs is dependent 

on two steps: i) the adsorption of PFCAs into the zeolites, and ii) the formation of the complex 

between PFCAs and ferric ions. Since the pKa values of the C2 and C8 PFCAs are comparably 

low, i.e., close to 0 [43], it is reasonable to speculate that the complexing abilities should not differ 

greatly in the series of PFCAs. The effect on the photochemical degradation of PFCAs caused by 

different complexing abilities of PFCAs can thus be neglected. 

In order to understand the impact of adsorption on the photochemical degradation of PFCAs, the 

degradation of PFOA and PFBA as PFCAs with different perfluoroalkyl chain lengths, was 

investigated and compared in Figure 5. By fitting the degradation curves using pseudo-first-order 
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kinetics in accordance with eq. 11, it was found that kobs,PFOA is by a factor of 10 higher than 

kobs,PFBA. This is in line with a factor of 8.4 in Xsorb for PFOA compared to PFBA. Thus, it can be 

concluded that the hydrophobic interactions provided by the zeolite channels for the perfluoroalkyl 

chains of PFCAs play an important role in the iron-catalyzed photodegradation process. Indeed, a 

lower Xsorb value indicates a smaller possibility of PFBA to be adsorbed and complexed, resulting 

in an accumulation of PFBA up to the end of the 24 h irradiation time (Figure 2(b)). 

 

Figure 4. Scheme of PFOA configurations on Fe-BEA35 with and without specific adsorption. 

Up: Cutaway of BEA framework with 2-1-1 unit cells; Down: Zoom-in of a single channel. The 

complexed PFOA means the specifically adsorbed PFOA at ferric ions. 
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Figure 5. The comparison of PFOA and PFBA degradation in the presence of Fe-BEA35 (1 g L-1) 

under UV-A irradiation. C0,PFCAs = 48 µM, pH0 = 5.5, oxygen atmosphere. Error bars represent 

standard deviations of triplicate assays. Lines are added to guide the eye. 

3.4. Effect of pH on the photochemical degradation of PFOA. 

Figure 6(a) and (b) show the degradation and defluorination behaviors of PFOA within 24 h UV-

A irradiation at various initial pH conditions. The distribution of PFOA between zeolite and 

aqueous solution at various initial pH values is shown in Table 1. The zeta potential of Fe-BEA35 

at different pH values is shown in Table S3. The zeta potential of Fe-BEA35 becomes more 

negative with increasing pH values. However, it should be noticed that zeta potential reflects the 

charge at the external particle surface only whereas the inner surfaces provide the highest 

contribution to specific surface area and adsorption. The initially adsorbed fractions of PFOA 

(Xsorb) on Fe-BEA35 are 98% and 84% at pH 3.0 and 5.5, respectively. The extents of PFOA 

degradation and the corresponding 𝑑𝐹−  are identical for the reactions under these acidic conditions 

(pH0 = 3.0 or 5.5). However, under neutral and alkaline conditions (pH0 = 7.0 and 9.0), PFOA 

degradation is significantly inhibited, although about 70% is still in an adsorbed state (Table 1). 

More precisely, increasing pH from 5.5 to 7.0 and 9.0 results in only 16% and 18% reduction in 

Xsorb but in 21 and 35 times higher PFOA half-life, respectively. This points to significant changes 

in PFOA speciation within the zeolite when pH changes. When pH increases, though the majority 
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of PFOA remains adsorbed, a fraction of complexed PFOA is likely shifted to non-specifically 

adsorbed sites as is shown in Figure 4. The possible reason for this PFOA speciation variation is 

the change of ligand environment within the zeolite when pH is increasing. The ferric ions can 

complex with other ions, e.g., they have a strong affinity to hydroxide ions [44]. As a consequence 

of pH increasing, more hydroxide ions will compete with the complexed PFOA at the ferric ions 

and push the latter to non-specifically adsorption sites. Similar effect is assumed for the shorter 

chains PFCAs as well. In short, the negative influence of pH increasing on PFOA photochemical 

degradation is attributed to a lower fraction of complexed PFOA (PFOA-Fe3+) in favor of its non-

specifically adsorbed fraction caused by a change in the ligand environment: replacement of H2O 

by OH- ligands at the iron. As mentioned in the previous section, the adsorption of PFOA on 

zeolites is a precondition, but the specific complexation between PFOA and ferric ions in the 

zeolite is the key factor for its photochemical degradation. Additionally, the pH value also 

influences the PFCAs adsorption. When the pH value decreases, the density of negative surface 

charges is reduced. The electrostatic repulsion between PFOA and zeolite becomes weaker, which 

promotes the adsorption. To sum up, acidic or slightly acidic conditions are optimal for this system.  

Table 1. Adsorbed fraction (Xsorb, in %) and loading of PFOA on zeolite (in mg g-1) after 24 h 

shaking at various initial pH values in aqueous suspension. C0,PFOA = 48 µM and CFe-BEA35 = 1 g L-1 

 pH = 3.0 pH = 5.5 pH = 7.0 pH = 9.0 

Xsorb (%) 98 84 68 66 

Loading of PFOA on 

zeolite (mg g-1) 
20 17 14 13 
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Figure 6. Degradation of PFOA under UV-A irradiation in the presence of Fe-BEA35 (1 g L-1) at 

various initial pH values. Time course of (a) residual PFOA concentration and (b) defluorination 

ratios (𝑑F−). C0,PFOA = 48 µM, oxygen atmosphere. Error ranges represent average deviations of 

single values from the mean of triplicate assays. Lines are added to guide the eye. 

3.5. Effect of inorganic ions and atmosphere on photochemical degradation of PFOA.  

The influence of four inorganic anions, i.e., sulfate (SO4
2−), nitrate (NO3

−
), chloride (Cl

−
) and 

perchlorate (ClO4
−

), on PFOA degradation is presented in Figure 7(a) and Table 2. Apart from 

SO4
2−

, the addition of other anions has very limited or almost no influence on PFOA degradation 

kinetics and defluorination. Two possible effects can be considered as negative impacts: (i) 

competitive complexation with ferric ions;[44] and (ii) capture of hydroxyl radicals (•OH) which 

are formed by the photolysis of ferric species and water under UV-A irradiation (eq. 12) [45].  
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Fe3+-zeolite + H2O 
UV- A 
→    Fe2+-zeolite + •OH + H+ (12) 

  A significant inhibiting effect on PFOA degradation and defluorination is observed in the 

presence of SO4
2−

. In fact, SO4
2−

 rarely reacts with •OH, but it has the potential to coordinate with 

ferric ions in Fe-BEA35. The affinity for interaction between ferric ions and the anions follows 

the order of OH− > SO4
2−

 > Cl
−

 > NO3
−

 > ClO4
−

 [44]. As a consequence, SO4
2−

may interfere most 

strongly with the complexation between PFOA and ferric ions, and thus reduce kobs,PFOA and 𝑑F− . 

The introduction of Cl
−

 has only a slight influence on kobs,PFOA and 𝑑F− , which may also be caused 

by the competitive complexation of ferric ions. Alternatively, Cl
− will react with •OH. Although 

•OH  itself cannot attack PFOA, it can promote the re-oxidation of ferrous ions and may be 

involved in the conversion of intermediates, thus playing a significant role during defluorination 

of PFOA. Nevertheless, the presence of NO3
−

 and ClO4
−

 has practically no negative effect on 

kobs,PFOA and 𝑑F− , compared with the reference case where no salts were added. 

Table 2. Defluorination ratios (𝑑F−), pseudo-first-order degradation rate constants (𝑘obs,PFOA) for 

initial reaction period (6 h) and half-lives of PFOA degradation with Fe-BEA35 and UV-A 

irradiation under various reaction conditions. C0,PFOA = 48 µM and CFe-BEA35 = 1 g L-1, inorganic 

salts were added (only where stated) at a concentration of 10 mM. 

 

a The suspensions were initially purged with oxygen. pH values are initial values. 

b The initial pH of suspension was 5.5 and the suspension was initially purged with N2. 

c The suspensions were initially purged with oxygen. The initial pH of suspensions was 5.5. Csalt = 

10 mM 

d Error ranges represent average deviations of single values from the mean of triplicate assays. 

 pH = 3.0a pH = 5.5a pH = 7.0a pH = 9.0a N2
b Na2SO4

c NaClc NaClO4
c NaNO3

c 

𝒅𝐅−  after 24 h (%) 39 ± 1d 38 ± 1 5.5 ± 0.2 1.1 ± 0.1 12.0 ± 0.5 28 ± 1 32 ± 1 36 ± 1 33 ± 1 

𝒌𝐨𝐛𝐬,𝐏𝐅𝐎𝐀  (h-1) 0.44 

± 0.02 

0.38 

 ± 0.04 

0.019 

± 0.005 

0.011 

± 0.007 

0.059 

± 0.016 

0.063 

± 0.007 

0.32 

± 0.06 

0.35 

± 0.08 

0.39 

± 0.10 

PFOA t1/2 (h) 1.6 

± 0.1 

1.8 

± 0.2 

37 

± 8 

63 

± 25 

12 

± 2 

11 

± 1 

2.2 

± 0.3 

2.0 

± 0.4 

1.8 

± 0.4 
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Figure 7. Effect of inorganic ions and gas atmosphere on photochemical degradation of PFOA in 

the presence of Fe-zeolite under UV-A light. C0,PFOA = 48 µM or 480 µM, 1 g L-1 Fe-BEA35, 10 

mM SO4
2−

, Cl
−

, NO3
−

, and ClO4
−

were added where applied, pH0 = 5.5 and oxygen atmosphere 

where not otherwise stated. (a) Influence of inorganic ions and atmosphere at C0,PFOA = 48 µM. (b) 

Influence of atmosphere (O2 or N2) at C0,PFOA = 480 µM. Lines are added to guide the eye. 

In order to understand the mechanism of the photochemical degradation of PFOA better, the 

influence of dissolved oxygen on PFOA degradation and defluorination was investigated. Where 

not otherwise stated, reactions were conducted in closed vessels with a certain headspace volume 

of pure oxygen (10 mL O2 per 30 mL of aqueous phase). The system was not purged with oxygen 
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continuously because the amount of oxygen (446 μmol) in the headspace was sufficient for 

accepting all electrons released in total mineralization of PFOA (1.45 μmol). When the reaction 

was carried out under nitrogen atmosphere, the photochemical degradation of PFOA was strongly 

inhibited (Table 2 and Figure 7(a)). The 𝑑F−  after 24 h irradiation decreased from 38% to 12%, 

and the 𝑘obs,PFOA  decreased from 0.23 h-1 to 0.040 h-1. The role of oxygen in photochemical 

degradation of PFOA becomes even more obvious when a 10 times higher initial PFOA 

concentration (480 µM) was introduced. As seen in Table S4 and Figure 7(b), the 𝑑F−  after 48 h 

irradiation time was 22.1% and 2.1%, and the kobs,PFOA was 0.046 h-1 and 0.0045 h-1, under oxygen 

and nitrogen atmospheres, respectively. These results clearly show that oxygen plays an important 

role in the photochemical degradation of PFOA. Molecular oxygen may be involved in at least 

three reactions: (i) it is the source for reactive species such as •OH and •O2H, which may also 

promote the re-oxidation step as well as facilitate the mineralization of PFOA intermediates [25],  

(ii) it facilitates the re-oxidation of ferrous iron to ferric iron and thus closes the catalytic cycle as 

also discussed by Hori et al. [23], and (iii) O2 is directly involved in the complex radical chemistry 

of PFCA degradation (eq. (16)).  

3.6. Photochemical properties of Fe-BEA35.  

In order to characterize the photochemical properties of Fe-BEA35, UV-vis-DRS values were 

measured. This technique is able to distinguish between different isolated iron species and iron 

oxide clusters. The spectra of Fe-BEA35 and BEA35 zeolites as well as the deconvolution of the 

spectrum of Fe-BEA35 are shown in Figure 8. The spectrum of Fe-BEA35 shows strong and broad 

absorption bands in the ultraviolet and visible range. Its deconvolution reveals five peaks. Based 

on literature sources [31, 35, 36], the absorption bands below 220 nm and around 280 nm are 

ascribed to Fe3+ ions in tetrahedral and octahedral coordination, respectively. The absorption band 

around 350 nm is ascribed to octahedral Fe3+ ions in small oligomeric iron oxide clusters. The 

absorption bands around 400 nm and above 450 nm are ascribed to larger iron-oxide particles. In 

various redox reactions catalyzed by Fe-zeolites, isolated iron sites are assumed to be more active 

than the iron oxide clusters [28]. In the present study, the photochemical degradation of PFOA on 

Fe-BEA zeolites takes place under UV-A irradiation. The overlap between the UV-A emission 

(320 to 380 nm, see Figure S2) and the absorption bands of isolated Fe3+ ions (especially those in 

octahedral coordination, 200 to 340 nm, see Figure 8) is in accordance with the hypothesis that 

these sites are involved in the carboxylate-to-metal charge transfer (Fe3+←O) under UV-A 
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irradiation [36, 46]. Part of the adsorbed PFOA is assumed to be complexed with Fe3+ ions at such 

positions, so these PFOA-Fe3+-zeolite complexes can be excited by UV-A irradiation and finally 

decomposed by decarboxylation. The distribution of iron species shown by the deconvolution also 

fits to the observation presented in Figure 8: not all the iron species in Fe-BEA35 are active in 

photochemical degradation of PFOA. In the absence of dissolved oxygen (i.e., without recycling 

of ferric iron), only 24% of 480 M PFOA was converted after 48 h irradiation. This amount 

corresponds to 114 M redox-active Fe3+ species of approx. 232M total iron content in 1 g L-1 

Fe-BEA35. In other words, only about 50% of the Fe3+ present in the zeolite Fe-BEA35 is available 

as electron acceptor. Compared with Fe-BEA35, the UV-vis-DR spectrum of BEA35 exhibits no 

strong absorption bands, due to the absence of iron (Figure 8). In addition, we investigated the 

UV-vis-DR spectra of Fe-BEA35 with and without PFOA loading (Figure S9). Surprisingly, the 

two spectra are almost identical. As discussed above, the ferric ions have a strong affinity to 

hydroxide ions, so it can be speculated that only a small fraction of the adsorbed PFOA is actually 

in a complexed state. In this case, the absorption spectra of PFOA-Fe3+ complexes cannot be well 

characterized by UV-vis-DRS. 

According to the UV–vis-DR spectrum of Fe-BEA35, it may be possible to improve the 

photochemical efficiency by shifting the irradiation to shorter wavelengths. As is shown in Figure 

9, the degradation and defluorination behavior of PFOA is considerably enhanced under UV-C 

irradiation with 254 nm. The 𝑑F−  after 24 h under UV-C irradiation was increased from 38% to 

49%, and the 𝑘obs,PFOA increased from 0.38 h-1 to 0.82 h-1. The improvement in photochemical 

degradation of PFOA is reasonable, because the absorption band around 280 nm, referring to 

Fe3+←O charge transfer in isolated Fe3+ ions, is the strongest sub-band. From the application point 

of view, however, UV-A irradiation has significant advantages over UV-C irradiation with respect 

to reactor equipment and potential use of LED lamps or even natural sunlight. Further optimization 

potential for the Fe-BEA35 catalyst lies in decreasing the proportion of iron oxide clusters and 

large iron-oxide particles, because their absorption bands around 350 nm and 400 nm compete for 

photons from UV-A irradiation and thus decrease the photochemical efficiency of this redox-

catalyst. 
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Figure 8. UV-vis-DR spectra of 10 g L-1 Fe-BEA35 suspension (black line) and 10 g L-1 BEA35 

suspension (blue line), simulated deconvolution curves for UV-vis-DR spectra of Fe-BEA35 

suspension (dashed lines). 

 

Figure 9. Degradation of PFOA in the presence of Fe-BEA35 (1 g L-1) under UV-A and UV-C 

irradiation. C0,PFOA = 48 µM , pH0 = 5.5, oxygen atmosphere. Error bars represent standard 

deviations of triplicate assays. Lines are added to guide the eye. 
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3.7. Reusability Test.  

Figure 10 shows degradation and defluorination behaviors of PFOA in a recycling experiment. 

The catalyst activity showed a slightly decreasing tendency, but maintained about 80% of its initial 

activity in the sixth consecutive run. Two reasons can be considered to explain the observed 

apparent decrease in catalytic performance: (i) unavoidable mass losses of the catalyst during the 

recycling process, and (ii) some carry-over of adsorbed PFOA and its reaction products between 

the runs. Neither phenomenon affects the inherent catalyst activity. These results demonstrate that 

Fe-BEA35 is relatively stable and has a promising potential for practical application. 

 

Figure 10. PFOA degradation and defluorination in consecutive batch runs with Fe-BEA35 (1 g 

L-1) under UV-A light. C0,PFOA = 48 µM each, pH0 = 5.5, oxygen atmosphere. Lines are added to 

guide the eye. 

3.8. Possible pathways of photochemical degradation of PFOA.  

Based on the presented results, a reaction mechanism is proposed in Scheme 1. It is similar to 

suggested schemes for PFOA photo-degradation in homogeneous iron-containing solutions from 

the literature [19, 20, 25, 47]. First, the adsorbed PFOA is complexed with isolated Fe3+ ions in 

tetrahedral and octahedral coordination to form PFOA-Fe3+ complexes. After the excitation under 

UV-A irradiation, complexed PFOA is oxidized via a ligand-to-metal charge transfer process (eq. 

14) [20, 22, 23]. The resulting carboxyl radicals decarboxylate, yielding perfluorinated alkyl 

radicals (•C7F15) (eq. 15) [48]. The •C7F15 can then react further, preferentially with dissolved 
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oxygen (eq. 16). The subsequent radical and hydrolysis reactions are proposed in the literature [19, 

47] but remain speculative (eqs. 18-22). In particular, radical-radical reactions such as (17) and 

(18) are less likely in the zeolite pores. The shorter-chain PFCAs follow a similar degradation 

pathway as PFOA. In order to close the photocatalytic cycle, reduced iron sites must be re-oxidized 

either by molecular oxygen or by •OH radicals (eqs. 23 and 24).  

 

Scheme 1. Hypothetical reaction mechanism for the photochemical degradation of PFOA on Fe-

BEA35. 

C7F15COO
-
 + Fe3+-zeolite 

                 
↔      [C7F15COO-Fe]

2+
-zeolite (13)   

[C7F15COO-Fe]
2+

-zeolite
   UV-A    
→      C7F15COO•  + Fe2+-zeolite                     

(14) 

C7F15COO• → C7F15• + CO2 (15) 

C7F15• + O2 → C7F15OO• (16) 

C7F15• + •OH → C7F15OH (17) 
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2C7F15OO• → C7F15OOOOC7F15 (18) 

C7F15OOOOC7F15 → 2C7F15O• + O2 (19) 

C7F15O• + H2O → C7F15OH + •OH (20) 

C7F15OH → C7F13OF + HF (21) 

C7F13OF + H2O → C6F13COOH + HF (22) 

Fe2+-zeolite + O2 →  Fe3+-zeolite + •O2
-
 (23) 

Fe2+-zeolite + •OH → Fe3+-zeolite + OH- (24) 

Perfluorinated alkyl radicals (•CnF2n+1) are key intermediates in the supposed reaction pathway. 

In the absence of dissolved oxygen (nitrogen atmosphere), they were expected to stabilize by 

bimolecular reactions such as recombination or disproportionation or by H-abstraction from water. 

Indeed, trace amounts of corresponding 1H-perfluoroalkanes (CnF2n+1H) were detected in the gas 

phase as shown in Table S2. However, even in the presence of reactive H-donors such as methanol 

(1 vol-%), C7F15H was detected only at a trace level (<0.1 mol-% of converted PFOA). The 

corresponding experiments took carefully into account the volatility of these compounds. 

Therefore, the supposed reaction mechanism in the absence of O2 must be considered as a 

hypothesis requiring additional proof. Understanding the fate of perfluoroalkyl radicals is not only 

an academic question: reactions with O2 and •OH (eqs. 16 and 17) result in shorter-chain PFCAs, 

which have to be chemically degraded further. Other radical stabilization reactions, such as H-

abstraction from appropriate H-donors (or water), would produce highly volatile compounds (e.g. 

CnF2n+1H) which are easily removed from the aqueous phase. Hence, controlling the fate of the 

key intermediate •CnF2n+1 would provide a tool to make the entire treatment process more efficient. 

In addition, methanol can also work as an effective •OH quencher. As seen in Figure S10, the 

addition of methanol (1 vol-%) has almost no effect on PFOA degradation and defluorination, 

which indicates that •OH does not play a key role in the rate-determining steps of the 

photochemical degradation of PFOA. 

 



54 

 

4.  Conclusions 

  In this study, a novel, efficient degradation approach of PFOA under UV-A irradiation after 

adsorption on Fe-zeolites with molecular oxygen being the terminal oxidant was established. 

Experimental results show i) Fe-zeolites based photochemical system exhibits a better PFOA 

degradation performance under irradiation (a wider range from UV-C to UV-A) compared to the 

homogeneous ferric ions system. ii) Slightly acidic conditions are optimal in terms of PFOA 

adsorption and complexation. iii) Molecular oxygen works as the terminal oxidant and is involved 

in re-oxidization of ferrous ions to ferric ions, producing reactive species and facilitating further 

mineralization of PFOA. iv) Except for SO4
2−

, the presence of other commonly present inorganic 

anions has a negligible impact on PFOA degradation. v) The isolated Fe3+ ions in octahedral 

coordination are involved in the carboxylate-to-metal charge transfer, which plays the major role 

in the process of PFOA degradation. Using Fe-zeolites as both adsorbent and photocatalyst opens 

up the design of new technological approaches for degradation of PFOA. A feasible process 

scheme could consist of the following steps: in the first step, PFOA is removed from water by 

adsorption to the Fe-zeolites that can then be separated by microfiltration. In the second step, the 

loaded zeolite particles can be regenerated in situ by photochemical degradation under optimal 

reaction conditions with UV-A irradiation (300 nm > λ > 400 nm), i.e., a solar light fraction. Post-

treatment of the regeneration solution by UV-C/persulfate can be used for complete mineralization 

of released shorter-chain PFCAs. Overall, a combination of PFOA adsorptive enrichment and 

photochemical degradation by applying Fe-zeolites can be realized, which is promising for the 

treatment of this highly recalcitrant trace-level contaminant.  
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Supporting information 

Experimental procedures 

N2 adsorption/desorption measurements were performed on a BELSORP-miniII instrument (Bel, 

Japan) at -196 °C. Each sample was degassed at 100 °C before measurement. Structural parameters 

(specific surface area, pore volume, pore diameter and pore size distribution) were calculated using 

Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) methods by means of 

BELSORP-miniII analysis software. 

Major elements (MgO, Al2O3, SiO2, P2O5, K2O, CaO, MnO, Fe2O3) were determined by means of 

wavelength-dispersive X-ray fluorescence analysis (WDXRF) using a WDXRF-spectrometer S4 

PIONEER (Bruker-AXS) equipped with a 4 kW-Rh X-ray tube (75 µm Be window), 60 kV 

generator and an eight-position crystal changer. Aliquots of the sample powder were diluted with 

Li2B4O7 (1 g sample + 7 g Li2B4O7) in order to prepare glass discs by fusion at 1200 °C in a 95% 

platinum-5% gold crucible for 20 min. The spectrometer operating conditions were vacuum, 34 

mm collimator mask and 0.23° collimator in conjunction with the analyzing crystals OVO 55, Ge, 

LIF 100 and LIF 110. The calibration functions for the individual analytes were based on 

relationships between certified concentration data and the measured response provided by the 

analysis of reference materials: CANMET-LKSD1-LKSD4 (lake sediments), CANMET-STSD1-

STSD4 and GBW07309-11 (stream sediments), NIST-SRM2689 and NIST-SRM2691 (coal fly 

ashes). The measurement process and data collecting were controlled by the software package 

SPECTRAplus. 

XPS spectra were recorded on an Axis Ultra photoelectron spectrometer (Kratos, Manchester, 

UK) using monochromatized Al Kα radiation (hν=1486.6 eV). Pass energies of 160 eV and 40 eV 

were set for measuring the survey and the high-resolution spectra, respectively. The main 

component of the C 1s signal was set as reference at 284.8 eV for binding energy determination. 

X-ray powder diffraction patterns were recorded at room temperature on a Bruker D8-Advance 

diffractometer, equipped with a one-dimensional silicon strip detector (LynxEye) using Cu-K 

radiation and a counting time of 1 s per data point. 

 



59 

 

Table S1. Particle sizes of dry Fe-BEA35 powders and particle size distribution in Fe-BEA35 

suspension. 

 Fe-BEA35 

Particle size as d10/d50/d90 (m) a 0.4/1.0/2.1 

dDLS (m) b 0.86 

 

a Determined by laser diffraction for dry powder with HELOS. Particle size distribution d10, d50, 

and d90 corresponding to the percentages 10%, 50%, and 90% of particles under the reported 

particle size. 

b DLS analysis (intensity-based harmonic mean of particle diameter). A zeolite concentration of 

1 g L-1 in 10 mM KNO3 was applied. 

 

Table S2. Identified gas phase products by headspace GC/MS measurement after 24 h irradiation 

of PFOA in 1 g L-1 Fe-BEA35 suspension. GC/MS conditions see main part. 

Retention time (min) Formula 
Chemical Structure (GC/MS 

Library) 

0.89 C2HF5 

 

0.97 C3HF7 

 

1.14 C4HF9 

 

1.45 C5HF11 

 



60 

 

2.01 C6HF13 

 

3.08 C7HF15 

 

The terminal position of the H atoms in the molecules was derived tentatively from the EI-

fragmentation pattern. 

 

Table S3. Zeta potential of Fe-BEA35 determined at different pH values in Fe-BEA35 (1 g L-1) 

suspension in 10 mM KNO3. 

 

 pH=3.0 pH=5.5 pH=7.0 pH=9.0 

Zeta 

potential (mV) 
-21 -26 -29 -34 

 

 

Table S4. Degradation rate constants (kobs,PFOA), defluorination ratios (𝑑F−) and half-lives (t1/2, 

calculated from kobs,PFOA) of PFOA in the presence of Fe-BEA35 (1 g L-1) and initial pH = 5.5 

under various reaction conditions. 

 O2 
a N2

 a UV-A b UV-C b 

𝒅𝐅−  after 24 h (%) 16 1.7 38±0.70 c 49 

𝒅𝐅−  after 48 h (%) 22 2.1 - d -  

𝒌𝐨𝐛𝐬,𝐏𝐅𝐎𝐀  (h-1) 0.046 ± 0.004 0.0045 ± 0.0022 0.38 ± 0.04 0.82 ± 0.08 

 

a C0,PFOA = 480 µM, UV-A irradiation 

b C0,PFOA = 48 µM, oxygen atmosphere. 

c Error ranges represent average deviations of single values from the mean of triplicate assays. 

d Not available. 
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Figure S1. Schematic of the experimental setup for photochemical experiments. 
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Figure S2.  Spectral emission curves of UV lamps used (UV-A and UV-C). The intensity varies 

according to power of the lamp. The spectral curves were obtained from the website of the UV 

lamp provider (https://www.herolab.de). 
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Figure S3. The X-ray powder diffraction pattern of Fe-BEA35. 

 

Figure S4. Fe 2p XPS spectra of Fe-BEA35. 
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Figure S5. Comparison of PFOA degradation kinetics in the presence of iron(III) oxide 

nanoparticles and BEA35. CFe-BEA35 = 1 g L-1, Ciron(III) oxide = 0.1 g L-1, C0,PFOA = 48 µM and pH0 = 

5.5. Error bars represent standard deviations of triplicate assays. Lines are added to guide the eye. 

 

Figure S6. First-order-kinetics plot of PFOA degradation, ln(C/C0) versus irradiation time. 

CFe-BEA35 = 1 g L-1, C0,PFOA = 48 µM and pH0 = 5.5. Pseudo-first-order kinetics can describe well 

PFOA degradation within the initial period of 0-6 h corresponding to ≤ 90% turnover. The reaction 

slows down slightly for higher turnover.  
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Figure S7. Degradation of short-chain perfluorinated carboxylic acids by UV-C activation of 

sodium persulfate. During the reaction, 8.4 mM sodium persulfate was added every 2 h. 

 

Figure S8. Mass balance of fluorine before and after UV-C activation of sodium persulfate. 
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Figure S9. UV-vis-DR spectra of 10 g L-1 Fe-BEA35 suspension in the absence and in the presence 

of 1.92 mM adsorbed PFOA. 

 

Figure S10. Degradation of PFOA in the presence of Fe-BEA35 (1 g L-1) with and without (1 vol-

%) methanol addition. C0,PFOA = 48 µM, pH0 = 5.5, oxygen atmosphere. Error bars represent 

standard deviations of triplicate assays. Lines are added to guide the eye. 
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3.2 Photodegradation of perfluorooctanesulfonic acid on Fe-zeolites in water 

 

Lin Qian, Frank-Dieter Kopinke and Anett Georgi* 

Helmholtz Centre for Environmental Research – UFZ, Department of Environmental 

Engineering, Permoserstrasse 15, D-04318 Leipzig, Germany 

 

 

ABSTRACT:  Perfluorooctanesulfonic acid (PFOS) decomposition in aqueous environment 

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

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

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

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

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

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

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

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

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

successfully applied the system to real ground water samples where trace PFOS was present. Our 

results indicate that PFOS degradation is initiated by electron transfer from sulfonate to iron. The 

presented experimental study offers an option for a novel water remediation technology, 

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

of the adsorbent.  
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1. INTRODUCTION 

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

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

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

PFOS has been found to be globally distributed in aquatic and terrestrial environments [3], also in 

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

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

cardiotoxicity, reproductive toxicity and neurotoxicity [6-9]. Even though production and use of 

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

Stockholm convention, the risk of human exposure due to accumulation in marine systems and 

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

decades [10].  

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

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

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

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

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

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

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

of PFOS is an even greater challenge than that of PFCAs. 

There are two major approaches reported to be effective in the degradation of PFOS. Firstly, the 

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

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

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

by-products have the potential to contaminate the treated water. Alternatively, PFOS can be 

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

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

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

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

In summary, there is an urgent need to develop a method for decomposing PFOS ecologically and 

economically under feasible and practically available conditions.  
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Nowadays, UV irradiation is becoming more and more widespread as a method for disinfecting 

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

range and cannot be directly photolyzed by UV light [20]. This obstacle can be overcome using 

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

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

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

(VUV, 185 nm) or ultraviolet-C (UV-C, 254 nm) irradiation to produce ferrous ions and 

C8F17SO3∙ via ligand-to-metal electron transfer (eq. 2) [21].  

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 

or hydroxyl radicals to be further decomposed. However, the shortcomings of this ferric-ion-

mediated photodecomposition of PFOS in homogeneous systems are obvious: (i) the operational 

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

vulnerable to the real water matrix [22] so an additional pre-enrichment of PFOS is desirable. 

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

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

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

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

firstly applied for photochemical degradation of PFOA using UV-A light in our previous study 

[23]. Nevertheless, PFOS is known as more persistent than perfluorocarboxylic acids as it is e.g., 

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

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

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

affinity towards PFOS, Fe-BEA35 can act as efficient adsorbent for this contaminant, whereby the 

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

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

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

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

water. Furthermore, it can be operated in a wider pH range (up to pH 5.5) than the homogeneous 
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process. The findings in this study offer a promising new strategy for remediation of water 

containing low concentrations of PFOS. 

2. EXPERIMENTAL SECTION 

  Detailed information on chemicals, materials, photochemical procedures and analyses are 

described in Supporting Information (SI). For a typical photochemical PFOS degradation, a 350 

mL reaction suspension containing certain amounts of Fe-zeolites and PFOS was loaded in a 

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

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

S2. In this study, the desulfurization ratio (𝑑SO42−) and defluorination ratio (𝑑F−) are calculated as 

follows: 

𝑑SO42− = 
C
SO4
2−

C0
 × 100%       (3) 

𝑑F−  = 
CF−

17×C0
 × 100%       (4) 

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

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

molecule. A complete desulfonation and defluorination of PFOS would yield  𝑑SO42− and 𝑑F−  of 

100%, respectively. 

3. RESULTS AND DISCUSSION 

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

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

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

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

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

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

decomposed with 𝑑F−  = 69% and 𝑑SO42−= 99% (Figure 1).  
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Figure 1. Comparison of PFOS degradation and product formation in three experiments: (i) UV 

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

atmosphere, 0.5 g L-1 Fe-BEA35 (1.3 wt-% Fe in zeolites) and C0,Fe
3+ = 200 µM, where applied. 

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

guides for the eye. 

  In order to reveal the key factor causing the high degradation degree in the system, control 

experiments under the same conditions with (i) neither Fe-BEA35 nor other iron sources, and (ii) 

dissolved ferric ions but no zeolites, were performed. As shown in Figure 1, only little degradation 

of PFOS (6%) occurred after 96 h UV-C irradiation in the systems in the absence of zeolites and 

in the absence of iron sources, indicating almost no direct photolysis of PFOS. This is not 

unexpected, as previous studies confirmed that PFOS exhibits no significant adsorption in the UV-

C range [20]. Therefore, significant PFOS degradation due to direct photolysis can be ruled out. 

In the second control experiment, the PFOS degradation performance in a homogenous system 

containing 200 M dissolved ferric ions at pH 3.0 was tested. It is known that PFOS can form 

complexes with ferric ions in aqueous solution (PFOS-Fe3+), which can then be decomposed under 

UV-C irradiation and contribute to PFOS degradation [21]. With dissolved ferric ions, 69% of the 
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initial PFOS was decomposed and 𝑑F−  = 18% was achieved within 96 h. The lower PFOS 

degradation (69% in 96 h vs. 92% in 24 h) in the homogeneous system strongly suggests that the 

presence of Fe-BEA35 was responsible for the high PFOS degradation performance in the 

heterogeneous system. We assume that the adsorption of PFOS to the zeolite is a pre-condition for 

photochemical degradation. The fractions of adsorbed PFOS (Xsorb) and freely dissolved PFOS 

(Xfree) can be described as follows: 

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 

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

complex formation as a prerequisite for photochemical PFOS degradation according to eqs. 7 and 

8: 

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: 

d𝐶PFOS

dt
= - k · 𝐶

[C8F17SO3-Fe]
2+

-zeolite
  = - k · Xcomplex · C PFOS,total =  

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

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

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

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

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

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

possible reasons are discussed in detail in Section 3.3. 

In order to understand the PFOS photochemical degradation pathways and underlying 

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

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

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

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



73 

 

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

analysis.  

 

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

photochemical degradation of PFOS; (b) Fluorine mass balance during photochemical degradation 

of PFOS. The 0 h mass balance represents fluorine detected as PFOS in zeolite suspension by ACN 

extraction before start of irradiation. The 96 h mass balance represents fluorine detected as fluoride 

and C2 to C4 PFCAs in aqueous phase, and C5 to C8 PFCAs and PFOS by ACN extraction. 0.5 g 

L-1 Fe-BEA35, C0,PFOS = 20 µM, pH0 = 3.0, oxygen atmosphere.  Error ranges stand for the standard 

deviations of the results from triplicate assays in Figures 2(a). The cumulative error is shown in 

Figure 1 (b). Lines serve as guides for the eye. 

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

Figure 2 (a). The concentrations of C5, C4 and C3 passed maxima at 6 h, 24 h and 72 h, 
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respectively, and decreased subsequently, while the concentration of C2 increased continuously 

over the whole reaction time. In addition, the early reaction stages (0 to 6 h) were investigated in 

more detail (Figure S4). It is worth noting that the concentrations of the initially produced C8, C7, 

C6 and C5 were relatively low, indicating that the reactivity of carboxylates with longer chains 

(≥C5) is higher than that of PFOS in the presence of Fe-BEA35. Taking the two C8 compounds, 

sulfonate vs. carboxylate, as an example, two batch experiments were performed containing PFOA 

and PFOS separately (Figure S5). By fitting the degradation curves using first-order kinetics (eq. 

9), around 8-times higher kobs of PFOA than that of PFOS was observed under the same conditions. 

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

PFOA, which is decomposed stepwise towards shorter-chain PFCAs. The possible reason for the 

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

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

next section.  

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

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

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

by acetonitrile (ACN) extraction (see SI part). The small but significant deficit of (6 ± 2)% points 

to strong or partially irreversible bonding between Fe-BEA35 and PFOS. After irradiation for 96 

h, the final recovery of fluorine in the form of various fluorine-containing products was (92 ± 3)%, 

which indicates a largely complete PFOS conversion. Nevertheless, the incomplete fluorine mass 

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

fluorine-containing intermediates, which finally were converted to PFCAs and fluoride (at 72 h 

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

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

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

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

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

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

(≤4 C) show a low adsorption degree at the applied zeolite concentration, i.e. they desorb into the 

solution phase instead of being further degraded. To confirm that a complete mineralization of 

PFOS can finally be obtained, the solution phase of the 96 h UV irradiated Fe-zeolite suspension 
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was further treated by UV activation of sodium persulfate (Na2S2O8), which was added in five 

steps (8.4 mM each) every two hours. As shown in Figure S7, the remaining short-chain PFCAs 

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

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

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

PFOS is removed from water by adsorption on the separable zeolite adsorbent, (ii) the adsorbed 

(and thus enriched) PFOS can be photochemically degraded on Fe-zeolites and the adsorbent is 

‘reactively regenerated’, and (iii) in the third step, UV/persulfate is applied in order to generate 

sulfate radicals (SO4
-·), which are nonreactive towards PFOS but are able to degrade the remaining 

PFCAs [14]. This three-step approach is promising for the treatment of PFOS when aiming at its 

complete mineralization. 

3.2. Effect of pH on photochemical degradation of PFOS. As discussed above, the addition of 

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

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

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

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

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

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

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

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

of 3.0 and 5.5, but a higher 𝑑F−  was obtained at pH 3.0 (69%) compared to that at pH 5.5 (56%). 

The lower defluorination ratio at pH 5.5 is due to lower reaction rates of the formed PFCA 

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

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

concentration of C3 and C2 increased continuously over the whole reaction time.  



76 

 

 

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

of (a) residual PFOS concentration; (b) defluorination ratios (𝑑F−) and (c) desulfurization ratios 

(𝑑SO42−). 0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, oxygen atmosphere. Error ranges stand for the 

standard deviations of the results from triplicate assays. Lines serve as guides for the eye. 
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In contrast, at pH0 = 3.0, the concentrations of both C4 and C3 decreased after they passed their 

maxima (Figure 2(a)). One possible reason for the observed pH effect is that the acidic conditions 

(pH = 3.0) can promote the adsorption of the PFAS on zeolite, as already observed and discussed 

in our previous study [23]. Table S1 shows the percentages of the PFOS fraction adsorbed on the 

zeolite (Xsorb) at pH 3.0 and pH 5.5, which are 98% and 84%, corresponding to PFOS loadings on 

the zeolite of 19.6 mg g-1 and 16.8 mg g-1, respectively. A similar pattern was observed in PFCAs 

adsorption on zeolite, as shown in Figure S6. At both pH values, decreasing Xsorb was found for 

PFCAs with decreasing chain lengths, but still higher Xsorb was achieved at pH 3.0 for all PFCAs. 

In fact, PFOS is nearly exclusively present in its anionic form under all relevant pH conditions due 

to its very low pKa value (<0) [24]. It is reasonable to assume that the adsorption of PFOS on 

zeolites is regulated by the combined effect of hydrophobic interactions between the zeolite surface 

and the perfluoroalkyl chain, and electrostatic interactions [25-27]. The latter comprise interactions 

of the terminal R-SO3
- group, which are repulsive with silanol or Si-O-Al- groups of the zeolite 

surface and attractive with Fe3+ bound to ion-exchange sites of the zeolite. When pH decreases 

from 5.5 to 3.0, the density of negative surface charges on zeolites causing repulsive interactions 

is diminished and adsorption of PFOS is promoted.  

 

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

adsorption. The term “complexed PFOS” means the specifically adsorbed PFOS at ferric ions. 
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  When the pH was further increased to 7, the degradation, defluorination and desulfurization 

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

not decrease significantly (see Table S1) in the range of pH 5.5 to 7. We therefore relate the 

reduced PFOS degradation efficiency at pH 7 to the altered Xcomplex/Xsorb, i.e. the fraction of 

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

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

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

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

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

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

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

or a higher non-specifically adsorbed fraction of PFOS can be expected when pH increases. To 

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

decreased fraction of complexed PFOS (PFOS-Fe3+) and/or a possibly altered ligand environment 

at the ferric sites where OH- ligands replace H2O.  

3.3. Effect of zeolite dosage and PFOS concentration. When the proportion of the Fe-BEA35 

dosage and initial PFOS concentration was kept constant, kobs,PFOS and 𝑑F−  both remained nearly 

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

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

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

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

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

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

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

remaining PFOS was found in the system with initially 20 M PFOS after 96 h irradiation, also 

suggesting that a lower kobs, PFOS would appear when low PFOS concentrations are reached. The 

possible reason is that even if Fe-BEA35 dosage is constant and a similar Xsorb is achieved at 

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

lower PFOS concentration, and a much higher single-point sorption coefficient (Kd = 𝑞PFOS/ 

CPFOS,free) is observed (Table 1). 
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Table 1. Adsorption and kinetic data on PFOS degradation with varying initial PFOS and zeolite concentrations (at pH0 = 3.0, oxygen 

atmosphere, T = 25°C if not otherwise noted) 

 

 

 

 0.25 g L-1 zeolite 

10 M PFOS 

0.5 g L-1 zeolite 

20 M PFOS 

1.0 g L-1 zeolite 

40 M PFOS 

0.5 g L-1 zeolite 

10 M PFOS 

0.5 g L-1 zeolite 

0.046 M 

PFOS 

0.5 g L-1 zeolite 

0.046 M PFOS 

in real water 

0.5 g L-1 zeolite 

20 M PFOS at 

80 ℃ 

XSorb, PFOS (%)  96.6 98.6 99.2 98.9 99.6 99.5 98.8  

CPFOS, free (M) 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 

𝒅𝑭− after 96 h (%) 60 69 70 66 -
 c

 - 72 

𝒌𝐨𝐛𝐬,𝐏𝐅𝐎𝐒 (h
-1) 0.067±0.013

d
 0.10±0.019 0.13±0.016 0.095±0.024 0.013±0.002 0.020±0.002 0.13±0.048 

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

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

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

eye. 

As a result, a lower Xcomplex/Xsorb ratio is likely expected with a lower PFOS concentration due to 

the increase of some strongly but non-Fe bonded adsorbates (non-specifically adsorbed PFOS). 
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That is to say, the Xcomplex/Xsorb apparently decreases not only with increasing pH (as discussed in 

Section 3.2) but also at lower PFOS concentrations. 

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

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

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

at very low initial PFOS concentration. In practice, a preconcentration of PFOS should be provided 

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

degradation rate. 

3.4. Effect of operation temperature. Increasing temperature would improve chemical reaction 

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

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

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

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

suspension. The main purposes of performing this experiment with elevated temperatures are to: 

(i) test whether PFOS photochemical degradation and defluorination can be significantly enhanced 

at higher temperatures, and (ii) shed light on the mechanistic aspect of the photochemical 

degradation process. As seen in Figure 6 (a) and Table 1, both kobs,PFOS and defluorination ratio 

were only slightly enhanced when reaction temperature was increased from 25 ℃ to 80 ℃ (by 

factor 1.3 in kobs,PFOS). We also observed that the initial PFOS adsorption on zeolite is identical at 

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

elevated temperatures in the scale tested do not strongly facilitate the photochemical degradation 

of PFOS. Such results are in accordance with the photon efficiency of the excitation of the PFOS-

Fe3+ complex as the rate-limiting factor for the photochemical degradation of PFOS. 
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Figure 6. Degradation of PFOS under UV-C irradiation: (a) at different operation temperatures, 

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

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

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

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

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

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

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

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

former refinery site near Merseburg in the eastern part of Germany. The groundwater sample 
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contains 9.2 nM of PFOS. In addition, other organic compounds, e.g., methyl tert-butyl ether (1.9 

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

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

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

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

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

Apart from the decreased kobs,PFOS caused by the lower PFOS concentration as discussed in the 

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

PFOS in the groundwater sample is comparable to that in the synthetic water sample with the 

identical initial PFOS concentration, or even slightly better. Nevertheless, a further 

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

behavior. Our previous study about the effect of inorganic ions on PFOA photochemical 

degradation indicates that sulfate may interfere with the complexation between PFOA and ferric 

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

groundwater sample even though inorganic ions including sulfate were present (C
SO4

2-= 5.6 mM). 

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

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

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

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

evaluated by degrading PFOS in a recycling experimental set-up as described in the SI. As shown 

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

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

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

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

carry-over of adsorbed PFOS as well as its degradation products during the runs. Nevertheless, the 

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

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

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

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

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

based on the fluence rate of the photochemical reactor with a 1.1 cm optical path length [30]. 
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Comparing our system with other PFOS degradation processes, e.g., the BDD-based 

electrochemical system, the SEC for 90% PFOS degradation was reported as 20 kWh m-3 [31]. 

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

treatment method. However, thanks to Fe-zeolites’ high adsorption affinity towards PFOS, most 

water can be discharged after desired PFOS depletion. In such a two-step system the contribution 

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

much lower (approx. 47 or 4.7 kWh m-3 treated water by assuming a 90 or 99% water disposal). 

Nevertheless, this energy demand alone corresponds to a contribution of ≥ 1 €/m³ to total operation 

costs. For the currently prevailing large-scale PFAS removal technologies, i.e. activated carbon 

adsorption, ion exchange and reverse osmosis, full operation treatment costs in 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 groundwater pump-

and-treat units.32 This comparison illustrates that further material and process optimization is 

required for the Fe-zeolite-based photocatalysis system in order to improve energy-efficiency and 

expected operation costs. The present study should be understood as a proof-of-principle for a 

combined adsorption/photocatalysis approach that not only removes PFAS from water but 

facilitates their on-site destruction and adsorbent regeneration. More detailed discussion about 

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

3.8. Possible pathways of photochemical degradation of PFOS. Several reaction pathways of 

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

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

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

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

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

is proposed in ferric ion mediated photo-decomposition and electrochemical oxidation of PFOS in 

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

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

sulfate anions (eq. 10).  

C8F17SO3∙ + H2O
                 
→      C8F17∙ + SO4

2-
+ 2H+ (10) 
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Scheme 1. Proposed reaction mechanism for PFOS photochemical degradation on Fe-BEA35. 

Detailed radical reactions and hydrolysis steps are presented in SI. 

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

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

of the initial head group. In addition, the reduced iron sites (Fe2+) will be re-oxidized by oxygen 

or hydroxyl radicals in order to close the photocatalytic cycle (eqs. 11-12). Hydroxyl radicals may 

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

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.  

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

technological approach for PFOS removal and degradation as well as on-site sorbent regeneration. 
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In the first step, PFOS is removed from the large volume of incoming water by adsorption onto 

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

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

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

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

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

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

are relevant for: (i) the development of adsorptive PFAS removal technologies combined with on-

site adsorbent regeneration; (ii) inspiring PFAS removal approaches based on other Fe-loaded 

catalysts; (iii) providing suggestions for future studies on material optimization, reactor and 

process design. 
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Supporting information 

Detailed information on Experimental Section 

  Chemicals and Materials. All chemicals were of reagent grade purity and used without 

purification. Deionized water was used in this work for solution preparation. The Trap-Ox® zeolite 

Fe-BEA35 was obtained from INTRAPORE GmbH (Germany). The molar ratio of SiO2/Al2O3 in 

this zeolite is 35. The BEA framework consists of two types of channels with 12 atoms (Si or Al), 

i.e. Ø 5.6 – 5.7 Å, zig-zag form, and Ø 6.6 – 6.7 Å, straight form, respectively. The characterization 

of Fe-BEA35 including morphology, zeolite framework type, iron species, etc., were described in 

our previous work [1]. In this study, the Fe-BEA35 is used as adsorbent and catalyst. The 

pretreatment of Fe-BEA35 was applied in order to stabilize iron ions in the form of Fe3+ and to 

remove any leachable iron species by competitive exchange with potassium ions under acidic 

conditions (pH = 3.0) [2]. The iron content in Fe-BEA35 after pretreatment was 1.3 wt-% 

measured by X-ray fluorescence analysis. After 96 h reaction under acidic conditions (pH = 3.0), 

the concentration of the total leached iron was 0.11 mg L-1 as determined photometrically. This 

value is even below the permitted iron concentration (0.2 mg L-1) for drinking water according to 

German Environment Agency (UBA) in Germany. The particle size of Fe-BEA35 in suspension 

was measured by dynamic light scattering indicating a mean diameter of 860 nm. PFOS potassium 

salt (C8F17SO3K, 98%), heptafluorobutyric acid (HFBA, C3F7COOH, 98%), perfluorooctanoic 

acid (PFOA, C7F15COOH, 96%) and sodium persulfate (Na2S2O8, 98%) were purchased from 

Sigma Aldrich. Perfluoroheptanoic acid (PFHpA, C6F13COOH, 97%) was purchased from Alfa 

Aesar. Perfluorohexanoic acid (PFHeA, C5F11COOH, 98%), Perfluoropropionic acid (PFPrA, 

C2F5COOH, 97%) and perfluoropentanoic acid (PFPeA, C4F9COOH, 97%) were purchased from 

J&K Scientific. Trifluoroacetic acid (TFA, CF3COOH, 99%) was purchased from Fluka.  

  Photochemical Procedures. The photochemical experiments were conducted in a 450 mL 

cylindrical reactor. Details about the reactor setup are shown in Figure S1. The outer and inner 

diameters of the reactor were 60 mm and 38 mm, respectively. A low-pressure mercury lamp (20 

W, Peschl Ultraviolet GmbH, Germany) covered with an immersion quartz tube (8) was placed in 

the center of the reactor, emitting 254 nm UV light. The photon flux was determined by ferrioxalate 

actinometry to be 1.46×10
-5

 mol s-1 [3]. Where not otherwise stated, an aqueous PFOS solution 

(350 mL, 40 µM) was mixed with 0.175 g of Fe-BEA35 in a 500 mL bottle followed by shaking 
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for 24 h to establish adsorption equilibrium. The initial pH values were adjusted by HCl or NaOH. 

The 350 mL suspension was added to the reactor and purged with oxygen gas from inlet gas port 

(6) for 30 min shortly before UV irradiation. Reactions were performed in the closed reactor with 

a certain headspace volume of oxygen (100 mL oxygen per 350 mL of suspension). The reaction 

temperature was maintained at 25 °C or 80 °C, accordingly, by a circulating cooling or heating 

system from inlet water port (3) to outlet water port (4). This cylindrical reactor is equipped with 

an integrated magnetic drive circulation bar (9), which provides the mixing of zeolites suspension 

when used together with a lateral riser bypass (5) as indicated with arrows. Samples of the reaction 

suspension were taken from sampling port (2) at certain time intervals.  

   In order to obtain the total concentration (including adsorbed and freely dissolved fraction), 

residual PFOS and byproducts were extracted from the zeolite into a liquid phase by adjusting 

suspension pH to 2, followed by addition of 95 vol-% acetonitrile for extraction. Based on 

preliminary tests, the PFOS recovery (before irradiation) by this procedure was supported by the 

addition of the acid and was almost complete, i.e. (94 ± 2) %. In order to obtain the total fluoride, 

sulfate and freely dissolved acid concentrations in the aqueous phase, 1 mL aliquots of the 

suspension were taken and subsequently centrifuged for 5 min at 2500 rpm. The clear supernatant 

was subjected to LC-MS and IC analysis.  

In order to achieve a complete mineralization of PFOS and its degradation products, the UV-

irradiated suspension was further treated with UV/Na2S2O8 in the following way: the irradiated 

suspension was centrifuged for 5 min at 2500 rpm to remove the zeolite particles (containing 

almost no PFOS and its degradation products, as shorter-chain PFCAs desorb into the water 

phase). The supernatant (about 340 mL) was taken and sodium persulfate was added in five steps 

(8.4 mM each) every two hours, under UV irradiation, until all PFCAs were degraded.  

The investigated real groundwater sample contained PFOS in very low concentration (9.2 nM). 

For the purpose of improving the degradation reaction rate and the utilization of UV light, the 

PFOS concentration was enriched from the water sample on the Fe-BEA35 zeolite with high 

adsorption affinity towards PFOS. Figure S2 shows a scheme of the groundwater sample treatment 

prior to irradiation. 1.75 L of real groundwater was filtered by 0.45 m filter paper in a Buchner 

funnel in order to remove large particles and aggregates. The filtered water sample (chemical 

composition shown in Table S3) was then mixed with 0.175 g Fe-BEA35 and shaken for 24 h. 

After 24 h, the majority (≥90%) of PFOS was adsorbed on zeolites. The concentration of dissolved 
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PFOS was below the detection limit (<1 nM) of the LC-MS method when directly injected. Thus, 

it was preconcentrated by evaporation of 90% of the water at 60°C in an oven. The suspension was 

then kept unstirred for another 48 h, after which 80% of clear supernatant was removed. The 

remaining PFOS-containing zeolite particles were re-suspended and the suspension (350 mL) was 

collected for further photochemical treatment. 

In the reusability test, after each irradiation period, the irradiated suspension was centrifuged for 

5 min at 2500 rpm to remove the supernatant. The remaining zeolites contained almost no PFOS 

and its degradation products, as shorter-chain PFCAs and fluoride desorbed into the aqueous 

phase. The zeolite particles were re-suspended after adding the same amount of fresh aqueous 

PFOS solution. The suspension was ready for the next irradiation run after 1-day adsorption.  

  Analyses. PFOS and its C4-C8 degradation intermediates, i.e. PFBA, PFPeA, PFHeA, PFHpA 

and PFOA, were determined with an HPLC-MS system (SHIMADZU Corporation; LCMS-2020). 

The mobile phase consisted of solvents A and B: solvent A was composed of 20 mM ammonium 

acetate in 10 vol-% methanol and 90 vol-% deionized water and solvent B was composed of 

20 mM ammonium acetate in 10 vol-% deionized water and 90 vol-% methanol. A combination 

of 65 vol-% of solvent B and 35 vol-% of solvent A was pumped with a flow rate of 0.25 mL 

min-1.  The run time of each measurement was 28 min. The PFOS reagent contained linear and 

branched isomers, whereby the linear PFOS was the major component. In this study, we focused 

on the properties of linear PFOS. Beside fluoride and sulfate, PFPrA (C3) and TFA (C2) 

concentrations were measured with an IC DX 500 ion chromatograph (Thermo Fisher) equipped 

with conductivity detector (IC 25), anion suppressor (ASRS300) and an IonPac AS11-HC column.  

The analysis of gas-phase intermediates produced during PFOS photodegradation was 

performed on a GC/MS (SHIMADZU Corp., GCMS-QP2010) through headspace sampling and 

injection of gaseous samples (25 µL) after irradiation. A 30 m DB1 (0.25 µm film thickness, 0.32 

mm inner diameter) was used as GC separation column. The MS was operated in the SCAN mode 

(m/z = 41-250 amu). The GC oven was kept isothermal at 35°C, and the injector temperature was 

set at 150 °C. 
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Tables S1 to S3 Referred in the Main Text 

Table S1. PFOS adsorption, defluorination ratios (𝑑F− ), pseudo-first-order degradation rate 

constants (𝑘obs,PFOS) and half-lives of PFOS degradation at different initial pH values in aqueous 

suspension.  0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, oxygen atmosphere. 

 pH = 3.0 pH = 5.5 pH = 7.0 

Percentage on zeolite a 98 84 88 

Loading of PFOS on 

zeolite (mg g-1) 

19.6 16.8 17.6 

𝒅𝑭− after 96 h (%) 69 56 6 

𝒌𝐨𝐛𝐬,𝐏𝐅𝐎𝑺  (h-1) b 0.10 ± 0.019 0.033 ± 0.010 0.0041 ± 0.0059 

PFOS t1/2 (h) b 7 ± 1 21 ± 5 169 ± 99 

a after 24 h adsorption. 

b Error ranges are derived from the regression analysis of the data and correspond to one standard 

deviation. 

Table S2. Gas-phase products identified by GC/MS headspace analysis after 96 h irradiation. 0.5 g 

L-1 Fe-BEA35, C0,PFOS = 20 µM, pH0 = 3.0 and oxygen atmosphere. GC/MS conditions see 

Experimental section. 

Retention time (min) Formula Chemical Structure (GC/MS 

Library) 

0.89 C2HF5 

 

0.97 C3HF7 

 

1.14 C4HF9 

 

The position of H atoms in the molecules was derived from the EI-fragmentation pattern in the mass 

spectra. 
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Table S3. Properties and chemical composition of filtered groundwater sample from Leuna, 

Germany. 

a DO: dissolved oxygen. 

b EC: electrical conductivity. 

c TOC: total organic carbon content 

 

Figures S1 to S10 Referred in the Main Text 

 

Figure S1. Scheme of the experimental setup for photochemical experiments. (1) low-pressure 

mercury UV lamp, (2) sampling port, (3) inlet water port, (4) outlet water port, (5) bypass, (6) inlet 

gas port, (7) outlet gas port, (8) quartz cooling tube, (9) magnetic drive circulation bar, (10) 

magnetic stirrer. 
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mg L-1 

SO4
2-

 

mg L-1 

MTBE 
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7.6 0.2 2579 67 281 48 538 1.9 3.5 
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Figure S2. Diagram of groundwater treatment prior to irradiation. 

 

Figure S3. PFOS degradation first-order-kinetics plot, ln(C/C0) versus reaction time. 0.5 g L-1 Fe-

BEA35, C0,PFOS = 20 µM, pH0 = 3.0, oxygen atmosphere. Pseudo-first-order kinetics can fit well 

PFOS photochemical degradation within the period of 0-24 h (blue curve) corresponding to ≤92% 

turnover. The rate coefficient decreases slightly at higher turnover. 

 

0 20 40 60 80 100

0

1

2

3

4

5

6

R
2
 = 0.97

y = 0.044x + 1.7

R
2
 = 0.99

y = 0.11x + 0.10

 

 

-l
n

 (
C

/C
0
)

Time (h)



95 

 

 

Figure S4. Formation of short-chain intermediates during photochemical degradation of PFOS in 

the early reaction stages (0 to 6 h). 0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, pH0 = 3.0 and oxygen 

atmosphere. Lines serve as guides for the eye. 

 

Figure S5. Comparison of photochemical degradation of PFOS and PFOA (C8). 0.5 g L-1 Fe-

BEA35, C0,PFOS = 20 µM, C0,PFOA = 20 µM, pH0 = 3.0 and oxygen atmosphere. Lines serve as 

guides for the eye. 
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Figure S6. Partitioning of PFCAs with various chain lengths and at different initial pH values 

between zeolite Fe-BEA35 (Xsorb) and the aqueous phase (Xfree) after 1 day shaking. 0.5 g L-1 Fe-

BEA35, C0,PFCAs = 2.4 µM. 

 

Figure S7. Short-chain PFCA degradation by UV/Na2S2O8. Na2S2O8 was added in five steps 

(8.4 mM each) every two hours. The start solution was the aqueous phase of the PFOS/Fe-zeolite 

suspension after 96 h irradiation. The procedure to obtain this solution is described in Experimental 

Section in SI. Lines serve as guides for the eye. 
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Figure S8. Fluorine mass balance before and after Na2S2O8 treatment of PFOS degradation 

products solution. The start solution was the aqueous phase of the PFOS/Fe-zeolite suspension 

after 96 h irradiation. The procedure to obtain this solution is described in Experimental Section 

in SI. 

 

Figure S9. Formation of short-chain intermediates, fluoride and sulfate during photochemical 

degradation of PFOS. 0.5 g L-1 Fe-BEA35, C0,PFOS = 20 µM, pH0 = 5.5, oxygen atmosphere. Error 

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

for the eye. 
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Figure S10. PFOS degradation and defluorination in reusability test with Fe-BEA35 (0.5 g L-1) 

under UV irradiation. C0,PFOS = 48 µM each, pH0 = 3.0, oxygen atmosphere. Lines serve as guides 

for the eye. 

Considerations of Energy Demand and Practical Application  

As discussed in Section 3.7., the Fe-zeolites system without an enrichment step is a high energy 

demanding PFOS treatment technology. Nevertheless, an efficient enrichment of highly diluted 

PFOS in water can be achieved with Fe-zeolites thanks to their high adsorption affinity towards 

PFOS. This is a “concentrate-and-destroy” strategy for degradation of PFOS in water using 

adsorptive photocatalyst Fe-zeolite particles. For instance, when the desired PFOS depletion in 

water is achieved by mixing the PFOS-contaminated water with a certain amount of Fe-zeolites, 

90% or even 99% of water can be discharged after separation of the Fe-zeolite particles. This 

means, only 10% or even 1% of the contaminated water volume has to be treated photochemically. 

This would reduce the SEC by two orders of magnitude, i.e. from ca. 470 to 4.7 kWh m-3 of cleaned 

water (calculated based on the fluence rate of the photochemical reactor with a 1.1 cm optical path 

length). Then, the PFOS-loaded Fe-zeolites can be re-suspended and further treated in a small 

water volume. As discussed in Section 3.3., the overall PFOS degradation rate will not differ a lot 
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corresponding energy demand per m³ of cleaned water can be decreased by several orders of 

magnitudes.  

In fact, we conducted a PFOS enrichment and photochemical treatment process for a real 

groundwater sample in Section 3.5 with the detailed procedures presented in Photochemical 

Procedures Section in SI. It is worth noting that the enrichment factor in the current study was 

restricted due to the limited volume of PFOS containing groundwater sample. A higher enrichment 

factor is realizable in principle. It can be for example enlarged by applying a cascade of batch 

adsorption reactors for achieving higher PFOS removal degree with a minimum amount of Fe-

zeolite than in a single batch. Another technological approach could be the development of a flow-

through system with immobilized Fe-zeolites e.g. in the form of photoactive coatings. 

Overall, the main purpose of this study is to show the working principle of a novel PFOS 

degradation technology, comprising first a zeolite-based adsorption step followed by a step for 

photochemical regeneration of the adsorbent. This can be done by on-site and utilizing e.g., 

regenerative energy for lamp operation. In comparison, the currently prevailing large-scale 

technologies for PFAS removal  (activated carbon or ion-exchange adsorption and membrane 

separation) do not degrade the target pollutant PFOS but require transportation and off-site 

treatment of large amounts of solids or liquids. Nevertheless, further optimization on improving 

photochemical activity of Fe-zeolites, and designing suitable treatment processes and reactors still 

needs to be done before a final evaluation of process and energy costs can be provided.  

 

Reaction Scheme for PFOS Decomposition 

The upper circle in Scheme 1 (main part) shows the proposed degradation pathway from PFOS 

to PFOA. After electron transfer from the sulfonate anion to the Fe3+ site and the SO3-elimination 

of the C8F17SO3∙ (eq. 1), the perfluoroalkyl radical •C8F17 is formed.  

C8F17SO3∙ + H2O
                 
→      C8F17∙ + SO4

2- + 2 H+                                     (1) 

In the presence of molecular oxygen, •C8F17 probably reacts with O2 to produce the peroxyl 

radical C8F17OO∙. CnF2n+1OO∙ as intermediates and their subsequent further decomposition steps 

were proposed in previous studies on perfluoroalkyl acid degradation [1]. Thus, subsequent radical 

reactions are proposed here according to the literature, and C8F17OH will be finally produced (eqs. 

2-5) [4-5].  
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C8F17∙ + O2

                      
→        C8F17OO∙ (2) 

2 C8F17OO∙
                      
→        C8F17OOOOC8F17 (3) 

C8F17OOOOC8F17

                      
→        2 C8F17O∙ + O2 (4) 

C8F17O∙ + H2O
                      
→        C8F17OH + ∙OH  (5) 

Alternatively, •C8F17 is also able to react with hydroxyl radicals (∙OH) to produce C8F17OH 

(eq. 6).   

C8F17∙ + ∙OH
                      
→        C8F17OH (6) 

The following hydrolysis reactions take place rapidly, and PFOA is generated (eqs. 9-10).   

C8F17OH 
                      
→        C8F15OF + HF (7) 

C8F15OF + H2O
                      
→        C7F15COOH + HF (8) 

The lower circle in Scheme 1 illustrates the proposed degradation pathway from PFOA to 

shorter-chain perfluorinated carboxylic acids (PFCAs). The produced PFCAs will continue to be 

adsorbed and complexed with Fe3+ ions on zeolites (eq. 9).  

CnF2n+1COO
-
 + Fe3+-zeolite 

                 
↔     [CnF2n+1COO-Fe]

2+
-zeolite (9) 

The PFCAs-Fe3+ complexes are oxidized upon irradiation via a carboxylate-to-metal electron-

transfer process to produce carboxyl radicals (CnF2n+1COO∙) (eq. 10) [6].  

[CnF2n+1COO-Fe]
2+

-zeolite
   UV-C   
→     CnF2n+1COO∙  + Fe2+-zeolite (10) 

This reaction is faster than the analogous e-transfer from the sulfonate group, as suggested by 

the comparison experiment shown in Figure S3. The resulting CnF2n+1COO∙ decarboxylates and 

yields perfluorinated alkyl radicals (∙CnF2n+1) (eq. 11).  

CnF2n+1COO∙
                  
→      CnF2n+1∙  + CO2 (11) 

A similar cascade of reactions will then take place as described above. Nevertheless, the low 

sorption affinity towards short-chain perfluorinated carboxylic acids (Figure S6), which are 

formed in the course of the reaction sequence, have some consequences: although the treated 

zeolite is fully regenerated, these acids are enriched in the aqueous phase of the regeneration 

suspension, they have to be mineralized by a complementary treatment step, as discussed in 

Section 3.1., e.g., by persulfate oxidation. 

In addition, the influence of the reaction atmosphere (N2 or O2) has been investigated in our 

previous work with PFOA as the target contaminant. Oxygen was shown to be essential for the 

catalytic reaction cycle, as the photochemical degradation of PFOA was inhibited in nitrogen 
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atmosphere [1]. Oxygen closes the catalytic cycle by re-oxidation of Fe2+ to Fe3+ and thus acts as 

the terminal oxidant (eq. 12).  

Fe2+-zeolite + O2

                      
→        Fe3+-zeolite + ∙O2

-
  (12) 
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ABSTRACT 

The treatment of contaminations with perfluorooctanoic acid (PFOA) is a huge challenge due 

to its environmental persistence and global distribution. To remove PFOA traces from water, a 

combination of adsorption and degradation processes is considered as a promising approach. In 

the present study, we developed a novel treatment strategy for PFOA using heat-activated 

persulfate in the presence of BEA35 - a BEA-structure type zeolite. Our experimental results show 

for the first time that BEA35 does not only remove PFOA by adsorption, but also accelerates its 

degradation by means of heat-activated persulfate until complete mineralization. The presence of 

zeolite (50 g L-1) increases PFOA degradation to 99.8% compared with 58% in homogeneous 

solution under the same reaction conditions (C0,persulfate = 100 mM, 90 min, 70°C). The influence 

of reaction conditions such as pH value, zeolite dosage and type were investigated. Possible 

reaction mechanisms were considered. The applicability of the zeolite-based treatment system was 

verified with real groundwater samples. A first cost estimation was provided for the application 

case of a zeolite fixed-bed adsorber with intermittent regeneration by heat-activated persulfate. 

The presented approach has the potential to overcome several shortcomings of the existing PFOA 

degradation technologies, such as high energy demands, vulnerability in complex water matrices, 

and inefficiency at trace concentration level. Our findings provide an effective and efficient 

strategy for treatment of water containing traces of PFOA, which can also inspire the development 

of remediation technologies for water contaminated by other micropollutants. 
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1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are emerging persistent organic pollutants (POPs), 

which cause environmental problems as they are reported to be not eliminated in wastewater 

treatment plants [1]. Recent studies show that the exposure of PFAS at certain levels may cause 

adverse effects on human health [2, 3]. Although the production and application of PFAS is 

currently restricted, the possible risk of human exposure due to their accumulation in the 

environment will exist over a long period of time [4]. Even worse, the treatment of PFAS in the 

environment is a huge challenge. Firstly, PFAS concentration in natural water bodies are rather 

low, i.e., usually at or even below the ng L-1 level [5]. Chemical treatment of such low 

concentrations is usually not efficient, so a pre-enrichment process is necessary. Secondly, PFAS 

are rather resistant to most conventional oxidation, reduction and biological degradation processes 

mainly due to the very strong carbon-fluorine bonds (DC-F ≈ 485 kJ mol-1) [6]. Among various 

PFAS, perfluorooctanoic acid (PFOA) is one representative perfluorinated carboxylic acid (PFCA), 

which has drawn much attention recently due to its frequent detection in the environment. PFOA 

and its most important pre-cursors have been banned by Stockholm convention in 2019, however, 

with exceptions for various industries such as in semiconductor manufacturing or 

polytetrafluoroethylene (PTFE) production for various purposes. Thus, efficient and cost-effective 

PFOA degradation techniques are urgently needed for treating e.g., wastewaters and contaminated 

natural waters. 

Several current technologies can remove PFOA from water, e.g. activated carbon adsorption, 

reverse osmosis and ion exchange [7]. In these cases, PFOA-enriched solutions or solids are 

produced and need to be further treated. Taking the activated carbon as an example, the common 

way to treat exhausted activated carbon is incineration or, if possible, high-temperature 

regeneration in specialized treatment plants with suitable off-gas treatment.  

Beside the PFOA removal technologies, several PFOA degradation technologies have been 

studied recently, e.g. oxidation by activated persulfate or peroxymonosulfate, electrochemical, 

sonochemical, photochemical, and photocatalytic treatment [8]. These technologies can degrade 

or even fully mineralize PFOA within acceptable time; however, the relatively high energy 

demands and operation costs have been limiting their practical application. 
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In PFOA degradation by activated persulfate (S2O82-) or peroxymonosulfate (SO52-), sulfate 

radicals are considered as the main reactive species. Hori et al. [9] first reported an efficient 

degradation of PFOA and shorter-chain perfluorocarboxylic acids (PFCAs) using persulfate as a 

photochemically activated oxidant (eq.1). 

S2O8
2-       h      
→      2SO4

-
∙ (1) 

The produced sulfate radicals attack PFOA by a one-electron transfer step. Similarly, persulfate 

can also be thermally activated at elevated temperatures (T ≥ 50 °C) (eq.2) [10]. In addition, it 

can be chemically activated in homogeneous or in heterogeneous media upon use of activators 

such as dissolved transition metals [11] and metallic materials [12-15]. 

S2O8
2-       ∆      
→     2SO4

-
∙ (2) 

The persulfate-based processes were also widely used in environmental remediation for treating 

other kinds of contaminants, e.g. pesticides, pharmaceuticals and personal care products [16]. In 

several cases, high reaction stoichiometric efficiency (%RSE) was observed [17-19], which is the 

molar ratio of target compound degraded per oxidant consumed. However, in case of PFCAs the 

efficiency of persulfate-based processes is strongly limited by the low reaction rate constant of the 

primary single-electron transfer step, which is about (𝑘𝑆𝑂4−∙ = (1.7-4.4) × 10
4
 M-1s-1) [11]. This 

implies low radical utilization rates in the presence of coexisting radical consumers such as certain 

inorganic anions (e.g. chloride and carbonate) and organic compounds [20]. Thus, a preceding 

selective enrichment of PFOA by adsorption to an inert adsorbent material is a promising option 

for improved efficiency of persulfate-based processes. 

Zeolites are microporous minerals with certain framework structures, which are commonly 

applied as catalysts and adsorbents. PFAS adsorption by zeolites has been investigated by various 

researchers. Van den Bergh et al. [21] recently investigated the performance of an all-silica BEA 

type zeolite for selective removal of PFOA and perfluorooctanesulfonic acid (PFOS). They 

claimed the adsorption of PFOA and PFOS to be driven by favorable steric factors and negative 

adsorption enthalpy. Qian et al. established an adsorption-degradation approach for removal of 

PFOA and PFOS from a real groundwater sample using Fe-doped zeolites (Fe-BEA35) [22, 23]. 

In this process, Fe-BEA35 not only shows a high adsorption affinity toward PFOA and PFOS, but 

also acts as a photocatalyst, which can be regenerated by photochemical degradation of PFOA and 
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PFOS under UV irradiation. Since sulfate radicals are known to degrade PFOA, it is of great 

interest whether a combined process, i.e. heat-activated persulfate for degradation of PFOA 

adsorbed to zeolites, can be used to effectively treat PFOA contaminations in water. 

In the current study, we chose one synthetic, commercial BEA framework type zeolite, BEA35, 

which presents high PFOA adsorption affinity, for detailed studies, but also included further BEA 

and FAU zeolites for comparison. For the first time, PFOA adsorption and zeolite regeneration 

with heat-activated persulfate were combined. Our experimental results show that BEA35 

accelerates PFOA degradation in the adsorbed state. Several aspects were investigated: I) effects 

of reaction pH and zeolite dosage on the removal/degradation performances; II) %RSE evaluation 

under different persulfate dosages and activation temperatures; III) possible mechanisms 

explaining the promoted PFOA degradation process; and IV) stability of the system and tests with 

real groundwater. These findings contribute to a promising strategy for treatment of water 

containing trace PFOA by combined adsorption and oxidation. 

 

2. Materials and methods 

2.1. Chemicals and materials 

All chemicals were in reagent grade or higher and used as received, where not otherwise stated. 

Deionized (DI) water was used for solution and suspension preparation in this work. Methanol was 

acquired from (Th. Geyer, Chemsolute). Sodium persulfate (99% purity, Na2S2O8), 

perfluorobutyric acid (98% purity, PFBA, C3F7COOH) and perfluorooctanoic acid (96% purity, 

PFOA, C7F15COOH) were acquired from Sigma Aldrich. Perfluoropropionic acid (97% purity, 

PFPrA, C2F5COOH), perfluoropentanoic acid (97% purity, PFPeA, C4F9COOH) and 

perfluorohexanoic acid (98% purity, PFHeA, C5F11COOH) were acquired from J&K Scientific. 

Trifluoroacetic acid (99% purity, TFA, CF3COOH) was acquired from Fluka. Perfluoroheptanoic 

acid (97% purity, PFHpA, C6F13COOH) was acquired from Alfa Aesar. In addition, the technical 

PFOA that contains a higher proportion of branched PFOA isomers was acquired from Haihang 

Industry (China). The PFOA isomer standards were acquired from Wellington Laboratories 

(Canada). 

The zeolites BEA24 and BEA35 were acquired from Clariant Produkte GmbH (Germany). The 

zeolites BEA28, BEA40, BEA100 and FAU15 were acquired from Tosoh Corporation (Japan). 

The BEA framework contains two types of channels with 12 Si or Al atoms, i.e., with openings of 
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a diameter (Ø) of 6.6 – 6.7 Å for the straight and Ø 5.6 – 5.7 Å for the zig-zag form channels, 

respectively, whereas the pore volume of the FAU framework consists mainly of big cages with Ø 

of 8 – 11.9 Å. The numbers in the zeolite type names represent SiO2/Al2O3 molar ratios. The XRD 

pattern of BEA35 was measured, which was in good agreement with the BEA framework type as 

shown in Figure S1. More detailed information about these zeolites including morphology, particle 

size and BET surface areas are presented in the SI. 

2.2. PFOA degradation experiments 

Degradation of PFOA by heat-activated persulfate in the presence and absence of zeolites were 

conducted in sealed 40 mL glass flasks. For most experiments, an aqueous PFOA solution (30 mL, 

240 M) was mixed with 1.5 g zeolite in the flask followed by 2 h shaking to achieve adsorption 

equilibrium. About 99.9% of PFOA was in the adsorbed state. Before start of reaction, the flasks 

containing PFOA solutions or zeolite suspensions were preheated in a water bath, where a reaction 

temperature of 70 °C was maintained. When the temperature of the PFOA solutions or zeolite 

suspensions was stabilized, the reaction was initiated by introducing certain amounts of sodium 

persulfate.  

The real groundwater samples had very low PFOA concentrations, ranging from 35 to 82 ng L- 1. 

The PFOA was enriched from groundwater samples by the zeolite thanks to its high adsorption 

affinity towards PFOA. Figure S2 shows in a scheme how the PFOA-containing groundwater 

samples were treated before the reaction. 1 L of groundwater was filtered through a 0.45 m paper 

filter for removal of large particles. The chemical composition of groundwater samples after 

filtration is shown in Table S1. The filtered groundwater sample was then mixed with 0.5 g BEA35 

zeolite and shaken for 1 day. The majority of PFOA was adsorbed by the zeolite after 1 day. For 

determination of very low PFOA concentrations, aqueous samples were concentrated by 

evaporation. The concentration of dissolved PFOA after adsorption was below the detection limit 

of the LC-MS measurement (50 ng L-1) even after evaporative concentration by two orders of 

magnitude. The suspension was kept standing for 2 days, after which the supernatant was discarded 

completely. The PFOA-loaded zeolite particles were then washed once by 50 mL DI water, and 

the supernatant was removed by centrifugation at 2500 rpm for 5 min.  After that, the washed 

PFOA-loaded zeolite particles were re-suspended with 10 mL DI water and collected for the 

further treatment. Almost no inorganic ions (e.g. sulfate, chloride and carbonate) were detected in 
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the resulting zeolite suspension. After this, an enrichment factor of 102 for PFOA was achieved 

(from 1 L to 10 mL) and the final zeolite concentration was 50 g L-1. 

For zeolite reusability tests, the supernatant was removed after each reaction period (90 min) by 

centrifugation at 2500 rpm for 5 min. The remaining zeolite particles were re-suspended in the 

fresh aqueous PFOA solution. The suspension was prepared for the next reaction run after shaking 

for 2 h for adsorption equilibration.  

2.3. Extraction of PFOA and intermediates from zeolites 

After sampling of zeolite suspensions, methanol was added to the sample both to scavenge 

radicals and to extract PFOA and intermediates from zeolites as previously described [24]. 2 mL 

of methanol was added to a 100 L zeolite suspension aliquot in a 4 mL tube. After shaking 

overnight, the mixture was centrifuged at 2500 rpm for 5 min. The supernatant was taken and 

analysed by LC-MS to determine the total PFOA and intermediate concentrations (adsorbed and 

freely dissolved fractions). This extraction procedure can achieve almost a complete recovery ((94 

± 2) %) of PFOA from a sample after 2-h adsorption. Most of the produced fluoride during the 

reaction was released into the aqueous phase. The remaining fluoride in the zeolites was extracted 

by adjusting suspension pH to 12. After the centrifugation, the supernatant was subjected to 

analysis by ion chromatography (IC, DX500, Thermo Fisher).  

2.4. Chemical analysis 

Quantitative analysis of PFOA and its degradation intermediates, i.e.  PFHpA, PFHeA, PFPeA, 

and PFBA were performed with LC/MS (LCMS-2020, SHIMADZU Corp.). The detailed 

procedure for LC/MS was described in a previous work [23]. The correlation coefficients (R2) of 

the calibration curves for PFOA, PFHpA, PFHeA, PFPeA and PFBA were ≥ 0.99 for 

concentration ranges of 1 g L-1 - 1 mg L-1. The limit of detection for PFOA was around 50 ng L- 1. 

The standard deviations of single values were obtained from triplicate assay results. For the 

technical PFOA containing higher proportions of branched PFOA isomers, an isocratic LC/MS 

method with 45% solvent A (20 mM ammonium acetate in 90 vol-% DI water and 10 vol-% 

methanol) and 55% solvent B (20 mM ammonium acetate in 90 vol-% methanol and 10 vol-% DI 

water) was performed to separate the branched PFOA isomers. The running time for each 

measurement was 38 min. Quantitative analysis of PFPrA, TFA and fluoride was performed with 
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IC. The analysis of octanol was performed on a GC/MS device (GCMS-QP2020, SHIMADZU 

Corp.). The determination of persulfate concentration was conducted with spectrophotometric 

method by measuring the absorbance of I3
− at 352 nm [25]. The 2θ/ω XRD pattern was measured 

with a diffractometer (ULTIMA IV, Rigaku) in out-of-plane geometry with parallel beam optics. 

Cu Kα radiation with λ= 0.15406 nm was used for the measurements. The diffractometer was 

equipped with a scintillation detector. 

3. Results and discussion 

3.1. Degradation of PFOA by heat-activated persulfate in the presence and in the absence 

of BEA35 zeolite. 

Previous studies reported that sulfate radicals are able to react with PFCAs leading to stepwise 

chain-shortening [20, 24, 26]. Based on these studies the generally accepted perspective is that 

sulfate radicals attack the carboxylic head group of PFCAs by a one-electron transfer to generate 

carboxylic radicals (eq. 3) followed by decarboxylation and yielding perfluorinated alkyl radicals 

(•CnF2n+1) and CO2 (eq. 4). The •C7F15 radicals react preferentially with dissolved O2 to produce 

the peroxyl radical (C7F15OO•) (eq.5). Through several radical reactions and hydrolysis processes, 

a PFCA with one CF2 unit less will be produced (eqs. 6 - 10). The produced shorter-chain PFCAs 

continue to be attacked by sulfate radicals and finally a complete mineralization of PFCAs can be 

achieved. 

C7F15COO
-
 + SO4

-
•

                      
→        C7F15COO• + SO4

2-
 (3) 

C7F15COO• 
                      
→        C7F15∙ + CO2   (4) 

C7F15• + O2 → C7F15OO•  (5) 

2C7F15OO• → C7F15OO-OOC7F15 (6) 

C7F15OO-OOC7F15 → 2C7F15O• + O2 (7) 

C7F15O• + HSO4
-
 → C7F15OH + SO4

-
• (8) 

C7F15OH → C7F13OF + HF (9) 

C7F13OF + H2O → C6F13COOH + HF (10) 
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 In this section, we compare PFOA degradation by heat-activated persulfate in the homogeneous 

and heterogeneous system, where zeolite functions as an adsorbent of PFOA. A typical 

homogeneous system contained 100 mM persulfate and C0,PFOA = 240 M. A heterogeneous 

system contained in addition 50 g L-1 BEA35 zeolite, where PFOA exists predominantly in the 

adsorbed state (99.9%) after 2 h equilibration. The initial pH values of both systems were adjusted 

to pH0 = 3.0. The total concentration of PFOA in zeolite suspension (including freely dissolved 

and adsorbed fractions) was obtained via a solvent extraction step (as described in Section 2.3). 

As shown in Figure 1(a), 99.8% degradation and 71% defluorination of the initial 240 M PFOA 

was achieved in the presence of zeolite within 90 min compared to 58% degradation in the absence 

of zeolites under identical conditions. That is, PFOA degradation by heat-activated persulfate was 

significantly promoted in the presence of zeolite. When describing the PFOA degradation kinetics 

with a pseudo-first-order kinetics the acceleration effect is a factor of about 7 (= 

ln(100/0.2)/ln(100/42), see below). 
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Figure 1. Comparison of heat-activated persulfate processes: (a) PFOA degradation with and 

without zeolite; (b) PFOA and PFBA degradation with and without zeolite. C0,PFCAs = 240 M, 

C0,persulfate = 100 mM, pH0 = 3.0, T = 70 °C, and Czeolite = 50 g L-1 where applied. Error ranges 

represent mean deviations of single values from the mean of at least two experiments. Lines in 

plots of relative concentrations are added as guides for the eye. 

In general, two types of reactions in the presence of zeolite should be considered, i.e., 

homogeneous reaction in the solution phase and heterogeneous reaction, i.e., reaction of adsorbed 

PFOA inside the zeolite. The fractions of adsorbed PFOA (Xsorb) and freely dissolved PFOA (Xfree) 

can be described as follows: 
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Xsorb = 1 - Xfree (11) 

Xfree = CPFOA,free / CPFOA (12) 

Based on eq. 3, a rate eq. 13 can be derived:  

-
dCPFOA

dt
= k1· CPFOA· Xsorb· Czeolite, SO4

-
∙+ k2· CPFOA·Xfree· Cbulk, SO4

-
∙ (13) 

where k1 and k2 are the rate constants for reaction of adsorbed and freely dissolved PFOA with 

sulfate radicals, respectively and Czeolite, SO4
-
∙  and Cbulk, SO4

-
∙  are the concentrations of sulfate 

radicals (per total water volume) produced by thermal activation of persulfate inside the zeolite 

and in the bulk phase, respectively. However, the values of Czeolite, SO4
-
∙ and Cbulk, SO4

-
∙ cannot be 

easily determined. The fractions of Xsorb and Xfree can be experimentally obtained. For instance, 

under the condition of Czeolite = 50 g L-1 and C0,PFOA = 240 M, Xfree = 0.002 was much smaller than 

Xsorb = 0.998. In this case, the homogeneous reaction in bulk phase can be ignored, and eq. 13 

results in the simplified rate eq. 14: 

-
dCPFOA

dt
= k1· CPFOA· Xsorb· Czeolite, SO4

-
∙ (14) 

It is worth noting that under the described conditions the initial period of PFOA degradation (0 

– 60 min) in the presence of zeolite can be well fitted by pseudo-first-order kinetics (R2 = 0.998, 

Figure S3), which is in accordance with reaction kinetics described by eq. 14 considering that 

persulfate turnover is still very low and thus Czeolite, SO4
-
∙ ≈ constant. The apparent rate constant 

decreases slightly at high PFOA turnover (> 99% at t > 60 min). 

To further confirm that a heterogeneous reaction dominates the PFOA degradation in the 

presence of zeolite, we compared the degradation of PFOA with a shorter-chain PFCA, i.e., PFBA. 

It has the same carboxylic group as PFOA but with a shorter carbon chain length. As a 

consequence, zeolites have much weaker adsorption affinity for PFBA due to weaker hydrophobic 

interactions, as reported in our previous work [22, 23]. Under these conditions (Czeolite = 50 g L-1 

and C0,PFBA = 240 M), only 23% of PFBA was adsorbed after 2 h equilibration. As shown in 

Figure 1(b), the degradation rates of PFOA and PFBA were almost identical in the homogeneous 

systems. This is not surprising because the sulfate radicals attack PFCAs at the carboxylic head 

group, which is the same for PFOA and PFBA [20]. The different carbon chain lengths are not 
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decisive in the initial reaction step. However, in the presence of zeolite, the degradation of PFOA 

was much faster than that of PFBA, where the majority of PFOA was adsorbed onto the zeolite 

but PFBA was dominantly present in the aqueous phase. This is clear evidence that in the presence 

of zeolites, PFOA degradation takes place via a heterogeneous reaction inside the zeolite. Since 

the PFOA degradation was significantly increased after its adsorption to BEA35, it can be 

supposed that BEA35 zeolite may not only be an adsorbent of PFOA but also a catalyst for its 

degradation. More detailed investigation of this promotion effect is discussed in the following 

sections. 

In order to elucidate the PFOA degradation mechanism, the concentrations of the intermediates 

produced during the reaction were analyzed. Six shorter-chain PFCAs were identified and 

quantified by means of IC (C2 and C3) and LC/MS (C4 to C7) analysis. Their concentration 

profiles along the reaction time are displayed in Figure 2(a). The PFCAs with longer chains, e.g. 

C5 to C7, reached their maximal concentrations at earlier stages (< 60 min) and then diminished 

gradually, while shorter-chain PFCAs were increasingly detected. This indicates that longer-chain 

PFCAs are degraded stepwise towards shorter-chain PFCAs. Additionally, the degradation of 

shorter-chain PFCAs is slower, most likely due to their lower adsorption affinities to zeolite. In 

fact, the degradation of shorter-chain PFCAs, e.g. C2 and C3, probably took place outside the 

zeolite in the water bulk phase. 

The fluorine mass balance during PFOA degradation in the heat-activated persulfate/zeolite 

system is shown in Figure 2(b). The fluorine in the system is classified into four groups: fluoride, 

C2 to C4 PFCAs, C5 to C7 PFCAs and the remaining PFOA. The initial fluorine (i.e. PFOA) 

recovery of (94 ± 2)% was obtained by methanol extraction (see experimental part). After 3 h of 

reaction, a final fluorine recovery of (84 ± 3)% was obtained, which consisted mainly of fluoride 

and minor contributions of C2 and C3 PFCAs. In addition, the GC/MS headspace analysis did not 

reveal volatile fluorinated and non-fluorinated compounds produced during the process. The 

incomplete fluorine mass balance may be due to the formation of some undetected fluorine-

containing compounds, which may be strongly bound in the zeolite and could not be extracted. 
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Figure 2. (a) Formation of short-chain PFCAs and fluoride during PFOA degradation by heat-

activated persulfate; (b) Fluorine mass balance. The 0 min mass balance represents fluorine 

detected as PFOA in zeolite suspension determined by methanol extraction before start of reaction. 

The 180 min mass balance represents fluorine detected as C2 to C4 PFCAs and fluoride in the 

aqueous phase. Czeolite = 50 g L-1 and C0,PFOA = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, and T = 

70 °C. Error ranges represent mean deviations of single values from the mean of at least two 

experiments in Figure 2(a). The cumulative error is shown in Figure 2 (b). Lines in plots of relative 

concentrations are added as guides for the eye. 
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3.2. Effect of pH 

We tried to fit degradation curves under both conditions (with and without zeolite) according to 

eq. 14 in section 3.1 and discuss the pH effect on reaction kinetics in this section. The initial 

reaction period (0 – 60 min) in the presence of zeolite can be well fitted by first-order kinetics, 

while this is not the case in the absence of zeolite where an apparent zero-order kinetics is more 

appropriate. The thermal decomposition of persulfate causes a decrease in solution pH due to the 

reaction stoichiometry given by eq. 15 [27]: 

 S2O8
2-

+ H2O
      ∆      
→     2SO4

2-
+ 2H++

1

2
O2 (15) 

In unbuffered systems applying 100 mM persulfate with initial pH0 = 3.0, the final solution pH 

after 90-min reaction decreased to around 1.5 with and without zeolites (Figure S4). The 

decreasing pH may have an effect on the rate of PFOA degradation. Therefore, we tried to maintain 

the pH between 2.5 and 3.0 in both cases by manually adding NaOH solution. As seen in Figure 

3(a) and (b), PFOA degradation in the presence of zeolite with buffered reaction pH showed almost 

identical degradation rates compared with the unbuffered conditions. However, in the absence of 

zeolite, PFOA degradation slowed down with buffered reaction pH. Interestingly, under buffered 

conditions, the PFOA degradation in the absence of zeolite can now also be fitted by a first-order 

kinetics (R2 = 0.99). Hence, deviations from first-order kinetics in the unbuffered solution were 

due to the superimposed pH effect. This effect has also been observed by other researchers [27]. 

However, the pH effect was largely attenuated in the presence of zeolite. 

Furthermore, we investigated PFOA degradation by heat-activated persulfate in the presence of 

zeolite at various initial pH values, i.e. pH0 = 3.0, 5.0, and 7.0. As shown in Table S2, the initial 

adsorbed fractions of PFOA (Xsorb) on BEA35 zeolite are ≥ 0.998 under all tested conditions. 

Comparing with the rate at pH0 = 3.0, the PFOA degradation slowed down somewhat at pH0 = 5.0 

and 7.0, resulting in 1.2 and 1.6 times higher PFOA half-life, respectively (Figure 3(c)). Overall, 

the pH effect is much less pronounced in the presence of the zeolite (i.e. with PFOA predominantly 

adsorbed) than in the homogeneous heat-activated persulfate system. Further discussion on the 

mechanistic basis of the pH effect is presented below.  
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Figure 3. PFOA degradation by heat-activated persulfate: (a) effect of pH control in the presence 

of zeolite; (b) Effect of pH control in the absence of zeolite; (c) At various initial pH values in the 

presence of zeolite (no pH control). C0,PFOA = 240 M, C0,persulfate = 100 mM, T = 70 °C, and Czeolite 

= 50 g L-1 where applied. Error ranges represent mean deviations of single values from the mean 
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of at least two experiments. Lines in plots of relative concentrations are added as guides for the 

eye. Insets show fitting to pseudo-first order kinetics. 

3.3. Role of internal vs. external zeolite surface 

In Section 3.1, it is mentioned that the zeolite may promote PFOA degradation by heat-activated 

persulfate. In fact, both linear and branched PFOA isomers are formed during the production of 

PFOA using electrochemical fluorination [28]. Our preliminary experiments indicate that BEA35 

has a stronger adsorption affinity towards linear PFOA than towards some branched isomers due 

to the steric effect, i.e. size exclusion by the zeolite pore structure with channel openings of 0.56 

– 0.67 nm. It is interesting to know whether the internal surface or the external surface of the 

zeolite particles promotes the PFOA degradation. [29]. The adsorption of linear and branched 

PFOA isomers would be nearly identical on the external surface, yet only linear PFOA and certain 

branched PFOA isomers can access the internal surface. In order to provide comparable conditions 

in the experiments, the branched PFOA isomers were enriched to a similar concentration range as 

for linear PFOA by means of selective adsorption onto zeolites (for details, see Experimental Part 

in SI). Some LC/MS chromatograms from degradation of PFOA mixtures with and without 

zeolites are shown in Figure 4. PFOA isomer standards were used for peak assignment (Figure S5). 

As can be seen, the degradation rates of linear PFOA and branched isomers are almost identical in 

the homogeneous system. This is not surprising as the PFOA degradation by sulfate radicals starts 

at the carboxylate group (eq. 3), which is identical in all PFOA isomers. In the presence of zeolite, 

the linear PFOA and certain mono-branched PFOA isomers, i.e. 5m-PFOA and 6m-PFOA, exhibit 

higher degradation rates than those of di-branched PFOA isomers, i.e. 5,5m-PFOA and 4,5m-

PFOA. The symbol ‘m’ stands for branching by one or two CF3 groups in the respective positions 

in the PFOA molecule. These findings are a clear indication that the promotion of PFOA 

degradation by heat-activated persulfate takes place on the internal surfaces in the pores rather 

than the external surfaces of the zeolite. 

3.4. Variation of substrate, zeolite dosages or types and activation temperatures 

To elucidate possible reasons for the promoting effect of zeolite on PFOA degradation, several 

comparison experiments were conducted. Our first hypothesis suggested that persulfate 

decomposition rate might be enhanced in the presence of zeolite, which responds for promoted 
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PFOA degradation. We monitored the concentration of persulfate during thermal activation with 

and without zeolites. As shown in Figure S6, the persulfate decomposition kinetics are almost 

identical in both cases. It seems that the presence of zeolite is irrelevant for the overall persulfate  

 

Figure 4. Some LC/MS chromatograms of samples from degradation of technical PFOA mixtures 

in the presence (a) and in the absence (b) of zeolite. Kinetics of degradation of technical PFOA 

mixtures in the presence (c) and absence (d) of zeolite. C0,persulfate = 100 mM, T = 70 °C, and Czeolite 

= 50 g L-1 where applied. Lines in plots of relative concentrations are added as guides for the eye. 

decomposition rate. However, with a concentration of 50 g L-1 BEA35, the zeolite pore volume 

only contributes to less than 3% of the total volume. 97% is bulk water phase. This means, even 

with a factor of 3 increase in persulfate decomposition rate constant inside the zeolite, the overall 

enhancement of persulfate decomposition will still be within the error range (<10%) as the 

observable rate constant kobs,persulfate would be equal to the summed products of internal/external 

rate constants and fractions of persulfate. Therefore, this test cannot clarify whether persulfate 
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decomposition rate inside the zeolite was enhanced or not. Thus, another experiment was designed 

in which we replaced PFOA by n-octanol. Similar to PFOA, n-octanol can be well adsorbed on 

BEA35 zeolite. Unlike PFOA, n-octanol is attacked by sulfate radicals through hydrogen 

abstraction [30]. Nevertheless, we used here n-octanol oxidation as a probe reaction for sulfate 

radicals in the zeolite pores. As seen in Figure S6, the presence of zeolite suppressed the octanol 

degradation. This indicates that the accelerating effect is rather related to the substrate PFOA than 

the enhancement of persulfate decomposition into free sulfate radicals. 

 

Table 1. Adsorption and kinetic data on PFOA degradation with different BEA35 zeolite dosages (at pH0 

= 3.0, C0, PFOA = 240 M, Cpersulfate = 100 mM, and T = 70 °C) 

a Sorbent loading. 

b Single point adsorption coefficient Kd (L kg-1) = qPFOA (g kg-1) / CPFOA,free (g L-1). 

c kobs,PFOA is obtained by first-order kinetics fitting within initial period of PFOA degradation 

(0 – 60 min). The error ranges are derived from the regression analysis of the data. 

We tested various dosages of zeolites (from 0.5 to 100 g L-1) with the same initially dissolved 

PFOA concentration, as shown in Figure 5 and Table 1. In general, the presence of zeolites 

promotes PFOA degradation even at the lowest zeolite dosage (0.5 g L-1), where due to Xsorb,PFOA 

= 0.58 the PFOA degradation reaction occurred in both compartments, i.e. inside the zeolite and 

in the aqueous bulk phase. A much lower PFOA degradation rate constant was observed at 

Czeolite = 0.5 g L-1 than in other cases with higher zeolite dosages. Note that the diffusion of 

persulfate between bulk phase and pore volume is relatively fast, i.e. with a characteristic diffusion 

time in the order of 10-4 s for 0.5 m distance (= average BEA35 zeolite particle diameter). 

Zeolite dosages ( g L-1) 100 50  5 0.5 

XSorb, PFOA 0.999 0.998 0.985 0.58 

qPFOA (g kg-1) a 1.0 2.0 19 120 

Kd (L kg-1) b 2.1×104 1.9×104 1.3×104 2.8×103 

kobs,PFOA (min-1) c 0.098±0.007 0.077±0.004 0.063±0.012 0.030±0.001 

PFOA t1/2 (min) 6.6±0.5 8.5±0.4 9.2±1.8 22.0±1.0 
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Therefore, the lower PFOA degradation rate constant cannot be explained by persulfate depletion 

in the zeolite pores. When we kept the initial PFOA concentration constant and increased the 

zeolite dosages to 5 - 100 g L-1, the PFOA was predominantly adsorbed on zeolites (Xfree < 0.015, 

see Table 1). Under these conditions, the PFOA degradation rate constants were significantly 

enhanced. The acceleration of PFOA degradation by heat-activated persulfate is more pronounced 

when higher zeolite dosages are applied. Additionally, when the zeolite dosage was kept constant 

at 50 g L-1 and the initial PFOA concentration was decreased from 240 to 2.4 M, the PFOA 

degradation rate constants were almost identical under both sets of conditions (Figure S8), i.e. the 

same accelerating effect was observed from 100-fold different PFOA loadings on zeolite. 
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Figure 5. PFOA degradation by heat-activated persulfate with various zeolite dosages. C0,PFOA = 

240 M, C0,persulfate = 100 mM, pH0 = 3.0, and T = 70 °C. (a) Residual concentrations over time 

and (b) pseudo-first order kinetics plots for initial reaction period (60 min). Error ranges represent 

mean deviations of single values from the mean of at least two experiments. Lines in (a) are added 

as guides for the eye. 

 

Figure 6. PFOA degradation by heat-activated persulfate with various types of zeolite. Czeolite = 

50 g L-1, C0,PFOA = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, and T = 70 °C. (a) Residual 

concentrations over time and (b) pseudo-first order kinetics plots. Error ranges represent mean 

deviations of single values from the mean of at least two experiments. Lines in (a) are added as 

guides for the eye. 
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Figure 7. PFOA degradation by heat-activated persulfate at various activation temperatures. 

C0,PFOA = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, and Czeolite = 50 g L-1 where applied. Error 

ranges represent mean deviations of single values from the mean of at least two experiments. 

Lines in plots of relative concentrations are added as guides for the eye. Insets show fitting to 

pseudo-first order kinetics. 
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In addition to BEA35, other BEA type zeolites with various SiO2/Al2O3 ratios, i.e. BEA24, 

BEA28, BEA40, and a zeolite of another framework type (faujasite), i.e. FAU15, were chosen in 

order to compare their effects on PFOA degradation by heat-activated persulfate. In general, in the 

presence of all types of zeolites, PFOA was predominantly adsorbed (> 99%), indicating that the 

heterogeneous degradation reaction should be dominant in all cases. In addition, as shown in 

Figure 6, all types of zeolites can promote PFOA degradation in comparison with the homogeneous 

system when identical conditions (including initial pH) are applied. The ranking in the PFOA 

degradation rate constants is BEA35 > FAU15 > BEA28 > BEA24 > BEA40, with a factor of 4 

between the highest (BEA35) and lowest (BEA40) rate constant, as shown in Table S3. SEM 

images of zeolite particle morphology are shown in Figure S9, while information on primary 

particle sizes (between 125 and 540 nm) and BET surface areas (between 510 and 660 m² g-1) is 

presented in Table S3. No clear correlation between any one of these parameters and the catalytic 

effect of the zeolites is obvious. Additionally, the contents of Brønsted acid sites (BAS) and Lewis 

acid sites (LAS) were determined by means of IR measurements after pyridine adsorption (detailed 

procedures are described in SI, Experimental Section). The IR spectra and the calculated LAS and 

BAS contents of the zeolites are presented in Figure S10 and Table S4, respectively. As expected, 

the number of BAS in BEA zeolites increases with increasing Al content (decreasing SiO2/Al2O3 

ratio), as each Al in the structure creates a negatively charged site which is protonated in dry H-

form zeolites and attracts protons or other cations when suspended in water. A higher number of 

BAS in BEA zeolites also corresponds to a lower native suspension pH (Table S4). In contrast, the 

number of LAS seems not to correlate to the SiO2/Al2O3 ratio. LAS are mainly assigned to 

coordinatively unsaturated (extra-framework) Al3+ species in zeolites, and thus could also play a 

role for interacting with PFOA anions. However, no significant correlation between either BAS or 

LAS numbers of the zeolites and their promoting effect on PFOA degradation was found. 

In addition, we tested the effect of temperature on PFOA degradation by heat-activated 

persulfate in the presence of zeolite. As seen in Figure 7, PFOA degradation rates increased by 

raising the activation temperature from 50 to 90 °C. Increased temperature not only enhanced the 

rate of persulfate decomposition, but also facilitated the PFOA degradation, so that an overall 

improved PFOA degradation rate was achieved. The presence of zeolite promoted the PFOA 

degradation over the investigated temperature range from 50 to 90 °C. We fitted the degradation 

curves at various activation temperatures according to Eq. 14 in Section 3.1. using the initial 
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reaction period for fitting. As seen in Figure 7 and Table S5, the initial observable rate constant 

kobs,PFOA increased due to the presence of zeolite by factors of 11, 9 and 5, at activation temperatures 

of 50, 70 and 90 °C, respectively. In addition, reaction stoichiometric efficiency (% RSE) of the 

system was calculated for PFOA degradation of 80 to 90% at different activation temperatures. A 

higher %RSE (7.6%) at 50 °C activation temperature in the presence of zeolite was observed 

comparing with RSE of 3.6% and 3.4% at 70 and 90 °C, respectively (Table S5). Overall, 

acceleration of PFOA degradation (kPFOA,zeolite/kPFOA,homo) and persulfate utilization efficiency (% 

RSE) by the zeolite become most significant at the lowest temperature (50 °C). In further work, 

even lower temperatures (≤ 25°C) will be tested to provide relevant suggestions for in-situ PFCA 

remediation techniques.  

3.5. Mechanistic consideration of accelerated PFOA degradation by heat-activated 

persulfate in the presence of zeolite  

    From the observations described above we conclude that: I) all zeolites that were able to adsorb 

PFOA accelerated its degradation by heat-activated persulfate, with some differences which, 

however, could not be assigned to specific structural parameters; II) if certain catalytic sites were 

to be relevant, their number does not appear to be significantly limited, as the accelerating effect 

was the same for 100-fold different PFOA loadings on zeolite and also did not vary significantly 

with increasing zeolite concentration after PFOA adsorption degree ≥ 90% was reached; III) the 

conditions for persulfate decomposition into free radicals inside the zeolite pores are not 

necessarily beneficial in general, as another substrate, i.e. n-octanol, was inhibited in its 

degradation when adsorbed to zeolite; and IV) the pH effect, i.e. decreasing PFOA degradation 

rates with increasing pH, was much less pronounced for the heterogeneous compared to the 

homogeneous reaction.  

Sulfate radical attack by electron transfer from the carboxylic head group of PFOA is considered 

to be the main initial reaction step in PFOA degradation by heat-activated persulfate [10, 20, 26]. 

It is interesting to consider the findings and hypotheses of Bruton and Sedlak [27] in terms of the 

pH-effect in PFOA degradation in the homogeneous heat-activated persulfate system. In their 

system, consumption of sulfate radicals by OH- became relevant only at alkaline pH. An impact 

of OH- is also not expected for the homogeneous reaction under the conditions applied in this study. 

In addition, Bruton and Sedlak noted that persulfate decomposition rates are nearly independent 
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of pH in the range of 8 to 2 and only slightly affected by acid catalysis below pH 2. Thus, they 

suggested three hypotheses for the acceleration of PFOA degradation by heat-activated persulfate 

with decreasing pH: I) protonation of the PFOA anion improves its reactivity towards sulfate 

radicals, as the reaction of two negatively charged species could be detrimental; II) protonation of 

sulfate radicals improves their reactivity with PFOA anions; and III) acid catalysis occurs in the 

reaction between PFOA and sulfate radical. The pKa values of PFOA (-0.5 to 1 [31, 32]) and sulfate 

radicals (estimated below 2) are uncertain, which makes differentiation between these hypotheses 

difficult. Nevertheless, it is hard to accept one of these hypotheses for aqueous solutions when the 

applied pH value is several units above the relevant range, i.e. pH ≥ 4. 

In a similar manner, one could propose the following hypotheses for the zeolite systems: firstly, 

acid/base equilibria of PFOA and/or sulfate radicals could be shifted to higher protonation degrees 

inside the zeolite pores than in the aqueous bulk phase. Van den Bergh et al. [11] suggested that 

PFOA adsorption in Al-free BEA zeolite may occur in the protonated form with specifically 

beneficial head-to-head interactions of PFOA molecules inside the zeolite. This hypothesis was 

mainly derived from DFT calculations (which however cannot take into account 

solvation/dissociation effects) and solid-state NMR results for dried PFOA-loaded zeolites. 

Alternatively, acid catalysis by the zeolite surface could play a role, but cannot be assigned clearly 

to the content of acidic sites in zeolites due to the superposition of various effects.  

Recently, Suehnholz et al. [33] described a heterogeneous activation of persulfate by FeS for 

oxidation of various organic compounds at ambient temperature. They suggest a surface-assisted 

homolytic bond cleavage of the O-O-bond in the peroxydisulfate dianion (-O3S-O...O-SO3
-) 

which proceeds with a low activation energy of EA = (31 ± 1) kJ mol-1. In a forthcoming study 

[34], these authors apply the system persulfate + FeS for the degradation of PFOA. Transferring 

this hypothesis to the system PFOA + persulfate + zeolite (instead of FeS), one could also 

postulate a surface-assisted persulfate activation in this case. This activation may promote the 

one-electron transfer from the PFOA carboxylate group to persulfate without attack of free 

sulfate radicals. 

[C
7
F15COO

-]adsorbed  +  [S2O8
2-]surface activated

e- transfer
→     C7F15COO• + SO4

2-
 + SO4

-
•       (16) 

Such a hypothesis is in conformity with our observations: I) inhibition of n-octanol oxidation, 

which cannot be converted by electron transfer; II) absence of strong pH effects known for free 
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sulfate radical-driven homogenous PFOA degradation by heat-activated persulfate; and III) 

insignificant acceleration of persulfate decomposition in the presence of zeolites. Based on the 

experimental results and mechanistic considerations, the proposed possible reaction pathways for 

PFOA degradation are further discussed in SI. Clearly, more research is needed in order to clarify 

the role of the zeolite in the accelerated PFOA degradation by heat-activated persulfate. The 

benefits of its combined role as adsorbent for PFOA removal and catalyst for subsequent 

degradation justify further detailed studies. 

3.5. Stability and reusability test  

As elucidated in chapter 3.2, PFOA degradation by heat-activated persulfate in the presence of 

zeolite is feasible under acidic to neutral conditions. Nevertheless, the decomposition of persulfate 

inevitably decreases the pH value of the system, which could challenge the stability and reusability 

of the zeolites. Although decreasing the initial persulfate dosage could still ensure a complete 

PFOA degradation without a strong pH decrease, this would extend the reaction time. Controlling 

or buffering the system pH during the reaction would be another solution, with some additional 

efforts needed. However, Figure 8(c) shows that the zeolites maintained constant catalytic 

activities in PFOA degradation by heat-activated persulfate even after 6 runs without controlling 

the reaction pH during each cycle (detailed procedures are described in SI, Experimental Section). 

This shows that BEA35 indeed acts as a catalyst, and also indicates a good stability of the zeolite 

even under temporarily strongly acidic conditions (pH 1.5).  
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Figure 8. Aluminum leaching from zeolite BEA35 during PFOA degradation by heat-activated 

persulfate in the presence of zeolite: (a) in one cycle experiment; (b) in 6 consecutive batch runs. 

(c) The reusability of BEA35 in 6 consecutive batch runs. Czeolite = 50 g L-1 and C0,PFOA = 240 M 

each, C0,persulfate = 100 mM each, pH0 = 3.0, and T = 70 °C. Error ranges represent mean deviations 

of single values from the mean of at least two experiments. Lines in plots of relative concentrations 

are added as guides for the eye.  
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As shown in Figure 8 (a), a small amount of Al3+ (0.28 mg L-1 from 50 g L-1 zeolite) was leached 

out after 2 h adsorption. The Al3+ leaching increased with decreasing pH to 0.87 mg L-1 after 90-

min reaction. After one reaction cycle, the leached Al3+ amount is approximately 0.12% of the 

total Al in the zeolite. The Al3+ leaching is strongest in the first run and then declines, becoming 

stable after the 3rd run with 0.09% of total Al per cycle. For practical application, a two-step process 

is most promising, whereby the zeolite is first used as adsorbent e.g. in a fixed-bed for treating 

contaminated water by safe and fast adsorption. Heat-activated persulfate would then be used only 

for regeneration of the fixed-bed, e.g., by in-circuit flushing with persulfate solution and heating 

of the bed. This low-volume regeneration solution can be post-treated by neutralization, whereby 

any leached Al3+ is precipitated as Al(OH)3, and by adding Ca2+ to precipitate F- as CaF2.   

3.6. Application to real water matrices and considerations for practical application 

We have thus shown an efficient PFOA degradation by heat-activated persulfate in synthetic 

water in the presence of zeolites. In reality, ground and surface waters usually contain trace PFOA 

concentrations and complex water matrices, e.g. with coexisting organic compounds and inorganic 

ions. For instance, chloride is reported to be a strong competitor for sulfate radicals [35]. As shown 

in Figure S11, we compared the PFOA degradation behavior by heat-activated persulfate in the 

presence of zeolites with and without addition of chloride. The addition of 5 mM chloride strongly 

inhibited the PFOA degradation, although its complete degradation can still be achieved after 

longer reaction times (> 6 h).  Therefore, when dealing with real waters, a pretreatment (see Section 

2.2) should be performed in order to: I) eliminate inorganic matrix components; and II) enrich the 

trace amount of PFOA from water. In this study, three groundwater samples were taken from three 

wells located in Leuna, a former refinery site in Germany. These groundwater samples contain 

trace amounts of PFOA, ranging from 35 to 82 ng L-1. Detailed chemical composition of these 

groundwater samples, i.e. electrical conductivity, pH values, total organic carbon content and 

inorganic ions content, is presented in Table S1. Briefly, zeolite was added to groundwater samples 

for PFOA adsorption, precipitated by centrifugation and then the solid zeolite was transferred into 

DI water. In this way, most of the inorganic matrix components were excluded. The results in 

Figure 9(a) show that PFOA degradation by heat-activated persulfate is still applicable (PFOA 

degradation > 90% at t > 180 min) when dealing with trace PFOA in groundwater samples. 

Compared with PFOA in clean solution (Table 1), a decrease in kobs,PFOA was observed when PFOA 
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had been previously extracted and concentrated on zeolite from groundwater. This was possibly 

due to competing degradation reactions of some organic compounds co-adsorbed in the zeolite 

(e.g. methyl tert-butyl ether and benzene), as the groundwater sample with the lowest DOC content 

showed the fastest PFOA degradation. In short, PFOA enrichment from a real groundwater sample 

can be achieved using zeolite, and combined with a subsequent heat-activated-persulfate PFOA 

degradation process.  

 

Figure 9. PFOA degradation by heat-activated persulfate in the presence of zeolite (a) with various 

groundwater samples, C0,persulfate = 100 mM; (b) with various initial persulfate dosages. Czeolite = 50 

g L-1, pH0 = 3.0, and T = 70 °C. Error ranges represent mean deviations of single values from the 
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mean of at least two experiments. Lines in plots of relative concentrations are added as guides for 

the eye. Inset shows fitting to pseudo-first order kinetics. 

Besides testing the degradation principle with real water, the economical consideration of this 

approach is also an important aspect that needs to be considered. Here we provide an initial 

estimate of the costs for treatment of PFOA-contaminated water in a realistic application scenario, 

i.e. using a zeolite fixed-bed adsorber, which is periodically regenerated by heat-activated 

persulfate (detailed cost estimate in SI). We estimated the total treatment costs, for zeolite, 

persulfate, and bed heating, to be in the range of 0.02–0.25 € m-3. In addition, site-specific 

operational costs for groundwater pumping and reactor installation must be considered. The 

estimated operation cost is comparable to the prevailing large-scale PFAS removal technologies, 

i.e. ion exchange, activated carbon adsorption and reverse osmosis, with the groundwater pump-

and-treat units operation costs of 0.8–1.7 € m-3, 0.5–0.9 € m-3, and 1.7-2.2 € m-3, respectively [7].  

In addition, it was also interesting to evaluate the reaction stoichiometric efficiency (% RSE) 

of the system. In the case where the system contained 100 mM persulfate, C0,PFOA = 240 mM, and 

Czeolite = 50 g L-1, the RSE was calculated to be 3.6% when 90% PFOA degradation was achieved 

after 30 min. This value is higher than the RSE of 0.6% obtained in the homogenous heat-activated 

persulfate PFOA degradation at the same conditions. In this work, we designed the experiments 

with a high initial persulfate concentration in order to enable a fast degradation process while 

providing a proof-of-principle for a novel PFOA treatment approach. Accordingly, a relatively low 

RSE was obtained, which can certainly be improved at lower initial persulfate concentrations or 

step-wise dosing of persulfate as the oxidant itself acts as a consumer of sulfate radicals (SO4
− ∙

 + S2O8
2-             
→    SO4

2-
 + S2O8

-
∙). 

When we conducted the reaction at a 10-times lower initial persulfate dosage, the overall PFOA 

degradation rate declined (Figure 9(b)), but it still gave an adequate PFOA degradation efficiency 

(99.5%) at an extended reaction time of 4 h. The %RSE was calculated to be 12% when 90% 

PFOA degradation was achieved after 2 h. Considering the rather low second-order rate constants 

(𝑘𝑆𝑂4−∙ = (1.7-4.4) × 10
4
 M-1s-1) for reactions between PFCAs and sulfate radicals in aqueous 

solution [20], comparably low RSE values are expected. The relatively high RSE obtained in the 

presence of zeolite point to an additional reaction mechanism (in addition to the SO4
− ∙ attack) 

which may include S2O8
-
∙. The role of this transient species needs to be explored in future studies. 



130 

 

Nevertheless, in real applications, one can optimize the initial persulfate dosage and the 

corresponding reaction time such as to achieve a minimized chemicals and/or energy demand. 

Although the BEA35 zeolite showed good performance not only in removing PFOA by 

adsorption, but also in accelerating its degradation by persulfate, thermal activation was still 

required to initiate this process. This is one limitation of the established approach. For in situ 

remediation of contaminated sites, it is desired to have an absorbent/catalyst able to adsorb traces 

of PFOA from e.g. contaminated aquifers, and activate injected persulfate at in situ relevant 

temperatures (about 12 °C). Thus, more investigations still needs to be done regarding the PFOA 

degradation under in situ relevant conditions in future studies. 

4. Conclusion 

    This study presents an approach for a novel PFOA treatment technology, where PFOA can 

be firstly removed from water by zeolite adsorption, and then degraded directly in the adsorbed 

state by heat-activated persulfate. Overall, the major findings are summarized as follows: 

I. Degradation by heat-activated persulfate is effective for PFOA adsorbed to a BEA-type 

zeolite, and a significant rate-enhancement was observed compared to the sulfate radical-

based homogeneous system. 

II. PFOA degradation by heat-activated persulfate in the presence of zeolite showed an 

adequate performance at initially neutral pH.  

III. Zeolite internal surface promoted PFOA degradation by heat-activated persulfate. Further 

studies are needed in order to elucidate this catalytic effect, which may be due to reactive 

sites inside the zeolite.  

IV. The stability and reusability of the zeolite were evaluated. After six adsorption/degradation 

cycles, BEA35 showed no significant decline in PFOA degradation performance. 

V. Real groundwater samples containing PFOA in the ng L-1 range were found to be still 

effectively treated by the combination of zeolite adsorption and heat-activated persulfate. 

VI. The costs for PFOA-contaminated water treatment were evaluated by applying a realistic 

scenario, i.e. a zeolite-based fixed-bed adsorber with intermittent regeneration by in-circuit 

flushing with persulfate solution at elevated temperature (70 °C). This preliminary 

estimation suggests that the approach can be cost-competitive to state-of-the-art processes, 

and deserves further research. 
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Supporting information 

Detailed information on Experimental Section 

Identification of various PFOA isomers 

  The PFOA isomer standards were measured by means of LC/MS in order to assign the peak of 

each PFOA isomer as shown in Figure S4. In addition, one PFOA isomer standard containing 

both 4,5 m and 3,5 m PFOA isomers was further analyzed with UPLC/MS/MS (Waters Acquity 

Xevo-TQS). Under the conditions with three different LC columns (reversed-phase C18 column, 

fluoro phenyl column and reversed-phase octyl column), the 4,5 m PFOA isomer elutes earlier 

than the 3,5 m PFOA isomer. 

Preparation of technical PFOA 

  The technical PFOA sample contains 20 to 30% branched isomers of the total PFOA. While, the 

concentration of some branched PFOA isomers is still quite small. Our preliminary experiments 

showed that BEA35 has a stronger adsorption affinity towards linear PFOA compared with the 

branched isomers due to steric effect (size exclusion). The selective adsorption by BEA35 was 

used to remove most of linear PFOA from the technical PFOA mixture. After zeolite adsorption 

and centrifugation, the supernatant containing higher proportion of branched PFOA isomers could 

be used for further experiments as described in Section 3.3.  

Estimation of relative contributions of adsorbent and regeneration costs to the total 

treatment costs 

Here, we try to provide a first estimation of the costs for treatment of PFOA-contaminated water 

in a realistic application scenario, i.e. using a zeolite-based fixed-bed adsorber which is 

periodically regenerated by heat-activated persulfate. We exemplarily consider the case of 

treatment of 10 m³ h-1 flux of contaminated water with an inflow concentration of 10 µg L-1 PFOA. 

In the regeneration step, persulfate is pumped through the fixed bed in circuit using a reservoir 

with additional pH control/re-adjustment while the bed is heated to 70 °C. 

 (1) Zeolite fixed bed cost estimation. 

In order to allow for a residence time of the water in the adsorber fixed bed of tR = 6 min, an 

adsorber volume of 2 m³ has to be provided (at a total porosity of the bed of pelletized zeolite of 
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50%). A 2 m3 volume zeolite bed requires 1800 kg zeolite according to a bed density of 0.9 kg L-

1 [1]. Thus, at an approximate price of 20-60 € kg-1 for industrial BEA-type zeolites (depending on 

specific product and ordered amount), the investment cost for the zeolite material alone would be 

36,000 - 108,000€. 

Assuming a step-function breakthrough curve, at an inflow PFOA concentration of 10 g L-1 

and a Kd of 30,000 L kg-1 (pH 7, Table S2), a PFOA equilibrium loading of 300 mg kg-1 is obtained. 

Considering 1800 kg zeolite in one unit bed, this PFOA loading is aquired from Vstep-funct = 54,000 

m3 inflow water, i.e. elution of 54,000 unit bed volumes is needed to reach this status. In reality, 

the breakthrough curve is rather of S-shape than a step-function (due to dispersion effects) and 

regeneration should be performed after e.g. 10% PFOA breakthrough (Cout/Cin = 0.1) is achieved. 

Nevertheless, the volume of treated water in this case can be assumed to be within 70-90% of Vstep-

funct, i.e. roughly 43,000 m³. 

(2) Sodium persulfate costs estimation. 

For each regeneration cycle, at maximum 540 g adsorbed PFOA needs to be mineralized (a 

loading of ≤ 300 mg kg-1 with 1800 kg zeolite). When a 100-fold molar demand of sodium 

persulfate is suggested, the required amount of sodium persulfate for each regeneration step is 130 

mol or 31 kg. This amount could be supplied e.g. in form of 1.2 m³ regeneration solution with 25 

g L-1 sodium persulfate pumped through the fixed bed in circuit using a reservoir with additional 

pH control/re-adjustment. The costs for sodium persulfate are 25€ (the cost of industrial grade 

sodium persulfate is about 800 € per ton) for each regeneration step. 

(3) Heat energy costs estimation. 

Calculation of the heat energy required for heating the fixed bed to 70°C can be done as follows: 

Q = m cp ∆T 

where Q = heat energy (J), m = mass of water (suspension) (kg), cp = specific heat capacity (J 

K-1 kg-1), and ∆T = change in temperature (K).  

The specific heat capacity of water (cp) is 4180 J K-1 kg-1. The cp of zeolite is estimated to be 

1400 J K-1 kg-1 [2]. For each regeneration cycle, the energy for heating 2 m3 zeolite bed (containing 

1.2 m³ regeneration solution) from 15 to 70 °C can be calculated as: 

Q = (2000 L  0.9 kg L-1  1400 J K-1 kg-1 + 1200 kg  4180 J K-1 kg-1)  (70 - 15) K 

= 4.14  108 J 
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If a safety factor of 1.3 can be considered for thermal losses, it can be assumed that the required 

energy to hold the temperature at 70 °C in a closed water circuit for the reaction time of 3 h is 

considered with this safety factor thanks to appropriate thermal insulation. The required electricity 

can be calculated as: 

4.14×10
8
 J × 1.3 ×

kWh

3.6×10
6
 J
 = 150 kWh 

Based on the average industrial electricity cost in Germany of 0.23€kWh-1, the cost of heat 

energy for each regeneration step is 35€. In case of an appropriate industrial infrastructure at the 

site of water treatment, low-temperature heat would be available to even much lower costs. 

(4) Overall 

If the zeolite fixed bed can be used for the treatment of 430,000 – 2150,000 m3 PFOA-containing 

water (i.e. re-used within 10 – 50 adsorption/regeneration cycles), the costs contributed by zeolite, 

persulfate and bed heating) per m³ treated water can be estimated as: 

for 10 cycles: [36,000 to 108,000€ (for zeolite) + 25€ 10 (for persulfate) + 35€ 10 (for 

heating)] ÷ 430,000 m3 = 0.08 – 0.25€m-3.  

For 50 cycles: [36,000 to 108,000€+ 25€ 50 + 35€ 50] ÷ 2,150,000 m3 = 0.02 – 0.05€

m-3
. 

Thus, the total treatment costs will be in the range of 0.02 – 0.25€m-3 plus certain operation 

(electricity for pumps, base for neutralization) and investment costs (reactor + installations). It can 

be derived that the cost of PFOA-contaminated water treatment in the zeolite fixed bed is 

determined mainly by the investment costs for the zeolite depending on its long-term stability. 

Note, that only the small amount of regeneration solution has to be heated. The large amount of 

contaminated water remains at its ambient temperature. 

Another aspect relates to the number of adsorber beds that might be necessary for a continuous 

operation. Due to the large treatment capacity of the adsorber (43,000 m3 contaminated water in 

the considered example) and the fast regeneration (a few hours) one can possibly work with only 

one adsorber bed. On the other hand, the fast chemical regeneration of the loaded adsorber bed 

offers a cost reduction potential: smaller adsorber bed + more frequent bed regeneration reduces 

the overall treatment costs significantly. 
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Zeolite acidity determination 

Sample preparation.  

    Before the preparation of zeolite discs for IR measurements, the zeolite powders were dried 

in vacuum at 150 °C overnight. Compacted pellets of zeolite powders were prepared just after the 

end of the drying process using a hydraulic press (Perkin Elmer). About 12 mg of the zeolite were 

put into a compression mold with a diameter of 13 mm. A compaction load of 2 t was chosen for 

the present investigations. Samples prepared in this way still have a limited mechanic stability, but 

they can be readily modified with pyridine and measured by IR spectroscopy without 

disintegration [3]. Pyridine adsorption was performed at 150 °C according to the procedures 

described in literature. The compacted zeolite pellets were introduced into a 150 mL vial with a 

silicon cap. After the vacuum drying at 150 °C overnight, 0.75 mL of pyridine (Merck) was slowly 

injected to assure a complete volatilization of pyridine. After 4 h, the compacted zeolite pellets 

were saturated with pyridine. The silicon cap was opened and the temperature was maintained at 

150 °C for 2 h to desorb the physically adsorbed pyridine. 

Analytical Methods.  

    IR were recorded in transmission with a Tensor II IR spectrometer equipped with a DTGS 

detector (Bruker Optics, Ettlingen, Germany). For each spectrum, 32 scans were accumulated. The 

spectra were recorded and analyzed using the OPUS software version 8.1. Thickness and weight 

measurements of the compacted discs were carried out with a thickness gauge (Garant, Hoffmann 

Group) and an analytical balance, respectively. 

Calculation of the concentration of acid sites.  

    The concentration of Brønsted and Lewis acid sites (BAS, LAS) in moles per mass of zeolite 

(npy/mz) is shown in Table S4. They were calculated from the IR bands at 1547 cm-1 (BAS) and 

1455 cm-1 (LAS) according to the approaches and using the corresponding extinction coefficients 

described by Zholobenko et al. [3]. The npy/mz was calculated from 

npy-x / mz = (S  A) / (εpy-x  mz)     (eq. S1) 
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where S and mz are the area (cm²) and the mass of the zeolite disc (g), respectively. A is the 

integrated absorption (cm-1) and 𝜀py-x is the molar extinction coefficient (x = H+ for BAS or L for 

LAS, respectively). The value of 𝜀py-H+ was found to depend on the specific zeolite. It was reported 

to be (1.12 ± 0.16) cm µmol-1 for zeolites of the BEA type and (1.54 ± 0.15) cm µmol-1 for FAU. 

In contrast, 𝜀py-L did not depend on the zeolite type, and its value was given to be (1.71 ± 0.1) cm 

µmol-1 [3]. 

 

Tables S1 to S5 referred in the main text and supporting information 

Table S1. Properties and chemical composition of three filtered groundwater samples. 

Sample 

ECa 

mS cm-1 

pH 

TOCb 

mg L-1 

PFOA 

ng L-1 

K+ 

mg L-1 

Na+ 

mg L-1 

Ca2+ 

mg L-1 

Mg2+ 

mg L-1 

SO4
2- 

mg L-1 

NO3
-  

mg L-1 

Cl- 

mg L-1 

1 2.1 7.2 8.4 82 16 212 205 61 333 121 237 

2 2.2 7.3 37.3 35 18 196 157 52 315 181 231 

3 2.5 7.3 38.8 47 14 196 154 53 572 369 297 

 

a EC: electrical conductivity. 

b TOC: total organic carbon content. 
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Table S2. PFOA adsorption, pseudo-first-order degradation rate constants (𝑘obs,PFOA) and half-

lives of PFOA at different initial pH values (Czeolite = 50 g L-1, C0,PFOA = 240 M, C0,persulfate = 100 

mM, and T = 70 °C). 

 pH = 3.0 pH = 5.0 pH = 7.0 

XSorb,PFOA (%) 0.998 0.999 0.999 

qPFOA (g kg-1) a 2.0 2.0 2.0 

Kd (L kg-1) b 1.9 × 104 2.7 × 104 3.1 × 104 

kobs,PFOA (min-1) c 0.077 ± 0.004 0.061 ± 0.001 0.048 ± 0.005 

PFOA t1/2 (min) 8.5 ± 0.4 10.0 ± 1.5 13 ± 1 

a Sorbent loading. 

b Single point adsorption coefficient Kd (L kg-1) = qPFOA (mol kg-1) / CPFOA,free (mol L-1) 

c kobs,PFOA is obtained by first-order kinetics fitting within the initial period of PFOA 

degradation (0 – 60 min). The error ranges are derived from regression analysis of the data. 

Table S3. Physical-chemical properties and PFOA degradation kinetics of various types of 

zeolites. 

 BEA24 BEA28 BEA35 BEA40 FAU15 

BET surface (m2 g-1) 660 510 656 530 550 

Particle size (nm) a 125 400 500 540 450 

Initial pH values b 2.7 2.9 3.0 3.7 4.2 

Xsorb 0.995 0.999 0.998 0.999 0.997 

kobs,PFOA (min-1) c 
0.020 

± 0.002 

0.026 

± 0.001 

0.077 

± 0.004 

0.019 

± 0.003 

0.065 

± 0.006 

PFOA t1/2 (min) 31 ± 4 26 ± 1 8.5 ± 0.4 33 ± 4 10 ± 1 

a The particle size is determined by SEM. 

b The initial pH values were determined after mixing of 240 M PFOA solution with 50 g L-1 

zeolites and shaking for 2 h. 

c kobs,PFOA is obtained by first-order kinetics fitting within the initial period of PFOA 

degradation (0 – 60 min). The error ranges are derived from the regression analysis of the data. 
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Table S4. Determination of the concentration of acid sites inside the zeolites with pyridine as a 

probe molecule. 

Sample 
Mass 

[mg] 

Disk 

thickness 

[µm] 

Area 

(Py-H+) 

1547 cm-1 

Area 

(Py-L) 

1455 cm-1 

𝒏py-𝐇+/𝒎𝐳    

[µmol g-1] 

𝒏py-𝐋/𝒎𝐳    

[µmol g-1] 

BEA 24 12.5 118 1.29 0.50 31 122 

BEA 28 12.4 120 0.63 0.33 21 61 

BEA 35 14.4 127 0.32 0.36 20 26 

BEA 40 12.3 123 0.29 0.54 34 28 

FAU 15 9.8 108 0.51 0.22 17 45 

 

Table S5. Pseudo-first-order degradation rate constants (𝑘obs,PFOA) of PFOA and reaction 

stoichiometric efficiency (% RSE) at various activation temperatures. 

 50 °C 70 °C 90 °C 

kobs,PFOA  

with zeolites (min-1) a 

0.017 

± 0.002 

0.077 

± 0.004 

0.29 

± 0.05 

kobs,PFOA  

without zeolites (min-1) a 

0.0015 

± 0.0002 

0.0085 

± 0.002 

0.056 

± 0.006 

RSE with zeolites (%) b 7.6 ± 0.7 3.6 ± 0.4 3.4 ± 0.3 

RSE without zeolites (%) b 
0.75 

± 0.07 

0.60 

± 0.06 

0.63 

± 0.06 

a kobs,PFOA is obtained by first-order kinetics fitting within the initial period of PFOA degradation. 

The error ranges are derived from the regression analysis of the data. 

b RSE values are calculated when 80 to 90% PFOA degradation is achieved. 
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Figures S1 to S11 referred in the main text and supporting information. 
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Figure S1. The X-ray powder diffraction pattern of BEA35. 

 

Figure S2. Scheme of groundwater samples treatment prior to reaction. 
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Figure S3. PFOA degradation first-order-kinetics plot, ln(C/C0) versus reaction time. Czeolite = 50 

g L-1 and C0,PFOA = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, and T = 70 °C. Pseudo-first-order 

kinetics can fit PFOA degradation well within the period of 0 - 60 min (blue curve) corresponding 

to ≤99% turnover. The rate coefficient decreases slightly at higher turnover. 

 

Figure S4. pH variation with and without BEA35 zeolite during persulfate driven PFOA 

degradation. C0,PFOA = 240 M, CPS = 100 mM, pH0 = 3.0, T = 70 °C, and Czeolite = 50 g L-1 where 

applied. Lines are added as guides for the eye. 
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Figure S5. Assignment of PFOA isomer standards to LC/MS chromatograms from technical 

PFOA. The annotations in chromatograms represent the structure of each isomer according to the 

position of CF3-substituents in the chain, e.g., 4,5 m-PFOA = CF3-CF(CF3)-CF(CF3)-CF2-CF2-

COOH. 
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Figure S6. Persulfate thermal decomposition with and without BEA35 zeolite. C0,PFOA = 240 M, 

C0,persulfate = 100 mM, pH0 = 3.0, T = 70 °C, and Czeolite = 50 g L-1 where applied. Lines are added 

as guides for the eye. 

 

Figure S7. Comparison of persulfate driven n-octanol degradation with and without zeolite. 

C0,octanol = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, T = 60 °C, and Czeolite = 50 g L-1 where applied. 

Lines are added as guides for the eye. 
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Figure S8. PFOA degradation by heat-activated persulfate in the presence of zeolite with different 

initial PFOA concentrations. C0,persulfate = 100 mM, T = 70 °C, and Czeolite = 50 g L-1. Error ranges 

represent the standard deviations of triplicate assays results. Lines are added as guides for the eye. 

 



146 

 

 

Figure S9. Scanning electron microscope (SEM) images of various types of zeolites. (A) BEA24, 

(B) BEA28, (C) BEA35, (D) BEA40, and (E) FAU15.  
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Figure S10. IR spectra of (a) dried zeolite pellets before pyridine loading; (b) Zeolite pellets after 

pyridine loading: using pyridine as probe molecule for the BAS and LAS sites determination. Py-

H+ is protonated pyridine on Brönsted acid sites and Py-L is pyridine coordinated to Lewis acid 

sites. The spectra recorded at ambient temperature. 
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Figure S11. Effect of chloride (C0 = 5mM) during PFOA degradation by heat-activated persulfate 

in the presence of zeolite. Czeolite = 50 g L-1 and C0,PFOA = 240 M, C0,persulfate = 100 mM, pH0 = 3.0, 

and T = 70 °C. Error ranges represent the standard deviations of triplicate assays results. Lines are 

added as guides for the eye. 

 

Possible reaction pathways for PFOA degradation 

    Based on our experimental results and literature studies [4-6], the possible PFOA degradation 

pathway is proposed in Scheme S1. The generally accepted mechanism for the first step is that 

sulfate radicals attack the carboxylic head group of PFOA by a one-electron transfer to generate 

carboxylic radicals (eq. S2). Another possible pathway for the first step as already discussed in 

Section 3.5 is that a surface-assisted persulfate activation may occur in the zeolite system. This 

activation may promote the one-electron transfer from the PFOA carboxylate group to persulfate 

without attack of free sulfate radicals (eq. S3). Alternatively, the persulfate radical S2O8
-
∙ may be 

involved in the primary electron transfer step. The produced carboxylic radicals from both possible 

pathways will decarboxylate and yield perfluorinated alkyl radicals (•C7F15) and CO2 (eq. S4). The 

•C7F15 radicals react preferentially with dissolved O2 to produce the peroxyl radical (C7F15OO•) 

(eq. S5). Through several radical reactions and hydrolysis steps, a PFCA with one CF2 unit less 
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will be produced (eqs. S6 – S10). The produced shorter-chain PFCAs continue to be attacked by 

sulfate radicals or persulfate species and finally a complete mineralization of PFCAs can be 

achieved. 

C7F15COO
-
 + SO4

-
•

                
→     C7F15COO• + SO4

2-
 (S2) 

[C
7
F15COO

-]adsorbed  +  [S2O8
2-]surface activated

e- transfer
→     C7F15COO• + SO4

2-
 + SO4

-
• (S3) 

C7F15COO• 
                
→     C7F15• + CO2   (S4) 

C7F15• + O2 
                
→      C7F15OO•  (S5) 

2C7F15OO• 
                
→      C7F15OO-OOC7F15 (S6) 

C7F15OO-OOC7F15 
                
→      2C7F15O• + O2 (S7) 

C7F15O• + HSO4
-
 

                
→      C7F15OH + SO4

-
• (S8) 

C7F15OH 
                
→      C7F13OF + HF (S9) 

C7F13OF + H2O 
                
→      C6F13COOH + HF (S10) 

 

 

Scheme S1. Hypothetical PFOA degradation pathway by heat-activated persulfate in the presence 

of zeolite and possible mechanisms for catalytic effect of the zeolite. 
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4 Summary 

In the present thesis, we use zeolite as both adsorbent and catalyst, which opens up the design 

of new technological approaches for PFAAs treatment. A feasible process scheme consists of the 

following steps: in the first step, PFAAs are removed from water by adsorption to a zeolite fixed 

bed or suspended zeolite that can then be separated by microfiltration. In the second step, the 

loaded zeolite particles can be regenerated in situ by various techniques: i) under UV-A irradiation 

(300 nm < λ < 400 nm), i.e., a solar light fraction, for PFOA degradation (Fe-zeolite); ii) under 

UV-C irradiation (λ = 254 nm) for PFOS degradation (Fe-zeolite); iii) heat-activated persulfate for 

PFOA degradation. Zeolites of BEA framework type were successfully applied in all three 

processes. Overall, a combination of PFAAs adsorptive enrichment and degradation by applying 

related types of zeolites can be realized. These findings of the thesis provide efficient strategies 

for treatment of water containing highly recalcitrant trace amounts of PFAAs, which will 

contribute to the field of PFAAs removal/degradation. The main objectives of the thesis are: (i) 

developing adsorptive PFAAs removal technologies combined with onsite adsorbent regeneration; 

(ii) inspiring PFAAs removal approaches based on zeolite and other adsorptive catalysts; (iii) 

providing suggestions for adsorptive remediation technologies for water contaminated by other 

micropollutants. 

In the first manuscript “Degradation of perfluorooctanoic acid adsorbed on Fe-zeolites with 

molecular oxygen as oxidant under UV-A irradiation” published in Applied Catalysis B: 

Environmental, a novel, efficient degradation approach of PFOA under UV-A irradiation after 

adsorption on Fe-zeolites with molecular oxygen being the terminal oxidant was established. 

Experimental results show:  

(i) The Fe-zeolite-based photochemical system using suspended zeolite particles of about 1 µm 

diameter exhibit a better PFOA degradation performance under irradiation (a wider range from 

UV-C to UV-A) compared to the homogeneous system based on dissolved ferric ions.  

(ii) Slightly acidic conditions are optimal in terms of PFOA adsorption and complexation.  

(iii) Molecular oxygen works as the terminal oxidant and is involved in re-oxidization of ferrous 

ions to ferric ions, producing reactive species and facilitating further mineralization of PFOA. 

(iv) Except for sulfate, the presence of other commonly present inorganic anions has a negligible 

impact on PFOA degradation.  
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(v) The isolated Fe3+ ions in octahedral coordination are involved in the carboxylate-to-metal 

charge transfer, which plays the major role in the process of PFOA degradation.  

In the second manuscript “Photodegradation of perfluorooctanesulfonic acid on Fe-zeolites in 

water” published in Environmental Science & Technology, we demonstrate for the first time a 

successful photochemical PFOS degradation under UV-C irradiation after adsorption on Fe-

zeolites, again with molecular oxygen as the terminal oxidant. The Fe-zeolite, as a separable 

adsorbent, is able to catalyze not only PFOA but also PFOS degradation in the adsorbed state 

which is even more challenging. Thus, our findings are relevant for the development of adsorptive 

PFAAs removal technologies combined with on-site adsorbent regeneration. Based on our 

experimental results, we can draw the following conclusions: 

(i) The Fe-zeolite-based photochemical system shows a better PFOS degradation and 

defluorination performance under UV-C irradiation compared to a homogeneous system based on 

ferric ions. A complete mineralization of PFOS can be achieved by combination with UV 

activation of sodium persulfate. 

(ii) The Fe-zeolite-based photochemical system favors acidic conditions in terms of better 

adsorption and higher fraction of complexed PFOS. However, different from dissolved ferric iron 

the zeolite-based catalyst is active also at moderately acidic conditions, e.g., at pH = 5.5. 

(iii) The photochemical degradation of PFOS is not affected when Fe-zeolites concentration 

increased to a certain extent, which makes the Fe-BEA35 system qualified for modifiable zeolite 

concentrations in application. 

(iv) The Fe-zeolite-based photochemical system is applicable to real groundwater containing 

PFOS at a trace level only, showing adequate PFOS degradation performance. 

(v) Sulfonate-to-metal electron transfer plays a key role in PFOS degradation under UV irradiation. 

The excitation and decomposition of PFOS-Fe3+ complexes may be the rate-limiting step in the 

PFOS degradation process. 

In the third manuscript “Enhanced degradation of perfluorooctanoic acid by heat-activated 

persulfate in the presence of zeolites” submitted to Chemical Engineering Journal, we present a 

novel PFOA treatment technology, where PFOA can be firstly removed from water by zeolite 

adsorption, and then be degraded by heat-activated persulfate in the presence of zeolite. Overall, 

the major findings are summarized as follows: 
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(i) The PFOA degradation by heat-activated persulfate is effective in the presence of zeolite, and 

a significant PFOA degradation promotion was observed comparing with the sulfate radical-based 

homogeneous system. 

(ii) The PFOA degradation by heat-activated persulfate in the presence of zeolite showed an 

adequate performance at initially neutral pH.  

(iii) Zeolite internal surface promoted PFOA degradation by heat-activated persulfate. It might be 

contributed by reactive sites inside the zeolites, whereby the nature of these sites is still unknown. 

(iv) The stability and reusability of the zeolite were evaluated. After six adsorption/degradation 

cycles, the BEA35 showed no significant decline in PFOA degradation performance. 

(v) Real groundwater samples containing PFOA in the ng L-1 range were tested to be still 

effectively degradable with heat-activated persulfate in the presence of zeolite. The cost for PFOA-

contaminated water treatment was estimated by assuming a realistic scenario, i.e., zeolite-based 

fixed-bed adsorber/reactor. 
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