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• A carbon-modified Fe-doped bismuth 
oxychloride photocatalyst Fe–BiOCl/CS 
was prepared. 

• Fe–BiOCl/CS can rapidly and effectively 
adsorb PFOS from water. 

• Fe–BiOCl/CS under UV (254 nm) can 
effectively degrade and defluorinate 
pre-sorbed PFOS. 

• Fe–BiOCl/CS is reusable without chem
ical regeneration. 

• Photoactivated electrons and superoxide 
radicals initiated desulfonation of PFOS.  
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A B S T R A C T   

In this study, we prepared and tested a carbon-modified, Fe-loaded bismuth oxychloride (Fe–BiOCl/CS) pho
tocatalyst for photocatalytic degradation of perfluorooctane sulfonate (PFOS). Structural analyses revealed a 
(110) facet-dominated sheet-type BiOCl crystal structure with uniformly distributed Fe and confirmed carbon 
modification of the photocatalyst. The presence of D-glucose facilitated the growth control of BiOCl particles and 
enhanced the adsorption of PFOS via added hydrophobic interaction. Adsorption kinetic and equilibrium tests 
showed rapid uptake rates of PFOS and high adsorption capacity with a Langmuir Qmax of 1.51 mg/g. When used 
for directly treating PFOS in solution, Fe–BiOCl/CS was able to mineralize or defluorinate 83% of PFOS (C0 =

100 μgL−1) under UV (254 nm, intensity = 21 mW cm−2) in 4 h; and when tested in a two-step mode, i.e., batch 
adsorption and subsequent photodegradation, Fe–BiOCl/CS mineralized 65.34% of PFOS that was pre- 
concentrated in the solid phase under otherwise identical conditions; while the total degradation percentages 
of PFOS were 83.48% and 80.50%, respectively, for the two experimental modes. The photoactivated electrons 
and/or hydrated electrons and superoxide radicals primarily initiated the desulfonation of PFOS followed by 
decarboxylation and defluorination, through a stepwise chain-subsiding mechanism. The elevated photocatalytic 
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activity can be attributed to the effective separation of e−/h+ pairs facilitated by the (110) interlayer electrostatic 
field, Fe doping, and the presence of oxygen vacancies. This work reveals the potential of carbon-modified and 
Fe-co-catalyzed BiOCl for concentrating and degrading PFOS and possibly other persistent organic pollutants.   

1. Introduction 

Per and poly-fluoroalkyl substances (PFAS) have been widely used in 
industrial processes and domestic products since 1940s (Glüge et al., 
2020; Leeson et al., 2021). As a result, PFAS have been detected in 
various water bodies including drinking water sources. An investigation 
by the US Geological Survey (USGS) and the Environmental Protection 
Agency (EPA) on 25 drinking water systems confirmed the presence of 
2–12 PFAS, with concentrations ranging from 1 ng L−1 to 1102 ng L−1 in 
treated drinking water with an average concentration of 19.5 ng L−1 

(Boone et al., 2019). Due to their extremely high chemical stability and 
the C–F bond energy (544 kJ mol−1), the long half-life, bioaccumulation, 
and multiple adverse health impacts, PFAS contamination of drinking 
water has emerged as a major environmental concern (McCarthy et al., 
2017; Dean et al., 2020). To mitigate human exposure, on March 14, 
2023, EPA proposed the first-ever National Primary Drinking Water 
Regulation (NPDWR) for six priority PFAS including perfluorooctanoic 
acid (PFOA), perfluorooctane sulfonic acid (PFOS), perfluorononanoic 
acid (PFNA), hexafluoropropylene oxide dimer acid (HFPO-DA, 
commonly known as GenX Chemicals), perfluorohexane sulfonic acid 
(PFHxS), and perfluorobutane sulfonic acid (PFBS). 

Of particular concern are two legacy long-chain PFAS, i.e., PFOS 
(C8HF17O3S) and PFOA (C8HF15O2). Although the industries in Europe 
and Northern America volunteered to phase out PFOS and PFOA in the 
early 2000s, the past applications resulted in widespread contamination 
of the aquatic systems including many drinking water sources. As the 
associated health effect data continue to mount, the US EPA proposed a 
maximum contaminant level of 4.0 ppt (ng L−1) for PFOS and PFOA 
individually, which is much more stringent than the EPA’s prior advi
sory level of 70 ppt with PFOS and PFOA combined (Gao et al., 2020; 
Zhang et al., 2019b). 

PFAS are resistant to various natural and engineered degradation 
processes such as the standard biological and physical-chemical treat
ment (Kucharzyk et al., 2017), and numerous conventional and 
non-conventional technologies have been investigated to remove or 
degrade PFAS in water, including incineration (Longendyke et al., 
2022), activated carbon (AC) adsorption (Lei et al., 2023), ion exchange 
(Fang et al., 2023), electrochemical degradation (Mirabediny et al., 
2023), and advanced reduction and oxidation processes (Leonello et al., 
2021). Among the most commonly used technologies are adsorption, ion 
exchange, and advanced oxidation processes. While adsorption by AC 
and ion exchange are rather mature technologies for removing organic 
pollutants from water, they do not degrade PFAS, and moreover, the 
regeneration of PFAS-laden AC or resins is rather challenging and often 
requires toxic and costly organic solvents such as methanol. 

Advanced reduction/oxidation processes can degrade and mineralize 
(or defluorinate) PFAS, though the effectiveness varies. In recent years, 
photocatalytic degradation of PFAS has attracted growing interest for 
their low cost and relatively high degradation efficiency. To this end, 
various photocatalysts have been developed, such as TiO2 (Furtado 
et al., 2021), In2O3 (Liu et al., 2021), and ZnO (Dehghani et al., 2022). 
However, conventional semiconductor-based photocatalysts bear some 
critical limitations, including 1) insufficient charge excitation and 
transfer ability, 2) insufficient redox potential at the active sites to 
degrade PFAS and generate reactive radical species (RRS), and 3) poor 
or unfavorable adsorption of PFAS. For instance, TiO2 (P25) has been a 
classical photocatalyst, but it is not effective in degrading PFOA (Pan
changam et al., 2009). Song et al. (2017) reported that TiO2–P25 and 
In2O3 offered limited photocatalytic defluorination of PFOA due to 
improper valance band (VB) alignment that inhibited the formation of 

energetic holes, while Bismuth oxychloride (BiOCl) mineralized 59.3% 
of PFOA in 12 h, which was 1.7 and 14 times higher than TiO2 and In2O3, 
respectively. 

BiOCl has a layered lattice structure with an indirect band gap of 
~3.3 eV, and it has a covalently and electrostatically coordinated crystal 
structure with four oxygen (O) and chlorine (Cl) atoms arranged in a 
decahedron shape (Lei et al., 2009). The coordination bonds (Bi–O and 
Bi–Cl) lead to the development of two indexed facets linked by sharing a 
common Cl–O edge (Keramidas et al., 1993). Furthermore, the strong 
electric fields between the layers facilitate the crystal growth in some 
suitable planes, i.e., (001), (101), and (110). In addition, the charge 
fields promote the transfer and collection of electrons through a pho
tocatalytic excitation process (Lin et al., 2006). BiOCl has shown some 
promising activity for charge transfer and generation of RRS, which lead 
to various photocatalytic reactions, such as hydrogen production (Ye 
et al., 2015), N2 conversion (Shen et al., 2021), and degradation of 
organic contaminants in water (Chen et al., 2010). Moreover, BiOCl has 
shown specificity for the removal of longer-chain PFAS through diverse 
mechanisms (Wu et al., 2021). Chen et al. (2022) reported that the 
exposed facet of BiOCl and the presence of oxygen vacancies enhanced 
the charge collection and separation in a photocatalytic degradation 
process. Similarly, Song et al. (2017) reported the oxygen vacancies in 
BiOCl facilitated the degradation of PFOA through a direct oxygen va
cancy hole transfer mechanism. Yet, conventional BiOCl offers only 
limited degradation and defluorination for PFAS due to its unfavorable 
interactions between the material and PFAS (anions) and fast recombi
nation of e−/h+. In addition, the current practice in photocatalytic 
degradation of PFAS involves the addition of photosensitizers into, and 
shooting light towards, the bulk water, which has a large volume but 
contains very low concentrations of PFAS (ng-μg L−1). Such direct 
treatment of bulk water is not only inefficient, but also less effective for 
the mineralization of PFAS. 

To overcome the drawbacks of the conventional single-phased pho
tocatalysts, various composite photocatalytic materials have been re
ported to enhance the structural, surface, and chemical properties, such 
as Fe/TNTs@AC, BiOX/TiO2, TiO2/WO3, and Bi3O(OH)(PO4)2 (Li et al., 
2020; Qanbarzadeh et al., 2020; Lashuk et al., 2022; Liu et al., 2022). 
Modification with carbonaceous materials has been found effective in 
enhancing the adsorption and photocatalytic activity of bismuth-based 
photocatalysts. For example, Xu et al. (2020) reported that BiOHP hy
bridized with microscale carbon spheres showing enhanced photo
catalytic degradation of PFOA (up to 90%, c.f., 10% with neat BiOHP). 
Another effective strategy is to dope or deposit a metal such as Fe, Bi, or 
In to form a heterostructure, which may promote the interfacial charge 
transfer, leading to improved lifetime of the e−/h+ pairs and enhanced 
photocatalytic activity as the dopant metal modulates the band gap and 
also acts as a co-catalyst. Based on prior work by our group (Li et al., 
2020) and others (Zhang et al., 2019a), we chose Fe as the dopant for 
BiOCl in this study. In addition to the cost-effectiveness and 
non-toxicity, Fe doping can also regulate the catalytic properties in 
several ways: 1) it can strongly influence the optoelectronic properties of 
the Fe–BiOCl system after the Fermi level equilibration; 2) Fe doped in 
the lattices of host BiOCl creates localized energy states within the band 
gap, which can served as electron traps, whereas Fe grafted on the 
surface of BiOCl can promote charge separation through band bending 
and the creation of a Schottky barrier at the heterojunction; and 3) 
Fe-doping can also alter the band gap, resulting in enhanced absorption 
of light. Zhang et al. (2019a) reported that Fe doping of BiOCl nano
sheets enhanced its light absorption ability and the lifetime of the 
photoexcited charge carriers. 
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In terms of treatment configuration, the conventional practice in 
photocatalytic processes has been involving the addition of photosen
sitizers into, and shooting light towards, the bulk water (aqueous phase). 
However, this approach may not be suitable for treating a large volume 
of water contaminated with trace concentrations of PFAS (ng-μg L−1) 
because of the poor energy efficiency and the side effects associated with 
the chemical addition (including requirement of extreme pH). To this 
end, solid-phase photocatalysis may offer some advantages, where PFAS 
are first adsorbed/concentrated on a small volume of an adsorptive 
photocatalyst from bulk water, and then photodegraded. Moreover, 
thanks to the small volume, this method also allows for employing 
additional engineered means (e.g., use of photosensitizers or strong re
ductants/oxidants, and/or adjusting the temperature and pH) to 
enhance the photodegradation. 

The goal of this study was to prepare and test a new type of carbon- 
modified Fe-doped heterostructure (Fe–BiOCl/CS) for enhanced degra
dation of PFOS. The specific objectives were to: 1) prepare Fe–BiOCl/CS 
through a facile hydrothermal process, 2) optimize the Fe loading on 
BiOCl/CS, 3) characterize Fe–BiOCl/CS through various optical, 
morphological, and surface analysis techniques, 4) test adsorption rate 
and capacity of Fe–BiOCl/CS for PFOS, 5) determine the photocatalytic 
degradation kinetics, and 6) elucidate the photodegradation mecha
nisms based on material characterization, radical scavenging tests, 
electron paramagnetic resonance (EPR) spectroscopy analysis, and in
termediate products. 

2. Experimental 

2.1. Chemicals and reagents 

Bismuth nitrate pentahydrate (Bi(NO3)3. 5H2O, Alfa Aesar 98%), 
ferric nitrate nonahydrate (Fe(NO3)3. 9H2O, Fischer Scientific, 99%), D- 
glucose anhydrous (C6H12O6, Alfa Aesar, 98%), ethylene glycol 
(C2H6O2, VWR, high purity grade), potassium chloride (KCl, BDH VWR, 
99%), sodium hydroxide (NaOH, ACS grade, Thermos Scientific), 1,4, 
benzoquinone (BZQ, 97%, TCL), perfluorooctane sulfonate (PFOS, 
Sigma Aldrich, >98%), Sodium perfluoro-1-[13C8] octane sulfonate 
(M8PFOS, Wellington labs Inc. >99%) were used as received. Other 
basic chemicals such as isopropyl alcohol (IPA, 99.5%, SEMI grade), 
ethanol (EtOH, 70%, biotechnology grade), and potassium iodide (KI, 
99%, ACS grade) were purchased from VWR International (USA). All 
solutions and reagents were prepared in deionized water (>18 MΩ cm). 

2.2. Synthesis of Fe–BiOCl/CS 

Fe–BiOCl/CS was prepared by a facile chemical-hydrothermal 
method using bismuth nitrate (Bi(NO3)3), ferric nitrate nonahydrate 
(Fe(NO3)3 ⋅9H2O), and D-glucose (C6H12O6) as precursors. As shown 
schematically in Fig. S1 of the Supporting Information (SI), 1.579 g (4 
mmol) of Bi(NO3)3 and 0.028 g of Fe(NO3)3 were dissolved in 25 mL 
ethylene glycol and stirred for 30 min. Meanwhile, in another flask, 
0.298 g (4 mmol) of KCl and 0.154 g of D-glucose were dissolved in 25 
mL water under constant stirring (30 min). The two solutions were 
instantly mixed, forming a milky white precipitate, and the mixture was 
further stirred at room temperature for 30 min. Subsequently, the 
mixture was diluted with 20 mL H2O and transferred into a Teflon-lined 
autoclave (100 mL), and hydrothermally treated at 160 ◦C for 24 h. The 
final product was harvested by centrifugation and thoroughly washed 
with ethanol and water. The resulting dark-grey powder (Fig. S2) was 
dried at 80–90 ◦C overnight, and then calcined in a tube furnace at 
300 ◦C under N2 atmosphere for 3 h. For comparison, the relevant base 
materials including BiOCl, Fe–BiOCl, and BiOCl/CS were also prepared 
through the same procedure. 

2.3. Characterization of the photocatalysts 

The morphological characteristics were revealed using a JEOL JEM- 
2100F transmission electron microscope (TEM) and a JEOL JEM-7600F 
scanning electron microscope (SEM). The crystal structure was analyzed 
using a Bruker D2 Phaser x-ray diffractometer (Germany), with Cu-Kα 
radiation (40 kv, 30 mA, λ = 1.54 Ao) and a scanning range of 10-80◦

with a step size of 10◦ min−1. The surface chemical states and elemental 
composition were determined by X-ray photoelectron spectroscopy 
(XPS, Kratos) with the Al-Kα as the source operated at 15 kV. The 
structural characteristics were studied by Raman spectroscopy (Horiba, 
LabRAM, Japan) with a He–Ne laser (5 mW) and 532 nm excitation. The 
optical properties were examined using a Thermo Scientific Nicolet iS20 
Fourier transform infrared (FTIR) spectrometer with a resolution of 4 
cm−1 at 32 scans in the transmission mode. Specific surface area and 
porosity were determined by a Micromeritics BET surface area analyzer. 
Zeta potential (ξ) was measured by a Nano-ZS90 Zetasizer (Malvern, 
UK). In addition, electron paramagnetic resonance spectroscopy (EPR, 
Bruker EPR, A300) analyses were conducted to assess superoxide radi
cals (O2

•–) generated during the reaction, with 5,5-dimethylpyroline-N- 
oxide (DMPO) as the O2

•– trapping agent. 

2.4. Adsorption kinetic and isotherm tests 

The adsorption kinetic and isotherm tests were conducted in the dark 
using 40 mL high-density polyethylene (HDPE) vials. The adsorption 
was initiated by mixing a PFOS solution (100 μg L−1, 40 mL) with 0.12 g 
of a catalyst at pH 4.3 (±0.2) on a rotator (80 rpm). At pre-determined 
times, the solid particles were separated by centrifugation (3000 RPM, 3 
min), and the supernatant was analyzed for PFOS remaining in the so
lution. The adsorption isotherm tests were performed following the 
same experimental procedure, with the initial PFOS concentration var
ied between 0.1 and 8 mgL-1 and at a fixed material dosage of 1 g L−1 and 
an equilibration time of 12 h. All tests were conducted in duplicate. 

2.5. Photocatalytic degradation of PFOS 

The photocatalytic degradation experiments were conducted in two 
different approaches. The first approach was to directly photodegrade 
PFOS in the aqueous solution. To this end, a mixture of 10 mL aqueous 
solution containing PFOS (100 μg L−1) and 0.01 g of a photocatalyst in a 
quartz reactor was irradiated in a UV reactor (21 mW cm−2, 254 nm, 
Rayonet, Southern New England UV Co., Bradford) for 4 h with inter
mittent shaking. The resulting aliquots were sampled, filtered (0.22 μm 
polyether sulfone, PES), and analyzed for fluoride (F−). The second 
approach followed a two-step concentrate-and-degrade process, namely, 
adsorption of PFOS on Fe–BiOCl/CS and then irradiate the PFOS-laden 
solids in the same UV reactor. In this regard, PFOS was preloaded on 
the solids via the batch adsorption for 6 h (PFOS = 100 μg L−1, volume 
= 40 mL, and material dosage = 3 g L−1). The adsorption was able to 
pre-concentrate 83.6% of the aqueous-phase PFOS onto the solid phase. 
Upon equilibrium, the solid particles were allowed to settle by gravity 
and the supernatant (⁓95%) was pipetted off. The solids were then 
transferred into a quartz reactor with the subsequent addition of 7–8 mL 
of deionized water to give a total volume of 10 mL. The mixture was then 
irradiated in the UV reactor for 4 h, and then the defluorination was 
measured by analyzing the fluoride ion in the solution phase. In addi
tion, the solids were extracted using methanol (40 mL) at 80 ◦C for 12 h 
to quantify PFOS remaining in the solid phase. 

To probe the roles of electrons, holes, and radicals in the PFOS 
defluorination, the photocatalytic degradation experiments were carried 
out in the presence of 10 mM of a scavenger. The scavengers included 
silver nitrate (AgNO3), p-benzoquinone (p-BZQ), and 2Na-ethylenedi
amine tetraacetic acid (EDTA) for scavenging of electrons, O2

•–, and 
h+, respectively. 

The gauge the reactive life and reusability, the same Fe–BiOCl/CS 

R.A. Rather et al.                                                                                                                                                                                                                               



Chemosphere 346 (2024) 140585

4

composite was used in four consecutive cycles following the aqueous 
photodegradation protocol, where Fe–BiOCl/CS was harvested after 
each cycle by centrifugation followed by washing cycles with water. 

2.6. Chemical analysis 

PFOS in solution and the reaction intermediates were analyzed using 
an ultra-performance liquid chromatography system coupled with an 
orbitrap mass spectrometer (UPLC-EXPLORIS/MS) with heated elec
trospray ionization (ESI). A C18 column (Luna, 3 μm, 100 Ao, 2 × 50 
mm) was employed as the stationary phase. The mobile phase consisted 
of solution A (2 mM ammonium acetate in DI water) and solution B 
(acetonitrile 100%), and the flow rate was 200 μL/min. The detection 
limit of the instrument was 1 μg L−1, M8PFOS (sodium perfluoro [8C13] 
octane sulfonate) was used as an internal standard for the analysis. 
Aqueous F− was quantified by ion chromatography (Dionex, USA) with a 
Dionex Ionpac AS22 column and a mixture of sodium carbonate (4.5 
mM) and bicarbonate (1.4 mM) as the eluent at a flow rate of 1.2 mL/ 
min. The instrument detection limit was ~10 μg L−1. 

3. Results and discussion 

3.1. Characterization of Fe–BiOCl/CS 

Fig. 1a shows the XRD pattern of Fe–BiOCl/CS along with pristine 
BiOCl, Fe–BiOCl, and BiOCl/CS. The diffraction peaks in pristine BiOCl 
indicate a typical bismoclite phase (ICDS-06-0249), with a tetragonal 
crystal structure (a = 3.89, b = 3.89, and c = 7.36). The peaks at 11.98◦, 
25.86◦, 32.49◦, and 33.44◦ are assigned to (110), (001), (101), and (102) 
planes, respectively. The similarity between the XRD spectra of BiOCl 
and Fe–BiOCl can be attributed to 1) the small fraction of Fe (<1%) in 
the Fe–BiOCl composite, which was not enough to alter the crystal 
structure of BiOCl, and 2) the Fe-phase was amorphous. After carbon 
modification and Fe loading, the growth of (001) and (102) planes was 
slightly reduced in Fe–BiOCl/CS due to the addition of D-glucose, which 
acted as both a carbon source and a shape-directing agent (Rather et al., 
2019). The growth inhibition was also observed in the high-angle 
annular dark field scanning (HAADF/STEM) micrographs. BiOCl 
sheets with variable sizes and growth were observed in all cases. The 
average size (i.e., the side length of square sheets) of the pristine BiOCl 
sheets was 406 nm (Fig. 1b), which was decreased to 178 nm after the 
addition of D-glucose or carbon modification in BiOCl/CS (Fig. 1c) and 

Fe–BiOCl/CS (Fig. 1d). However, the size of Fe–BiOCl particles was 
similar to pristine BiOCl (Fig. 1e), confirming the role of D-glucose as a 
growth-controlling and shape-directing agent. In addition, some 
rod-shaped particles (125 nm) were observed in BiOCl/CS and 
Fe–BiOCl/CS due to the D-glucose stabilization effect. Modification with 
carbon derived from D-glucose increased the overall specific surface area 
(from 10.65 to 15.55 m2g-1) and pore volume (from 0.04 to 0.13 cm3g-1) 
of Fe–BiOCl/CS (Fig. S3, Table S1), which in turn can enhance the 
adsorption capacity for PFOS (Wang et al., 2012; Xu et al., 2020). 
Furthermore, the decrease in the sheet size also facilitates light-induced 
charge transfer and collection on the surface, which directly inhibits the 
rate of e−/h+ pair recombination (Aprile et al., 2008). 

The HRTEM images (Fig. 2a-d) align with the HAADF/STEM images 
(Fig. 1b–e). The lattice spacing of 0.27 nm corresponds to the (110) 
plane (Fig. 2e) of BiOCl, which is the primary and highly exposed facet. 
These exposed facets (110) effectively separate the excited e−/h+ pairs 
due to the interlayer electrostatic interaction between negatively charge 
Bi–O and positively charged Bi–Cl layers (Wang et al., 2019), thus 
enhancing their lifetime. Additionally, the lattice spacing of 0.34 nm 
was attributed to (101) plane of the rod morphology (Fig. 2f) of 
Fe–BiOCl/CS. The EDS elemental mapping (Fig. 2g–l) shows homoge
nous and uniform distribution of all elements and confirms the suc
cessful loading of Fe on the Fe–BiOCl/CS composite. 

The crystallinity, molecular interactions, defects, and nature of 
grafted carbon in the Fe–BiOCl/CS heterostructure were further 
analyzed with Raman and infrared spectroscopy. Fig. 3a shows the 
typical vibrations in the Raman spectra of BiOCl, BiOCl/CS, and 
Fe–BiOCl/CS. An intense band for the Bi–Cl (A1g) internal stretching 
vibration was recorded at 143.36 cm−1 for all samples confirming the 
formation of BiOCl crystal without any structural defects. The small 
peak at 395.5 cm−1 is ascribed to the B1g and Eg bands originating from 
vibrations of O atoms (Cao et al., 2009). However, after the carbon 
modification (BiOCl/CS and Fe–BiOCl/CS), two peaks at 1362.5 cm−1 

and 1576.20 cm−1 emerged, which are assigned to the structural defect 
band (D band) and primary graphite band (G band) of sp2 carbon (Yu 
et al., 2018), respectively. In addition, a 2D band was also observed at 
2761.55 cm−1, confirming the small thickness of grafted carbon layers 
and indicating its graphitic nature (Shearer et al., 2016). The peaks 
between 400 and 700 cm−1 correspond to the Fe–O stretching bands, i. 
e., Fe–O symmetric bending at 421.28 cm−1, Fe–O symmetric stretching 
at 514.96 cm−1, and Fe–O symmetric stretching at 693.59 cm−1, the 
increase in the band intensity confirmed the presence of the Fe 

Fig. 1. (a) X-ray diffraction pattern of various photocatalysts, and the HAADF/STEM images of (b) pristine BiOCl (c) BiOCl/CS (d) Fe–BiOCl/CS and (e) Fe–BiOCl. All 
samples were calcined at 300 ◦C for 3 h. 
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functionalities in Fe–BiOCl/CS. The vibrational bands of Fe–O were also 
detected in the FTIR analysis (Fig. S4), where the bands at 621.8 cm−1 

and 473 cm−1 correspond to the Fe–O stretching mode and Fe–O 
bending vibration mode, respectively, and the intensity for both bands 
increased in Fe–BiOCl and Fe–BiOCl/CS. 

The carbon modification was further confirmed by FTIR analysis of 
Fe–BiOCl/CS (Fig. 3b), where an increase in the magnitude of the 
vibrational band at 1127.5 cm−1 was observed, which can be attributed 
to the C–O stretching (Yin et al., 2022). The carbon modification was 
expected to help (1) increase the adsorption capacity of BiOCl for PFOS 
through hydrophobic interactions and (2) increase the electron mobility 
due to the graphitic nature of the carbon, thus enhancing the photo
catalytic degradation of PFOS. 

The surface chemical states of individual constituents were analyzed 
by XPS, and signals were attained for all individual elements (Bi, O, Cl, 
C, and Fe) in Fe–BiOCl/CS (Fig. S5). The deconvoluted spectra of Bi 
(Fig. 3c) showed two typical spin-orbital states at 159.3 eV (Bi 4f7/2) and 
164.5 eV (Bi 4f5/2) corresponding to the Bi+3 oxidation state (Zou et al., 
2019). The peaks in the oxygen scan (Fig. 3d) at 530.0 and 533.1 eV are 
assigned to Bi–O and C–OH bindings, whereas that at 531.7 eV is due to 
the hydroxyl group and the presence of oxygen vacancies in the lattice 
structure (Morgan, 2023; Niu et al., 2020; Zhang et al., 2022). The 
carbon (Fig. S6a) spectra were deconvoluted into three peaks at binding 
energies 284.7 eV, 286.2 eV, and 288.6 eV, which are assigned to C–C, 
C–O, and C=O, respectively. These data further confirm the interactions 
between carbon and the Bi–O layer of the crystal lattice. For Cl 
(Fig. S6b), the two peaks at 197.9 eV and 199.5 eV are assigned to Cl 
2p3/2 and Cl 2p1/2 spin states due to ionic and covalent interactions of Cl 
with Bi or Oxygen. Moreover, in the Fe 2p scan (Fig. S6c), two small 
peaks were detected at 705.8 eV and 724.64 eV ascribed to the metallic 
state Fe0 (Wang et al., 2010) and Fe+3 state of iron oxide (Tariq et al., 
2018). The metallic iron resulted from the reduction of ferric iron in the 
presence of D-glucose and under the elevated hydrothermal conditions 

(Rather et al., 2017). 

3.2. Photocatalytic degradation of PFOS by directly irradiating solution/ 
photocatalyst mixtures 

The photocatalytic performance of Fe–BiOCl/CS was first investi
gated under 254 nm UV light irradiation and by directly treating the 
PFOS solution without the pre-adsorption stage. The band gap of BiOCl 
sheets usually straddles around 3.1–3.3 eV (Wu et al., 2021). Fe was 
selected as a co-catalytic material because it showed greater enhance
ment of the defluorination activity during PFOS degradation compared 
to Ce, Ga, and Al (Fig. S7). The Fe loading amount was optimized by 
varying the molar ratios of Fe(NO3)3 to Bi(NO3)3. As shown in Fig. 4a, 
the highest defluorination activity (83.0%) was observed at the Fe:Bi 
molar ratio of 0.07:4, or 0.92% of atomic weight Fe on the surface 
(Table S2). Excessive Fe (>1.8 wt%) may induce lattice disorder and act 
as recombination centers of the charge carriers and decrease specific 
surface area and pore size (Yu et al., 2014; Zhu et al., 2021). Further
more, the final defluorination percentage of Fe–BiOCl/CS was >2 folds 
that of pristine BiOCl (Fig. 4b), signifying the roles of the surface 
modification in facilitating the charge transfer and boosting the photo
catalytic activity. Based on the 5-h defluorination kinetic data (Fig. 4b), 
the photoactivity of the materials followed the order of: Fe–BiOCl/CS 
(88.51%) > Fe–BiOCl (68.68%) > BiOCl/CS (53.91%) > BiOCl 
(40.63%). 

For Fe–BiOCl/CS the total degradation efficiency achieved in 4 h UV 
irradiation was of 83.48%, the linear kinetic profile of PFOS photo
degradation (Fig. 4c) for Fe–BiOCl/CS suggested a pseudo-first order 
kinetics (Eq. (1)) with a rate constant of 0.40 h−1 (R2 = 0.9071). 

kt = lnC/C0 (1)  

Fig. 2. High resolution transmission electron microscopic (HRTEM) images of (a) pristine BiOCl, (b) BiOCl-CS, (c) Fe–BiOCl, and (d) Fe–BiOCl/CS, (e–f) lattice 
fringes in Fe–BiOCl/CS displaying the d-spacing of respective planes, and (g) micrograph selected for elemental mapping and mapping patterns of (h) Bi, (i) O, (j) Cl, 
(k) C, and (l) Fe. 
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3.3. Solid-phase photocatalytic degradation of PFOS pre-adsorbed on 
Fe–BiOCl/CS 

While the foregoing results indicated the effective photocatalytic 
activity of Fe–BiOCl/CS for PFOS, the adsorptive nature of the com
posite material may enable a concentrate-&-destroy treatment strategy, 
which can be more cost-effective for treating trace levels of PFAS in large 
volumes of water. To this end, the same material was further tested in a 
two-step process, i.e., adsorption of aqueous PFOS on Fe–BiOCl/CS, and 
then photodegradation of the adsorbed PFOS by irradiating the PFOS- 
laden solid particles. 

Fig. 5a shows the adsorption kinetics of PFOS by Fe–BiOCl/CS. At a 
dosage of 3 g L−1, more than 77.2% of the initial PFOS (100 μg L−1) was 
adsorbed within 10 min and the equilibrium was reached after 6 h with 
83.63% uptake of the initial PFOS. The rapid adsorption rate can be 
attributed to several factors, such as the crystalline sheet structure of 
Fe–BiOCl/CS, large pore size (Xiong et al., 2011). Furthermore, the 
apparent type IV BET isotherm (Fig. S3) and the relatively high surface 
area and porosity also contribute to the higher adsorption efficiency of 
Fe–BiOCl/CS than the other materials. Fig. 5b presents the adsorption 
isotherm of PFOS by Fe–BiOCl/CS. The experimental data were inter
preted using the classical Langmuir model, 

qe =
bQmaxCe

1 + bCe
(2)  

where qe is the equilibrium uptake of PFOS, Ce is the corresponding 
aqueous-phase PFOS concentration, Qmax is the maximum Langmuir 

adsorption capacity, and b is the Langmuir affinity constant. Fe–BiOCl/ 
CS offered a Qmax of 1.51 mg/g for PFOS with a b value of 4.10 L mg−1. 

The pH at point of zero charge (pHpzc) of Fe–BiOCl/CS was measured 
to be 4.79 through the zeta potential analysis (Fig. S8). The photo
catalytic defluorination performance of Fe–BiOCl/CS was investigated 
under different pH conditions (Fig. S9), including pH 4.75 (pzc), pH 4.3 
(positive surface charge), and pH 5.3 (negative surface charge). Notably, 
the highest defluorination activity (65.34%) was observed at pH 4.3 
following the two-step adsorption and photo-defluorination procedure. 
The higher defluorination at the lower pH is attributed to the more 
favorable electrostatic interaction between the PFOS anions and 
Fe–BiOCl/CS surface. Therefore, the pH at the adsorption stage was 
maintained at 4.3 (±0.2) to enhance the adsorption and the subsequent 
defluorination. 

Fig. 5c shows the effect of material dosage in the adsorption stage on 
the defluorination of PFOS. The highest defluorination (65.34% of 
fluorine pre-adsorbed) was observed at a dosage of 3 g L−1, which is 2 
times higher than that (31.27%) at a dosage of 1 g L−1. At 3 g L−1, 80.5% 
of the total pre-adsorbed PFOS was photodegraded after 4 h of UV 
irradiation (Fig. 5d). At a higher dosage, PFOS molecules are more likely 
to be adsorbed on the shallow surface sites that are more photo- 
accessible, and thus more prone to attacking by the photo-generated 
charge carriers (Zhu et al., 2021). However, excessive particles in a 
given volume of solution may block the UV light, and thus lower the 
defluorination rate. 

Fig. 3. (a) Raman and (b) FTIR spectra of BiOCl, Fe–BiOCl, BiOCl/CS, and Fe–BiOCl/CS. High resolution XPS spectra of Fe–BiOCl/CS displaying individual 
deconvoluted peaks of (c) Bi 4f and (d) O 1s. 
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3.4. Reusability of Fe–BiOCl/CS 

Fig. S10 shows the preliminary testing data on the reusability of 
Fe–BiOCl/CS under direct photocatalytic degradation conditions (i.e., 
without the pre-adsorption). No significant change was observed be
tween the first two runs, whereas the defluorination level decreased to 
66. 43% after the 4th run. The decrease in the photocatalytic perfor
mance can be ascribed to 1) accumulation of some shorter-chain PFAS 
intermediates during the preceding cycles of reactions on the surface of 
Fe–BiOCl/CS, which may block the access of the photoactive sites and/ 
or compete for the reactive species (Zhu et al., 2021), and 2) partial 
distortion of the BiOCl/CS heterostructure. 

The high-resolution XPS analysis of the reused Fe–BiOCl/CS 
(Fig. S11) revealed that while the chemical states of all the elements 
remained intact, the intensity of the peak corresponding to the oxygen 
vacancies (shifted from 531.70 to 530.16 eV) decreased, which is 
associated with the adsorption of molecular oxygen on Fe–BiOCl/CS, 
leading to the formation of superoxide radicals, which played an 
important role in the PFOS degradation (Section 3.5). This observation 
supports the presence of the oxygen vacancies. Moreover, a small shift in 
the peaks of C1s was observed, i.e., C–C (284.7–284.6 eV), C–O 
(286.2–286.1) and C=O (288.6–288.3 eV), due to interactions with the 
adsorbed PFOS as it changes the electronic environment of carbon. The 
XPS data further revealed an insignificant change in the weight per
centage of all elements after reuse in Fe–BiOCl/CS (Tables S2 and S3), e. 
g., the change in the atomic ratio of Fe was ~0.06% (0.92%–0.86%) (Fe 

leaching was less than 3%), showing its physical stability. Furthermore, 
SEM micrographs were taken for fresh and used Fe–BiOCl/CS. As shown 
in Fig. S12, these images can hardly tell notable morphological changes 
of the sheet-like heterostructure after the 4th cycle of reuse. 

3.5. Degradation mechanism of PFOS by Fe–BiOCl/CS 

AgNO3 and p-benzoquinone have been commonly used as a scav
enger for electrons and superoxide radicals, respectively. As shown in 
Fig. 6a, the presence of AgNO3 and p-benzoquinone in the reaction 
mixture strongly quenched the defluorination of PFOS by Fe–BiOCl/CS, 
indicating the important roles of e− and O2

•−. Furthermore, the effective 
production of superoxide radicals was confirmed by EPR spectroscopy 
using 5,5, dimethylpyroline-N-oxide (DMPO) as a spin trapping agent, as 
it reacts with superoxide radical to produce a stable adduct known as 
DMPO-OOH. As shown in Fig. 6b, at time 0 and in the absence of UV 
light, no EPR signals were detected in the Fe–BiOCl/CS system, while at 
10 min and in the presence of the UV light, strong signals corresponding 
to DMPO-OOH were detected, indicating the formation of O2

•− radicals. 
The scavenger tests further confirmed the photocatalytic reductive 
degradation mechanism for the initial PFOS breakdown. The reductive 
degradation mechanism may be initiated in two different ways, (1) by 
aqueous/hydrated electron (eaq) and/or (2) direct attack by superoxide 
radicals (O2

•−). The hydrated electrons possess high reactivity (Eo =

−2.9 V) and reducibility and can effectively react with halogenated 
organic compounds including PFAS (Neta et al., 1988). Fluorine atoms 

Fig. 4. (a) Effect of Fe at different Fe:Bi molar ratios on the defluorination of PFOS by Fe–BiOCl/CS after 4-h UV irradiation, (b) Defluorination kinetics of PFOS by 
four different photocatalysts, irradiation time (5 h) (c) Linearized plot of the photodegradation kinetic data of PFOS by Fe–BiOCl/CS. Experimental conditions: Initial 
PFOS = 100 μg L−1, material dosage = 1 g L−1, irradiation time = 4 h, pH = 5.33 ± 0.2, UV intensity = 21 mW cm−2, wavelength = 254 nm. The experiments were 
carried out by directly irradiating the solution/material mixture without the pre-adsorption stage. 
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in the PFOS may act as the primary reductive centers for the hydrated 
electrons initiated by the defluorination reaction through the nucleo
philic attack on the PFAS chain. Huang et al. (2007) observed an in
crease in the rate constant with an increase in fluorocarbon chain length 
(or F number) in an eaq-driven photodegradation reaction, demon
strating fluorine atoms as the reductive centers. Similarly, the genera
tion of O2

•− is primarily attributed to the reaction between the excited 
electrons and molecular oxygen. The reduction potential of O2

•− in water 
is −0.16 V (Wood, 1988), which is strong enough to facilitate the 
nucleophilic attack on the PFOS chain. Moreover, the pH significantly 
affects the lifetime of O2

•−, which can be protonated to hydrogen 
peroxide (H2O2) under acidic conditions. At pH 4.3, the generation of 
H2O2 is possible, which can act as an oxidant to facilitate the degrada
tion and mineralization process of PFOS. 

No quenching in the overall photocatalytic activity was observed in 
the presence of EDTA, substantiating insignificant role of holes in the 
photodegradation of PFOS. In fact, the presence of EDTA increased the 
photodegradation of PFOS from 84.3% to 90.0%, suggesting that sup
pressing the holes may aid in the reductive degradation of PFOS. 

Based on the experimental findings and relevant literature reports, 
Fig. 6c illustrates the mechanism and pathway of the photocatalytic 
degradation of PFOS by Fe–BiOCl/CS. First, the UV photonic influx ex
cites the BiOCl component of the Fe–BiOCl/CS composite. UV–Vis ab
sorption spectroscopy was employed to estimate the energy gaps (Eg) of 
different BiOCl based photocatalysts. As shown in Fig. S13a, neat BiOCl 
exhibited an Eg value of 3.26 eV, which was within the reported range 
(3.1–3.3 eV) (Bai et al., 2014). The Eg value was shifted to 2.93 eV upon 

the carbon modification (BiOCl/CS) (Fig. S13b) and 3.08 eV upon the 
incorporation of Fe+3 (Fe–BiOCl) (Fig. S13c). For Fe–BiOCl/CS, the Eg 
value was further narrowed to 2.83 eV. This variation is attributed to the 
alteration in the optoelectronic properties of Fe–BiOCl/CS. It was 
postulated that the modification with CS can lead to new electronic 
states within the band gap, whereas the incorporation of Fe+3 influenced 
the electronic properties of BiOCl by the Fermi level equilibration and 
creation of a charge separation barrier. These interactions among the 
constituent elements played a crucial role in charge separation after 
photoexcitation, leading to the higher efficiency for PFOS degradation 
and resulting in the e−/h+ pairs in their respective excited levels (Eq. 
(3)). As revealed by XPS analysis, being in Fe0 and Fe+3 state, iron plays 
a role both as a co-catalyst and an electron carrier during the PFOS 
photodegradation. Fe+3 helps in the transportation of electrons by 
acting as a trap (Mi et al., 2016), thus promoting the separation of e−/h+

pair in Fe–BiOCl/CS. While at the Fe0–BiOCl interface, a Schottky bar
rier is created (Yang et al., 2021) because the work function of Fe0 is 
higher (4.5–4.7 eV) (Wilson, 1966) than that of Bi (4.2–4.3 eV) 
(Muntwiler and Zhu, 2008). Under UV irradiation, the electrons are 
transferred across the Schottky barrier, towards Fe0 via the 
photo-induced charge transfer mechanisms, leading to the overall 
change in the electronic properties of the interface and facilitating the 
separation of electrons and holes. In the meantime, Fe0 as a co-catalyst 
effectively injects these electrons into the anti-bonding orbital of mo
lecular O2, resulting in the formation of superoxide radicals (Eq. (4)). In 
addition, the oxygen vacancies on Fe–BiOCl/CS, as determined by the 
XPS analysis of oxygen O1s (531.7 eV peak), act as the trap centers for 

Fig. 5. (a) Adsorption kinetics of PFOS by Fe–BiOCl/CS (initial PFOS = 100 μg L−1, catalyst dosage = 3 g L−1, solution volume = 40 mL, pH = 4.3 ± 0.2, (b) 
Adsorption isotherm of PFOS with Fe–BiOCl/CS fitted with the Langmuir model (initial PFOS = 0.1–8 mg L−1, material dosage = 1 g L−1, pH = 4.3 ± 0.2, equilibrium 
time = 12 h), (c) Effect of catalyst dosage on the defluorination of PFOS. (Initial PFOS during adsorption = 100 μg L−1, pH during photodegradation = 4.3 ± 0.2, 
irradiation time = 4 h, UV intensity = 21 mW cm−2, UV wavelength = 254 nm), (d) PFOS adsorbed before photodegradation (based on total PFOS in the system) and 
photodegradation and defluorination of the pre-adsorbed PFOS (based on the mass of PFOS in the solid phase). Initial PFOS in adsorption tests = 100 μg L−1. 
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the excited electrons (Li et al., 2017). These oxygen vacancy based trap 
sites facilitate the transfer of electrons toward the adsorbed oxygen 
species, facilitating the formation of superoxide radicals. The resulting 
superoxide radicals can disproportionate at pH 4.3 to generate H2O2 (Eq. 
(5)) or initiate the degradation process by direct PFOS desulfonation 
(Eq. (7)). The excess electrons could be solvated in the form of hydrated 
aqueous electrons (Eq. (3)). Through the reductive degradation mech
anism, these hydrated electrons also degrade the PFOS either by ter
minal desulfonation (Eq. (6)) or through a nucleophilic attack on the 
fluorocarbon chain (Tian et al., 2016). 

Fe − BiOCl + hv → h+ + e− or e−
aq (3)  

O2 + e− → O−•
2 (4)  

O−•
2 + O−•

2 + 2H+ → H2O2 + O2 (5)  

C8F17SO−
3 + e−

aq → C8F−
17 + SO−•

3 (6)  

C8F17SO−
3 + O−•

2 → C8F•
17 + SO−•

3 (7)  

C8F•
17 + RRS →intermediate products (shorter chains) (8) 

Fig. S14 indicates the formation of the intermediates like PFOA, 
PFHxA, PFHxS, PFHpA, PFHpS, PFPeA, PFPeS, PFBA, and PFBS after 
1–3 h of the reaction. This observation is in accord with the commonly 
reported stepwise degradation pathway. As illustrated in Fig. 6c, the 
degradation of PFOS is initiated by attacking the terminal –[C–SO3

- ] 
bond of C8F17SO3H by e−/O2

−● radicals, resulting in the cleavage of the 
bond and the formation of ●C8H17 radical. In accordance with the LCMS 

data (Fig. S14), the intermediate radical is either oxidized in the pres
ence of molecular oxygen to produce PFOA (C7H17COOH) or undergoes 
the chain degradation reaction, which results in the formation of 
shorter-chain PFAS (Eq. (8)). The formation of the shorter-chain PFAS 
with the sulfonate functionality, such as PFHpS, PFHxS, PFPeS, and 
PFBS, is possibly due to the reaction of sulfonate radical (SO3

●-) (Singh 
et al., 2019) with corresponding hydrocarbon radicals. According to the 
time course study and the variation of the concentration of different 
PFAS, shorter-chain PFAS with sulfonate functionality are formed dur
ing the initial stage (1 h) of the degradation reaction, with the possibility 
of their oxidative conversion to carboxylic counterparts in the later 
stage. As shown in Fig. 6c, the stepwise desulfonation, decarboxylation, 
and defluorination continues until the mineralization of PFOS. 

4. Conclusions 

A carbon modified and Fe-loaded BiOCl ternary composite was 
prepared through a hydrothermal synthesis route. The carbon modifi
cation was confirmed by the Raman spectroscopy and the Fe loading was 
confirmed by the XPS analysis and elemental mapping of the composite. 
The introduction of D-Glucose facilitated the control of the growth of the 
BiOCl particles and the partial reduction of Fe3+ to Fe0 at an elevated 
hydrothermal temperature. The Fe loading strongly affected the pho
tocatalytic activity of Fe–BiOCl/CS, and the optimal Fe loading was 
obtained at an Fe:Bi molar ratio of 0.07:4. The optimized Fe–BiOCl/CS 
was able to effectively photodegrade or defluorinate PFOS both in the 
direct photocatalytic degradation system and in the two-step adsorption 
and photodegradation system, resulting in a PFOS degradation of 
83.48% and 80.50%, respectively, after 4-h of UV exposure, and a 

Fig. 6. (a) Effect of electrons and radical scavengers on the defluorination performance (concentration of each scavenger = 10 mM, PFOS = 100 μg L−1, Dosage = 1 
g L−1, irradiation time = 4 h), (b) EPR study of Fe–BiOCl/CS at t = 0 and t = 10 min in presence of DMPO as superoxide radical scavenger and under UV irradiation, 
and (c) Proposed photodegradation mechanism and pathway of PFOS on Fe–BiOCl/CS under UV irradiation. 
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defluorination of 82.98% and 65.34%. The degradation reaction fol
lowed a pseudo-first-order reaction kinetic model. Photogenerated 
electrons and superoxide radicals were determined as the reactive spe
cies responsible for the PFOS degradation. The reaction intermediates 
revealed a stepwise chain-shortening mechanism involving desulfona
tion, decarboxylation, and defluorination processes. The new composite 
material may serve as an effective adsorptive photocatalyst for more 
cost-effective degradation of PFOS or likely other priority PFAS in water. 
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