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A B S T R A C T   

Perfluoroalkyl substances (PFAS) are emerging contaminants present in various water sources. 
Their bioaccumulation and potential toxicity necessitate proper treatment to ensure safe water 
quality. Although iron-based monometallic photocatalysts have been reported to exhibit rapid 
and efficient PFAS degradation, the impact of bimetallic photocatalysts is unknown. In addition, 
the mechanistic effects of utilizing a support are poorly understood and solely based on physi-
cochemical properties. This study investigates the efficacy of bimetallic photocatalysts (Fe2O3/ 
Mn2O3) in inducing the photo-Fenton reaction for the degradation of perfluorooctane sulfonate 
(PFOS) and perfluorononanoic acid (PFNA) under various conditions. The rapid removal of both 
PFAS was observed within 10 min, with a maximum efficiency exceeding 97 % for PFOS under 
UV exposure, aided by the photocatalytic activation (photo-Fenton) of the oxidant (H2O2). 
Contrary to expectations, the use of the SiO2 support material did not significantly improve the 
removal efficiency. The efficacy of PFNA decreased despite SiO2 providing larger surface areas for 
Fe2O3/Mn2O3 loading. Further analysis revealed that the adsorption of PFAS onto the catalyst 
surfaces owing to electrostatic interactions contributed to the removal efficiency, where the 
degradation efficacy was worse than that of the catalyst with SiO2. This is because adsorption 
hindered the effective contact of H2O2 with catalytic reaction sites, thereby impeding the gen-
eration of hydroxyl (⋅OH) radicals. This study indicates the importance of considering chemical 
properties, including surface charge, in catalyst design to ensure effective degradation, focusing 
on physicochemical properties, such as surface area might overlook crucial factors.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) raise emerging concerns because of their ubiquitous presence in environmental media, 
especially in drinking water, and their potential toxic profiles upon consistent ingestion of water contaminated with PFAS [1]. 
Considering the structure of PFAS, fluorine atoms are fully or partially attached to the carbon skeleton, which make them as “forever 
chemicals” owing to the high persistency that are hardly degraded in nature [2]. In addition, owing to their fluorinated carbon 
structure, PFAS easily accumulate in the human body, causing potential chronic toxicity, including carcinogenicity [3]. Several animal 
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studies have investigated the liver toxicity of PFAS, which have been reported to act as hormone disruptors that alter lipid metabolism, 
yield higher levels of cholesterol, and eventually cause hepatic steatosis [4,5]. Therefore, it is necessary to develop appropriate 
treatment systems, monitoring techniques, and toxicity assessments to ensure water quality [6]. 

Several attempts have been made to degrade PFAS in water via photocatalysis, sonolysis, thermal degradation, and electrochemical 
oxidation [7,8]. However, despite their high efficiency, the reported studies are usually time-consuming, along with the high cost of 
operation (i.e., the use of large amounts of energy) [9]. Alternatively, biodegradation seems promising in terms of cost-effectiveness 
and eco-friendliness compared with physical and chemical processes. However, biodegradation requires an ample amount of time; 
Park et al. found that the degradation of perfluorooctanoic acid requires more than 40 days to achieve ~60–80 % removal efficiency 
[10]. 

Thus, Fe-based catalysts can overcome these drawbacks. Its oxide form of iron catalysts can generate powerful reactive oxygen 
species (ROS), such as hydroxyl (⋅OH) radical [11]. Schlesinger et al. successfully synthesized Fe3O4 catalysts to induce a Fenton-like 
reaction and degraded 90 % of the maximum within 30 min with the aid of UV [12]. Because iron-based catalyst has characteristic of 
semiconductor, the electron is separated from the valence band (yielding a positive hole) upon a UV irradiation to facilitate hydroxyl 
(⋅OH) radical generation in addition to Fenton-like reaction. Therefore, an iron-based photocatalyst is an effective chemical treatment 
for PFAS degradation. However, we were intrigued if bimetallic catalyst could further enhance the degradation efficacy, because 
bimetallic catalysts have been reported to enhance the catalytic performances compared to the monometallic catalysts owing to 
advantage of the metal dispersion and increase in active site [13,14]. In addition, catalysts, such as Mn2O3, induce Fenton-like re-
actions that generate hydroxyl (⋅OH) radicals [15]. It is assumed that the Mn-assisted Fe-based bimetallic catalyst synergistically 
improves catalytic performance. Furthermore, mesoporous support materials (i.e., SiO2) are known to enhance the dispersivity of 
metallic catalysts, such that SiO2 provides large surface areas and can pack metallic catalysts with a high density for better catalytic 
reactions [16]. However, the mechanism behind the use of support materials is poorly understood as to whether the support always 
facilitates catalytic degradation owing to its physicochemical properties. 

Here, we show the degradation of two PFAS, perfluorooctane sulfonic acid (PFOS) and perfluorononanoic acid (PFNA), which differ 
only in their functional groups (carboxyl and sulfonyl groups, respectively). Specifically, bimetallic catalysts of Fe2O3/Mn2O3 were 
synthesized to investigate the degradation of PFAS under various conditions (i.e., H2O2 and H2O2 + UV). Subsequently, the impact of 
the support (SiO2) was assessed to elucidate the effect of the support materials on adsorption. Finally, we provide a mechanistic 
explanation that may offer insights into the consideration of more important features than physicochemical properties for the better 
design and proper usage of support materials. 

2. Materials and methods 

2.1. Chemicals 

Manganese (II) nitrate tetrahydrate (Mn(NO3)2⋅4H2O, >98 %), ferric (III) nitrate nonahydrate (Fe(NO3)3⋅9H2O), and cetyl-
trimethylammonium chloride (CTAC) solution (25 wt %) were purchased from Sigma Aldrich, Germany. Hydrogen peroxide (28 % 
H2O2) solution and sodium hydroxide (1 N NaOH) were supplied by Daejung Chemicals and Metals Co., Ltd., Korea. Tetraethyl 
Orthosilicate 95 % (TEOS) was purchased from Samchun Company (South Korea). Perfluorooctanesulfonic acid (PFOS) and Per-
fluorononanoic acid (PFNA) were purchased from Sigma–Aldrich. 

2.2. Synthesis of bimetallic catalyst 

Fe2O3/Mn2O3 was synthesized using a coprecipitation method. Fe(NO3)3⋅9H2O and Mn(NO3)2⋅4H2O were dissolved in DI water 
and warmed up to 65 ◦C for 30 min. Subsequently, Cetyltrimethylammonium chloride (CTAC) was mixed with the solution for 120 min 
at 65 ◦C. NaOH solution was introduced as a precipitation agent while applying sonication until reaching a pH of 12. The precipitated 
sample underwent washing with DI water, followed by dehydration at 100 ◦C for 24 h, and finally, calcination at 700 ◦C for 7 h. 

Fe2O3/Mn2O3@SiO2 was synthesized using the following procedure. Initially, Fe2O3/Mn2O3nanoparticles were mixed with CTAC 
for 30 min at 40 ◦C. Subsequently, TEOS was introduced into the mixture, resulting in the immediate formation of a black gel. This gel 
was then incubated for 24 h at 50 ◦C under a 200 rpm stirrer. Following incubation, the gel was calcined in a furnace and ramped at a 
rate of 2 ◦C/min until it reached 550 ◦C, which was maintained for 6 h. 

2.3. Characterization 

Images of the developed catalysts were obtained using scanning electron microscopy (SEM) with a Hitachi S-4800 instrument 
(Japan). Elemental mapping in two dimensions (2D) was conducted using energy-dispersive X-ray spectroscopy (EDS) using an X- 
Maxn 80 T instrument (Oxford, UK). Transmission electron microscope (TEM) images were acquired using a Philips CM200 instru-
ment. A Gemini series Micromeritics 2360 instrument was used for the Brunauer-Emmett-Teller (BET) analysis. Fourier transform 
infrared (FTIR) spectra of the samples were recorded using a PerkinElmer FTIR spectrometer. For X-ray photoelectron spectroscopic 
(XPS) analysis, a Kratos Axis Ultra XPS instrument was utilized. 
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2.4. Degradation experiment 

PFOS and PFNA were selected as the target pollutants to evaluate the efficacy of the developed bimetallic catalysts under various 
oxidation and adsorption conditions. A 200 mL solution containing the target pollutants at a concentration of 2 mg L− 1 was prepared. 
Subsequently, 25 mmol L− 1 of 28 % H2O2 was introduced into the solution, followed by an addition of 100 mg of the catalysts. No pH 
adjustments were made, and the initial pH of the solution was 7.3. 

The experiments were conducted in a black acrylic reactor with a quartz tube and four UV lamps around the quartz tube. The 
reactor temperature was maintained at 25 ◦C using cooling fans, and UV-C lamps (8 W, λ max = 254 nm, Philips) served as the 
irradiation source for the experiments. The degradation of PFOS and PFNA solutions was monitored under varying UV light exposure 
conditions. Samples were collected at 0, 5, 10, and 20 min. The samples were analyzed using liquid chromatography-tandem mass 
spectrometry (LC/MS/MS) on a Thermo Vanquish system (Thermo Scientific, Waltham, MA, USA) equipped with a tandem mass 
spectrometer (TSQ Quantis, Thermo Fisher Scientific, USA). For chromatographic separation, Waters Cortects C18 (2.1 × 100, 1.6 μm) 
column was used and maintained at 45 ◦C, and the flow rate was set to 0.3 mL/min. The sample injection volume was 10 μL, and the 
gradient was formed by changing the mixing ratio of solvent A (1 mM NH4F in deionized water) and solvent B (0.1 % formic acid in 
methanol). Analyses were performed with experimental triplicates to ensure accuracy and reproducibility. Analyses were performed 
with experimental triplicate to ensure accuracy and reproducibility. 

3. Results and discussion 

3.1. Catalyst characterization 

Prior to investigating the degradation efficiency, the physicochemical properties were assessed to validate whether the two cat-
alysts were properly synthesized with a homogeneous distribution of metals. SEM analysis was performed to investigate the 
morphology and structure of the synthesized Fe2O3/Mn2O3; the results are shown in Fig. 1a. The SEM image shows a porous coral-like 
architecture of Fe2O3/Mn2O3, which can be attributed to the role of the CTAC surfactant in the synthesis. The 2D-mapping of Fe2O3/ 
Mn2O3 confirmed the presence of constituent elements on the surface of the synthesized photocatalyst, and no other elemental im-
purities were detected. Moreover, the constituent elements Fe, Mn, and O were homogeneously dispersed in the photocatalyst 
(Fig. 1b–e). Note that the presence of oxygen at a high density may be owing to the adsorbed water molecules. 

To characterize the microstructure and elemental composition, high-resolution TEM (HRTEM) and EDS analyses were conducted. 
The nanoparticles (NPs) showed a hexagonal morphology with overlapping particles (Fig. 2a). TEM-EDS mapping confirmed the 
distribution of Fe2O3 and Mn2O3 NPs over the entire region (Fig. 2b–e). The 2D map of ‘Mn’ significantly overlapped with that of the 
‘Fe,’ suggesting a close proximity of Mn2O3 NPs with the Fe2O3 NPs. 

XPS analysis was performed to study the composition and oxidation states of the elements in the Fe2O3/Mn2O3 photocatalyst 
(Fig. 3a). The XPS survey spectrum of the Fe2O3/Mn2O3 photocatalyst confirms the presence of Fe, Mn, and O in the sample, and the 
observed carbon peak is attributed to the CTAC surfactant used in the synthesis. The O 1s HRXPS spectrum in Fig. 3b shows two intense 
peaks at 529.80 and 530.95 eV, which are attributed to the metal-oxygen bonds (lattice oxygen) and oxygen defect sites, respectively 
[17]. Fig. 3c shows the HRXPS Fe 2p spectrum, with two dominant peaks at 710.64 and 724.14 eV, which were assigned to Fe 2P3/2 
and Fe 2P1/2, respectively. Moreover, the presence of satellite peaks at 719.01 and 732.15 eV further confirmed the existence of Fe2O3 
species [18–20]. Fig. 3d shows the Mn 2p high-resolution XPS spectrum, where the two peaks can be attributed to Mn 2p3/2 (641.80 
eV) and Mn 2p1/2 (652.92 eV) [21] with a typical splitting energy of ~12 eV, suggesting the presence of Mn3+, which corresponds to 
Mn2O3 species [22]. 

Similarly, Fe2O3/Mn2O3 @SiO2 was successfully synthesized, in which the Fe and Mn atoms were well distributed on the surface of 
the spherical nanoparticles of the SiO2 support (Fig. 4). Furthermore, the elemental spectrum and 2D-mapping of the synthesized 

Fig. 1. (a) SEM micrograph (b) EDS spectrum (c) O 2D map (d) Fe 2D map (e) Mn 2D map of Fe2O3/Mn2O3 photocatalyst.  
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catalysts contained the intended metal components with high purity, and non-specific species were undetected. 

3.2. Removal efficiency of PFNA and PFOS via catalysts 

Catalytic oxidation of PFNA and PFOS was observed under various conditions to induce the Fenton reaction using H2O2. As shown 
in Fig. 5, H2O2, UV, and H2O2 + UV do not significantly influence the degradation of PFOS and PFNA without the addition of a catalyst. 
Although in the case of PFOS, H2O2 showed the potential for degradation, where H2O2 itself presumably could degrade PFOS, the 
degradation effect was minimal, indicating that the oxidation potential was insufficient. Overall, the result suggested H2O2 activation 
owing to the Fenton reaction by iron-based catalysts significantly affecting the degradation of both compounds where the production 
of stronger oxidant of hydroxyl (⋅OH) radicals are important and key parameters to effectively degrade PFAS compounds [23]. In 
addition, the removal efficacy of the photocatalysts (Fe2O3/Mn2O3 with/without a SiO2 support) was further improved by UV 

Fig. 2. (a) TEM micrograph (b) EDS mapping (c) Mn 2D map (d) Fe 2D map (e) O 2D map of Fe2O3/Mn2O3 photocatalyst.  

Fig. 3. (a) XPS scan survey; (b) HRXPS O 1s; (c) HRXPS Mn 2p; (d) HRXPS Fe 2p spectra of Fe2O3/Mn2O3 photocatalyst.  
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exposure, followed by the removal of >97 % of PFOS and 80–93 % of PFNA in the first 10 min of the reaction. This is attributed to the 
foster of hydroxyl (⋅OH) radical generation owing to the photocatalytic activation where the electron and positive holes are separated 
between conduction and valence bands to either oxidize OH− or reduce H2O2 to yield hydroxyl (⋅OH) radical under the UV system. 
Overall, achieving a removal efficiency of over 97 % for PFOS within 10 min indicates rapid and effective degradation, whereas 
Schlesinger et al. [12] achieved nearly 90 % PFOS degradation over a longer period (30 min) using a monometallic photocatalyst of 
Fe3O4. This highlights the synergistic benefits of the bimetallic catalysts, which outperform the monometallic catalysts used in a 
previous study in terms of both removal efficiency and rapidity. Both metal species in Fe2O3 and Mn2O3 demonstrate the ability to 
activate H2O2, generating hydroxyl (⋅OH) radicals through a Fenton-like reaction, in addition to their photocatalytic activation as 
depicted in equations (1)–(5) [24].  

Fe3+ (or Mn3+) + H2O2 → Fe2+ (or Mn2+) + ⋅OOH + H+ (1)  

Fe2+ (or Mn2+) + H2O2 → Fe3+ (or Mn3+) + ⋅OH + OH− (2)  

Fe2O3/Mn2O3 + hv → e− + h+ (3)  

e− + H2O2 → ⋅OH + OH− (4)  

Fig. 4. TEM micrograph and EDS mapping Si, O, Fe, Mn of Fe2O3/Mn2O3 @ SiO2.  

Fig. 5. Removal efficiency of a) PFOS and b) PFNA in various conditions. The red dashed bar indicates the reaction time at which maximum 
removal efficiency was achieved. In case of PFOS, the curves of Fe2O3/Mn2O3 with/without SiO2 (H2O2 + UV) is overlapped. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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h+ + OH− → ⋅OH                                                                                                                                                                    (5) 

However, the removal efficiency of Fe2O3/Mn2O3 was either similar (for PFOS) or even higher (for PFNA) in the first 10 min. BET 
analysis of N2 adsorption-desorption (Fig. 6) indicated surface area of 14.67 m2/g and 926 m2/g for Fe2O3/Mn2O3 and Fe2O3/Mn2O3 
@SiO2, respectively. We originally assumed that loading metal catalysts onto a support metal, such as SiO2 would be efficient, as the 
surface area of the catalytic metals would be larger to provide broader reaction sites and H2O2 binding sites for ease of activation. 
Furthermore, Fe2O3/Mn2O3 @SiO2 exhibited typical mesopores (type IV), whereas the metallic catalysts did not contain any pores in 
terms of morphology (Fig. 6a–b). Altogether, the results of the TEM and BET analyses suggest that SiO2 provides large surface areas 
with mesoporous structures, where Fe2O3 and Mn2O3 are densely packed within the pores for better catalytic reactions. Other pa-
rameters should be considered for a better understanding of the degradation efficacy. Therefore, we were intrigued to further 
investigate the disparity between the efficacy and surface area. 

3.3. Effect of support materials and adsorption 

Several studies have reported the adsorption capacity of either iron or manganese oxide for target compounds took in place; thus, 
contributing to the overall removal efficiency [25–28]. Nevertheless, the use of metallic catalysts (in the context of the Fenton re-
action) aims to “degrade” the compounds rather than simply “remove” them for efficient mineralization. This distinction is crucial 
because focusing solely on removal may underestimate the true efficacy of the catalytic performance. Therefore, it is essential to assess 
the catalytic reaction that accounts for the contribution of removal owing to the actual degradation of the target compounds. Careful 
examination of the incubation of PFAS and the catalysts over 20 min showed that the adsorption capacities of PFOS (within 10 min) 
and PFNA (within 20 min) were higher in Fe2O3/Mn2O3 than in Fe2O3/Mn2O3 @SiO2 (Fig. 7). In particular, the adsorption of PFNA 
deviated significantly, reaching 80-fold after 10 min of incubation with the catalyst on the support SiO2 was applied. 

The adsorption capacity could be attributed to the surface charges of the catalysts and the negative charges on the functional groups 
of PFAS. First, the zeta potential of SiO2 was negative at a pH of 7.3. The FTIR study (Fig. 8a) shows an increase in the number of 
hydroxyl groups (peak at 3460 cm− 1) with Si–O–Si bonds at 1100 cm− 1 in the case of Fe2O3/Mn2O3 @SiO2 [29]. The SiO2 support 
altered the surface charges, contributing to negative charges owing to the deprotonated hydroxyl functional groups in the aqueous 
state. XPS analysis further confirmed the formation of hydroxyl functional groups on SiO2 at 533.23 eV (atomic % of 31.85) in the O 1s 
spectrum (Fig. 8b) [30]. Secondly, the PFOS and PFNA species are usually anionic, with pKa values near zero, and the functional head 
groups should possess a negative partial charge. This refers to the degree of electrostatic attraction and repulsion between the negative 
charges on the PFAS and the relatively positive (Fe2O3/Mn2O3) or negative (Fe2O3/Mn2O3 @SiO2) surface charges of the catalysts. 
PFNA has a higher solubility, leading to a higher portion of the anionic state in the solution; thus, electrostatic repulsion is relatively 
emphasized, explaining why PFNA is poorly adsorbed on Fe2O3/Mn2O3 @SiO2. 

Therefore, it is important to understand whether good adsorption results in better PFAS degradation efficacy. To validate the 
removal efficiency, normalization was performed to investigate the contribution of degradation owing to hydroxyl radicals by sub-
tracting the adsorbed concentration from the total removed levels (Fig. 9). However, the degradation of PFAS was negatively 
correlated with adsorption, and the efficiency of PFOS and PFNA degradation worsened when the adsorbed levels increased. We 
speculated PFAS adsorbed into the surface of the catalysts causing surface blockage where oxidants of H2O2 could not transform into 
the hydroxyl (⋅OH) radical as shown in proposed mechanism of Fig. 10. These results suggest that adsorption may hinder degradation 
owing to surface blockage by hindering the Fenton reaction to ease the destruction of PFAS. Therefore, it is crucial to consider chemical 
properties, including surface charges when designing catalysts to achieve effective degradation, rather than focusing solely on 
physicochemical properties, such as surface area. This is because our study indicated that adsorption could potentially hinder 
degradation. 

Fig. 6. N2 adsorption-desorption isotherm curve and pore size distribution of a) Fe2O3/Mn2O3 and b) Fe2O3/Mn2O3 @SiO2.  
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4. Conclusion 

This study investigated the impact of bimetallic photocatalysts on the photodegradation of PFOS and PFNA under various con-
ditions. The removal of both PFAS occurred rapidly in 10 min, with a maximum efficiency >97 % for PFOS under UV exposure, with 
the aid of photocatalytic activation (photo-Fenton) of the oxidant (H2O2) in addition to the Fenton reaction. In particular, we found 

Fig. 7. Removal efficiency of a) PFOS and b) PFNA by adsorption.  

Fig. 8. a) FTIR analysis of photocatlaysts and b) HRXPS Si 2p and O 1s spectra of Fe2O3/Mn2O3 @SiO2.  
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that the bimetallic (Fe2O3/Mn2O3) catalysts synergistically interacted with each other to enhance the removal efficiency compared 
with the monometallic catalyst of Fe2O3 reported in a previous study [12]. Furthermore, the utilization of support material of SiO2 does 
not significantly improve the removal efficiency, whereas in the case of PFNA, the efficacy was worse, although SiO2 provided larger 
surface areas for Fe2O3/Mn2O3 loading. However, when normalization was conducted solely to assess the degradation efficacy by 
excluding the adsorption amount, the degradation efficacy of Fe2O3/Mn2O3 was relatively poor compared to that of the catalysts with 
support materials. This was attributed to the adsorption of PFAS onto the catalyst surface owing to electrostatic interactions, which 
hindered H2O2 from effectively contacting the catalytic sites and adversely affected the generation of hydroxyl (⋅OH) radicals, sug-
gesting the importance of chemical properties (i.e., surface charges), when designing catalysts to ensure effective degradation. The 
current research aims to identify the byproducts to determine if the reaction pathways are consistent for both Fe2O3/Mn2O3 and 
Fe2O3/Mn2O3@SiO2, helping to confirm whether adsorption solely decreases the production of ⋅OH radicals. This study provides 
insights into the mechanistic impact of support materials, contributing to the better design of photocatalysts. 
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Fig. 10. Proposed mechanism of adsorption impact on catalytic activation of H2O2.  
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