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of Fe;0,/Zn0 heterojunction nanoparticles
for synergistic adsorption and photocatalytic
degradation of PFOA

Hua Jing"*, Daogiong Zheng'*", Hao Du?*, Haojia Zhu**, Mengshan Chen** and Yingtang Zhou'#

Abstract

Perfluorooctanoic acid (PFOA) has emerged as a new urgent pollutant in aquatic environments due to its high persis-
tence and ecotoxicity. In photocatalytic degradation systems, challenges such as rapid recombination of electron-hole
pairs (e7/h"), short lifespans of reactive oxygen species (ROS), and insufficient ROS generation hinder the efficient
degradation of PFOA. This study presents a novel "scallop cage" architecture, constructed using Ulva biochar to cre-

ate confined spaces that encapsulate the Fe;0,/Zn0O heterojunction. This approach not only controls the crystal size

of the Fe;0,/Zn0O heterojunction but also confines the degradation reactions to a specific space, significantly shorten-
ing the mass transfer distance for ROS and effectively mitigating their rapid deactivation in aqueous-phase degradation
processes. Furthermore, the confinement effect enhances the generation of multiple reactive species (O,”,-OH, '0,,
and h*). The optimized FZS@UBC-2 composite photocatalyst achieved a PFOA removal efficiency of 97.53%. In practical
applications, FZS@UBC-2 efficiently decomposes PFOA in complex aqueous matrices and can be easily recovered using
an external magnetic field. This work not only expands the application of algae-derived biochar in advanced oxidation
processes but also offers a sustainable strategy for addressing persistent organic pollutants in aquatic environments.

Highlights

- The synthesis of Ulva biochar produced a scallop shell-like nanoconfined structure with an ultrahigh specific sur-
face area of 3456.548 m%/q.

- Asignificant reduction in grain size fof ZnO from 98.7 nm to 14.6 nm was achieved, as confirmed by XRD and SEM
analysis.

- The transfer distance for ROS was shortened, maximizing the avoidance of ROS quenching.

- The nanoconfined spaces promoted the substantial generation of 02*,102, and h*

-+ The removal efficiency of PFOA reached 97.53%.

Keywords Biochar, Confinement synthesis, Adsorption-photocatalysis synergistic degradation, Emerging
contaminants (ECs), Perfluorooctanoic acid (PFOA)
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1 Introduction

Perfluorooctanoic acid (PFOA) serves as a prototypical
member of per- and polyfluoroalkyl substances (PFAS)
(Li et al. 2016a, b), and has been extensively utilized
across diverse industries such as medicine, electron-
ics, textiles, and industrial materials since its introduc-
tion in the 1940s (Dhore et al. 2021). The widespread
anthropogenic application of PFOA has resulted in its
pervasive distribution across various environmental
compartments, including groundwater, drinking water,
sediments, and even remote polar regions (Wee et al.
2023). The compound’s significant toxicity and carcino-
genic potential (Fenton et al. 2020) have prompted strin-
gent regulatory measures, with the U.S. Environmental
Protection Agency (EPA) progressively revising drinking
water standards from 70 ng/L in 2016 to a more rigor-
ous 4 ng/L in 2022 (Cotruvo et al. 2020). Alarmingly, cur-
rent monitoring data reveal that PFOA concentrations
in numerous Chinese water bodies substantially exceed
these regulatory thresholds (Chen et al. 2016). The envi-
ronmental persistence of PFOA is primarily attributed to
the exceptional stability of the C—F bond (631.5 kJ/mol)
and the high electronegativity of fluorine atoms (Tian
et al. 2024). Research has shown that PFOA exhibits
remarkable resistance to various degradation pathways,

including photolysis, adsorption, thermal decomposi-
tion, chemical oxidation, microbial action, and meta-
bolic processes (Senevirathna et al. 2024; Hori et al. 2006;
Chetverikov et al. 2017). Therefore, it is imperative to
identify suitable strategies for the effective removal of
PFOA, among which photocatalytic advanced oxidation
processes have emerged as particularly promising (Yin
et al. 2023, 2025; Yang et al. 2016). Under light irradia-
tion, the photocatalyst generates excited electron—hole
pairs (e/h*), which ultimately produce highly reactive
oxygen species (ROS) (Malhotra et al. 2024; Rana et al.
2025). ROS are especially effective in breaking the C-F
bonds, ultimately degrading PFOA into CO, and H,O (Li
et al. 20164, b). In current research, however, the actual
degradation performance of most photocatalysts remains
low. The primary factor limiting their activity is the rapid
recombination of electron—hole pairs under strong Cou-
lombic interactions, resulting in suboptimal degradation
efficiencies (Liu et al. 2022).

Recent advancements in spatial confinement strate-
gies have opened new avenues for enhancing photocata-
lytic performance. By encapsulating nanophotocatalysts
within environments constrained to a certain spatial
scale, researchers have achieved notable improvements
in various chemical reactions (Tang et al. 2019; Wu et al.
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2022; Han et al. 2023). The confinement strategy signifi-
cantly enhances catalyst performance in two key ways: on
the one hand, the physical confinement within support
material pores effectively restricts nanoparticle migration
while maintaining catalytic activity; on the other hand,
constrained crystal growth in nanoscale spaces generates
unique structural configurations with increased active
sites. Despite these advantages, the field still faces signifi-
cant challenges, particularly regarding support material
selection and practical applicability. Traditional liquid-
phase methods have developed several 3D inorganic
templates (Yang et al. 2025a, b, c), including mesoporous
silica (Liu et al. 2024; Wang et al. 2025), carbon nano-
tubes (Guo et al. 2021; Yang et al. 2025a, b, ¢), and zeo-
lites (Grifoni et al. 2021), but these often have limitations
such as restricted light penetration, extended diffusion
paths, and complex synthesis requirements such as harsh
conditions, high costs, and toxic solvents (Zou et al. 2021;
Wang et al. 2020; Li et al. 2024). Notably, alternative strat-
egies for assembling confined spaces from any suitable
material are also highly valuable. In this context, biochar
emerges as a promising alternative confinement substrate
material, though its application in photocatalysis remains
largely unexplored due to challenges in controlling its
typically amorphous structure and pore size distribution.
However, recent studies suggest that strategic modifica-
tion of biochar with appropriate activators can yield hier-
archical porous structures with well-defined mesopores,
potentially serving as suitable confinement carriers (Ding
et al. 2025). The advantages of biochar-based confine-
ment systems are manifold: (1) a large specific surface
area with abundant functional groups, (2) excellent pho-
togenerated electron transfer properties, (3) effective
nanoparticle dispersion that prevents aggregation, and
(4) optimized mass transfer through partial encapsula-
tion and short diffusion channels. These characteristics
collectively address critical limitations in nano-photocat-
alyst applications and enhance practical applications of
photocatalytic degradation systems.

Traditional photocatalysts face significant challenges
in degrading persistent pollutants such as PFOA: 1)
Nanocatalysts are highly prone to aggregation, which
reduces active sites and stability; 2) ROS in the aqueous
phase are easily deactivated before effectively attacking
target pollutants. These limitations severely hinder deg-
radation efficiency and practical application. Therefore,
this study presents the design of a novel "scallop cage"
photocatalyst, where a photocatalyst carrier and spa-
tial confinement environment are created by regulating
the biochar substrate. The biochar substrate can anchor
Fe;O, through its active functional groups and electro-
static adsorption. The interaction between the metal and
biochar can regulate the electronic states of the metals,
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while simultaneously altering the active sites of the sur-
rounding carbon materials, thereby firmly anchoring the
Nano-ZnO photocatalyst and improving the dispersion
of nanoparticles. Additionally, the magnetic properties of
Fe;O, facilitate catalyst recovery and recycling. Moreo-
ver, by providing a nano-confined space, the mass trans-
fer distance between ROS and pollutants is significantly
shortened. Theoretically, this approach satisfies the
requirement for spatial confinement of the catalyst while
effectively addressing the rapid deactivation of ROS in
the aqueous-phase degradation process. This innovative
synthesis strategy not only addresses existing challenges
in photocatalysis but also opens new avenues for sustain-
able catalytic applications, especially in environmental
remediation of persistent organic pollutants like PFOA.

2 Experimental sections

2.1 Chemical reagents and materials

All chemical reagents, including potassium hydrox-
ide (KOH), zinc acetate dihydrate (C,H,0,Zn,H,0),
ferric chloride hexahydrate (FeCl;6H,0), ferrous sul-
fate heptahydrate (FeSO,-7H,0), polyvinylpyrrolidone
((C¢HgNaOH) n, K30), trisodium citrate, dihydrate
(Na;C¢Hs0,2H,0), perfluorooctanoic acid (PFOA),
and sodium hydroxide (NaOH) were obtained from Sin-
opharm Chemical Reagent Co., Ltd. All chemicals were
of analytical grade and used without further purifica-
tion. (Other chemicals are provided in the Supporting
Information).

2.2 Preparation of FZS@UBC-2

The F@UBC-2 precursor (350 mL) was mixed with
17 mmol C,H,0,Zn,H,0O and 0.015 g PVP, followed by
pH adjustment to 11 using NaOH solution. After hydro-
thermal treatment at 180 °C for 5 h, the product was
washed, dried, and annealed at 600 °C for 2 h under
a N, atmosphere. Variants FZ;:S@UBC-2 and FZ; ,S@
UBC-2 were prepared using different zinc precursor con-
centrations. Nanorod (FZR@UBC-2) and nanoflower
(FZE@UBC-2) structures were obtained by modifying
the reaction conditions (the preparation of biochar and
detailed experimental procedures are provided in the
supporting information).

2.3 Degradation experiments

The photocatalytic performance of FZS@UBC-2 was
evaluated using a 500 W xenon lamp as the light source.
The degradation experiments were conducted in 100 mL
of PFOA solution (10 mg/L) containing 0.02 g/L cata-
lyst. After establishing adsorption equilibrium in the
dark, photocatalytic degradation was initiated under Xe
lamp irradiation. Samples were collected hourly, filtered
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through 0.22 pm membranes, and analyzed using liquid
chromatography-mass spectrometry (LC-MS). The sta-
bility of FZS@UBC-2 was assessed through ten consecu-
tive recycling experiments, with XRD analysis performed
after each cycle. The effects of pH and common anions
(phosphate, chloride, nitrate, bicarbonate, and sulfate) on
degradation efficiency were systematically investigated.

2.4 Quantitative analysis of PFOA

The concentration of PFOA during the degradation pro-
cess was determined using liquid chromatography-mass
spectrometry (LC—MS, Agilent 1290 II-6460). The PFOA
concentration and intermediates were analyzed under
ESI negative ion mode. The liquid chromatography col-
umn oven was set to 40 °C. The chromatographic sepa-
ration was achieved using a C18 column with a mobile
phase consisting of 5 mM ammonium acetate (0.1% for-
mic acid) and methanol. The gradient program initiated
at 30% methanol, increased to 70% at 4 min, returned to
30% at 7 min, and maintained for 3 min. The flow rate
was 0.25 mL/min with a 10 pL injection volume. The
defluorination was evaluated using an ion chromato-
graph (IC, Dionex ICS-5000, USA).

3 Results

3.1 Synthesis and characterization of FZS@UBC

To engineer Ulva biochar as a "scallop cage" nanoreactor
carrier framework, this study developed a wall-breaking
crushing technique (10-s processing) that enables uni-
form mixing of biochar with highly hygroscopic KOH
activator. In addition, a dual-layer crucible was creatively
designed to explore an oxygen-free calcination process by
sealing the outer layer. This method outperformed con-
ventional tube furnace calcination techniques, enabling
the production of porous biochar with uniform pore
distribution and high graphitization (Figure S1). Based
on the nano-confinement strategy, magnetic FZS@UBC
nanoparticles (Fig. la) were subsequently synthesized
via a hydrothermal reaction. Meanwhile, as a compari-
son, Fe;0,/ZnO heterojunctions (flower-like and rod-like
structures) were synthesized on biochar without con-
finement treatment by adjusting the reaction conditions
(Figure S2). Furthermore, by adjusting the molar ratios
of precursors, the optimal photocatalytic activity ratio of
Fe;O,4, ZnO, and biochar was obtained.

3.1.1 Morphology and textural propert

The morphology of FZS@UBC-2 was examined using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) SEM characterization reveals
that the Fe;0,/ZnO heterojunction was confined and
anchored within the pores of the porous carbon (Fig. 1a,
b, c). According to the analysis using Image J software,
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the nanoparticle had a size of 15~17 nm (Fig. 1f), primar-
ily consisting of quasi-spherical nanoparticles, in contrast
to the rod-like and flower-like ZnO synthesized without
confinement treatment. This confirms that the confine-
ment effect of the porous carbon not only controlled the
size of the Fe;0,/ZnO heterojunction but also prevented
their agglomeration. HRTEM images (Fig. 1e) confirmed
crystalline structures with lattice spacings of 0.296 nm
(Fe;O, (220)) and 0.260 nm (ZnO (002)), and the exist-
ence of biochar could be also observed in the edge region,
while EDX mapping (Fig. 1g-k) revealed homogeneous
elemental distribution (C, Fe, O, Zn), facilitating the sep-
aration of photogenerated e /h* pairs under illumination
and preventing their rapid recombination, which pro-
vides a theoretical basis for the efficient photocatalytic
degradation performance of FZS@UBC-2.

3.1.2 Chemical compositions characterization analysis

The structure information of the as-prepared samples
was analyzed using XRD patterns. The nanocomposite
FZS@UBC-2 (Fig. 2a XRD pattern) retained the diffrac-
tion peaks of ZnO while exhibiting new peaks corre-
sponding to Fe;O,, confirming the successful assembly
of the Fe;0,/Zn0O heterojunction on the porous biochar
structure with good crystallinity. The mean crystallite
sizes were estimated using the Scherrer equation based
on the (311) peak of zinc ferrite, which belonged to the
Fd-3 m space group. For FZS@UBC-2, the mean crys-
tallite size was determined to be 24.1 nm. Additionally,
the average particle size of S-Nano-ZnO in the FZS@
UBC-2 was calculated to be 14.6 nm using Jade software.
As shown in Figure S4, the particle size of green-syn-
thesized S-ZnO was calculated to be 98.7 nm using the
Debye—Scherrer formula (Edalati et al. 2016). Specifically,
the spatial confinement effect of biochar on Nano-ZnO
was confirmed by the reduction in particle size, as indi-
cated by the fitting calculations in Jade software. FTIR
spectroscopy was employed to analyze the functional
groups and structural changes during the confinement of
Fe;O,/ZnO heterojunctions on Ulva biochar. As shown
in Fig. 2b, peaks at 2916 and 2853 cm™ are attributed
to C-H symmetric stretching vibrations (Xin et al. 2021;
Essa et al. 2025), while the band at 1615 cm™ is related
to the C=C stretching. However, this peak is absent in
the BC spectrum, and the C-H bond at 1439 cm™ sug-
gests the formation of more stable aromatic C=C bonds
at higher temperatures. Notably, the C=0O group at
1014 cm™! in the ZnO spectrum disappears after load-
ing onto BC, consistent with previous studies (Amir et al.
2025). Furthermore, FZS@UBC-2 exhibited peaks at
1084 cm™ (C=0), 632 cm™! (C-C stretching), 567 cm™*
(Fe—O vibration), and 465 cm™ (Zn-O stretching), con-
firming strong intermolecular interactions between
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Fig. 1 aThe schematic diagram of the synthesis process of FZS@UBC-2, b, ¢ SEM of FZS@UBC-2, d, f TEM of FZS@UBC-2, e HRTEM images of FZS@
UBC-2, g TEM EDS images of FZS@UBC-2, and the corresponding TEM elemental maps of h C,i O, j Fe, k Zn

Fe;0,/ZnO heterojunctions and the presence of abun-
dant functional groups. To confirm the presence of OVs,
EPR measurements were performed. As shown in Fig. 2c,
FZS@UBC-2 exhibited stronger Lorentzian intensi-
ties and a paramagnetic signal at g=2.003. It was note-
worthy that the EPR signal of FZS@UBC-2 significantly
increased after 10 min of light irradiation, indicating the
presence of more unpaired electrons delocalized from
the m-conjugated network of Fe;O./ZnO molecules,
thereby increasing the overall concentration of lone pair

electrons. Meanwhile, OVs can act as electron traps,
accelerating charge transfer and prolonging carrier life-
times, which enhances the photocatalytic reaction rates
of FZS@UBC-2. Additionally, the hysteresis loop of
FZS@S-UBC-2 (Fig. 2d), confirming its ferromagnetic
properties, which facilitate material recovery post-degra-
dation and prevent secondary pollution.
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3.1.3 The specific surface area and pore structure analysis
The BET surface area and pore size distribution of the
as-prepared samples were analyzed using N, adsorp-
tion—desorption isotherms and pore-size distribution
curves. As shown in Fig. S6, the BC sample exhibited a
Type II isotherm according to the IUPAC classification,
indicating negligible adsorption capacity, which was
consistent with its nonporous structure observed in
the SEM images. The BC sample had a surface area of
approximately 89.979 m?/g. In contrast, all other mate-
rials displayed typical Type IV isotherms, characterized
by an H3 hysteresis loop (P/P,>0.4) (Zhu et al. 2018;
Wei et al. 2024; Luo et al. 2023), which confirmed their
mesoporous structures. The BET surface area of UBC-
800 (3456.548 m?/g) was higher than that of FZS@UBC-2
(1097.658 m?/g), which was attributed to the blockage of
biochar pores by the Fe;0,/ZnO heterojunction. Mean-
while, the average pore diameter of FZS@UBC-2 was
3.523 nm, indicating that the heterojunction did not fully
fill the carrier, which is beneficial for biochar to play an
adsorption role in degradation experiments. Notably, the
pore size distribution of FZS@UBC-2 exhibited peaks
within the range of 0.4-5 nm, confirming the presence
of micropores and small mesopores in the biochar, which
facilitates the adsorption of pollutants. However, this
does not imply that the confined Fe;O./ZnO heterojunc-
tion particle sizes fall within the 0.4-5 nm range. This
discrepancy arises because N, adsorption is more sen-
sitive to micropore and mesopore configurations, and
the complex pore structure of biochar at different scales
leads to isotherms indicating smaller pore sizes than
those observed in SEM images.

3.1.4 The graphitization degree analysis

The graphitization degree of FZS@UBC-2 was investi-
gated using Raman spectroscopy (Fig. 2f). Two typical
characteristic peaks at around 1340 cm™ (D-band, dis-
ordered carbon) and 1580 cm™ (G-band, graphitic car-
bon) were observed. The intensity ratio of the D-band to
the G-band (I/I;) reflects the degree of graphitization
and defects in carbon-based materials. The I/I; value
of FZS@UBC-2 (0.967) confirms a high degree of gra-
phitization, which facilitates the rapid transfer of elec-
trons during photocatalysis (Qu et al. 2022; Velumani
et al. 2024; Liu et al. 2014). Additionally, the diffraction
peaks observed at 25.615° and 43.341° in the XRD pat-
terns confirm this (Qiu et al. 2018). Furthermore, peaks
at 287 cm™! (Fe), 433-457 cm™' (oxygen vibrations), and
631-702 cm! (defect states) confirmed the presence of
oxygen vacancies, zinc interstitials, or defect complexes,
indicating Fe doping-induced changes in ZnO defects.
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3.2 Performance analysis of FZS@UBC for PFOA
degradation

The degradation performance of FZS@UBC-2 for the
removal of PFOA from water was evaluated. As shown in
Fig. 3a, with PFOA rapidly degrading due to the syner-
gistic effect of adsorption and photocatalysis in the ini-
tial stages, after 4 h of irradiation, the degradation rate
reached 97.53%. At the same time, the FZS@UBC-2
photocatalytic system achieved an overall defluorination
rate of 27% (Fig. 3b), indicating that the reactive oxygen
species (ROS) generated by this system can cleave the
highly stable C—F bond. Figure 3c demonstrates that the
degradation of PFOA by all catalysts follows a first-order
kinetic reaction model, which is a simplified form of the
Langmuir-Hinshelwood kinetic model and is widely
used to describe the degradation rates of catalysts (Wang
et al. 2024; Brindhadevi et al. 2024). Notably, the calcu-
lated rate constant (K) for FZS@UBC-2 (0.8285 h!) dur-
ing photocatalytic degradation is 33.0 times higher than
that of nano-ZnO (0.0251 h™!) and 2.7 times higher than
that of Fe@S-UBC-2 (0.3056 h™!) without nano-ZnO
doping. Moreover, the degradation rates of FZR@UBC-2
and FZF@UBC-2 reached 67.63% and 50.50%, respec-
tively, suggesting that the morphology of ZnO influences
the catalytic activity of the composite materials. In this
study, spherical ZnO nanoparticles showed better photo-
catalytic performance than flower-like and rod-like struc-
tures. In addition, the degradation rates of FZR@UBC-2
(rod-like ZnO) and FZF@UBC-2 (flower-like ZnO) with-
out confinement treatment reached 67.63% and 50.50%,
respectively. This result further underscores the critical
role of the porous biochar structure in creating effec-
tive spatial confinement and modifying the nano-ZnO
composite photocatalyst, which improves charge car-
rier transfer efficiency and suppresses the recombina-
tion rate of photogenerated electron-hole pairs. FZS@
UBC-2 achieved a degradation rate of 54.40% after 1 h of
irradiation, significantly higher than the 50.3% observed
under dark conditions, confirming the synergistic effect
of adsorption and photocatalysis in the degradation pro-
cess. Additionally, the optimal ratio of the Fe;O0,/ZnO
heterojunction loaded on biochar for photocatalytic deg-
radation was also investigated. The composite catalyst
FZS@UBC-2 outperformed FZ;;S@UBC-2 and FZ; ,S@
UBC-2, likely due to the shielding effect caused by exces-
sive self-aggregation of nano-ZnO, which inhibits pho-
togenerated electron-hole carriers and reduces catalytic
activity. A comparison with recent reports on PFOA deg-
radation (Table S1 and Fig. 3d) reveals that the excellent
performance of FZS@UBC-2 can be attributed to two
key factors: (i) the nano-confinement effect enhances the
intrinsic catalytic activity of the Fe;O,/ZnO heterojunc-
tion by concentrating reactants to accelerate reaction
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Fig. 3 a Photocatalytic degradation of PFOA, b defluorination of PFOA, ¢ first-order rate constants, and d comparison of photocatalytic
performance indices with those reported in the literature (as summarized in Table S1)

kinetics, shortening diffusion distances to improve radi-
cal utilization efficiency, and preventing radical quench-
ing by excluding competing substances; and (ii) the
hierarchical porous biochar not only provides a confined
framework but also offers a high surface area with abun-
dant active adsorption and radical reaction sites.

3.3 DFT calculations and possible degradation pathway
of PFOA

To explore the degradation mechanism of FZS@UBC-2,
the role of reactive species in the degradation system was
investigated. As shown in Fig. 4a, the addition of p-ben-
zoquinone, EDTA, and L-tryptophan resulted in a slight
decrease in the degradation rate, indicating that -O,", h*
and 'O, contribute partially to the degradation of PFOA.
Notably, the addition of IPA caused the most significant
reduction in PFOA degradation efficiency, reaching 67%,

underscoring the dominant role of -OH in the degrada-
tion process mediated by FZS@UBC-2. Interestingly,
unlike conventional catalysts, the addition of a single rad-
ical scavenger did not significantly inhibit PFOA removal,
which may be attributed to the strong adsorption capac-
ity of UBC. To further confirm the presence of reactive
oxygen species (ROS), electron spin resonance (ESR)
spectroscopy with TEMPO and DMPO was employed
for characterization (Wang et al. 2022). The results were
consistent with the findings of the radical scavenging
experiments. In addition, the interfacial electron trans-
fer pathway within the Fe;O,/ZnO heterojunction was
revealed through density functional theory (DFT) cal-
culations. The Fe;0,/ZnO heterojunction exhibits a
charge density difference distribution, indicating charge
redistribution near the heterojunction interface (Fig. 4g).
Furthermore, the driving force behind the Z-scheme
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mechanism in the Fe;O,/ZnO heterojunction can be fur-
ther elucidated by evaluating the work function (®) (Fig.
S13).

To gain a deeper understanding of the photocatalytic
degradation process and final products of perfluoroocta-
noic acid (PFOA) in the aqueous phase using the FZS@
UBC-2 system, density functional theory (DFT) calcula-
tions and LC-MS were employed to analyze the potential
degradation pathways. Free radical capture experiments
indicated that -OH plays a significant role in the degra-
dation system, with 'O,, h*, and -O,” also assisting in
the degradation. The Fukui index and molecular electro-
static potential (ESP) were used to predict the sites where
PFOA is most vulnerable to free radical attack (Fig. 5a-
d), leading to the proposal of two potential degradation

pathways for PFOA, as shown in Fig. 5e. Pathway I is
mainly degraded by chain- shortening (DHEH), involv-
ing a four-step process: decarboxylation, hydroxylation,
elimination, and hydrolysis. Initially, PFOA undergoes
decarboxylation accompanied by defluorination, leading
to the formation of intermediate P2 (m/z=319), which
is consistent with DFT results. This intermediate then
reacts with -OH radicals, resulting in further defluorina-
tion and the release of F~. Electron spin resonance (ESR)
spectroscopy indicates that Fe/ZnO@S-UBC-2 generates
-0,” and 'O, radicals under light irradiation and ultra-
sonic vibration. Specifically, the P4 molecule is attacked
by -O,” and 'O, radicals, undergoing defluorination and
decarboxylation to form P6 (m/z=113). Subsequently,
the — CF, —group is gradually eliminated under radical
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attack. Pathway II involves H/F exchange, producing a
series of intermediates, including P8 (m/z=361) and

9 (m/z=306), likely through electro-reduction reac-
tions dominated by electrons. The carboxyl group in P9
is attacked by h* radicals, leading to further decarboxyla-
tion and the formation of P10 (m/z=293). The F in P10
is subsequently replaced by hydrogen atoms, generating a
series of intermediates: P11 (m/z=238), P12 (m/z=163),
and P13 (m/z=119). These intermediates undergo fur-
ther N-demethylation to obtain shorter-chain perfluoro-
carboxylic acids. Finally, P6 and P13 are further oxidized
under radical attack, breaking down into smaller, less
toxic molecules such as P7 (m/z=93) and P14 (m/z=62).
These small molecules ultimately decompose into CO,
and H,O, achieving the in-situ green removal of PFOA
from water through piezoelectric photocatalysis.

3.4 Optical and carrier transfer properties

3.4.1 Carrier kinetics

To elucidate the generation and transfer mechanisms of
electrons (e”) and holes (h"), in situ XPS measurements
were conducted on FZS@UBC-2 under light irradiation
for 30 min. As shown in Fig. 6a, the Fe 2ps/, spectrum
exhibits fitting peaks at 711.1 eV and 713.5 eV, cor-
responding to Fe (III) and Fe (II), respectively (Jia et al.
2024). The slight increase in binding energy compared to
that of Fe (II) confirms the formation of a heterojunction.
Additionally, peaks at 724.4 eV are attributed to Fe 2p,/,,

characteristic of Fe (II). Satellite peaks at 718.7 eV and
730.4 eV, typical of Fe (III), arise from spin and charge
transfer in Fe 2p. The coexistence of Fe (III) and Fe (II)
facilitates electron transfer at the catalyst interface. Nota-
bly, the content ratio of Fe 2p,/, decreased from 28.1%
to 27.2% after illumination, indicating the participation
of both Fe (II) and Fe (III) in the photocatalytic reaction.
Furthermore, the peaks of Fe 2ps/, and Fe 2p,/, shifted to
higher binding energies under light, implying a decrease
in the electron density of Fe species and the Fe species
acted as an e~ acceptor in the photocatalytic degrada-
tion process (Magnier et al. 2024). The C 1 s spectrum of
FZS@UBC-2 can be deconvoluted into four components.
The main peak at 284.1 eV is attributed to the C—C bond,
originating from the biochar formed during calcina-
tion. Peaks at 285.9 eV and 287.8 eV correspond to C-O
and C=0 bonds, respectively, indicating rapid electron
transfer during the photocatalytic process. Meanwhile
the peak at about 289.8 eV is assigned to C=C and n-nt
transitions (Shan et al. 2024). The O 1 s spectrum exhib-
its fitted peaks at 530.3 eV, 531.5 eV, and 532.5 eV, cor-
responding to lattice oxygen (Oy ), oxygen vacancies (Oy),
and chemisorbed oxygen (O), (Lv et al. 2024). The bind-
ing energy of O increased by approximately 0.70 eV
under light irradiation, indicating that the electron den-
sity of Oy decreased under light irradiation. The binding
energy of O 1 s increased after irradiated proves that the
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O played an e™-donating role of the FZS@UBC-2 (Park
et al. 2024).

3.4.2 Optical properties

The light absorption capacities of S-ZnO and FZS@
UBC-2 are shown in Fig. S9. FZS@UBC-2 exhibited
extended absorption into the visible region, indicating
efficient visible-light photon absorption. Band gap ener-
gies, calculated using Tauc’s equation (Fig. 6b) (Bahi-
raei et al. 2023), were 3.08 eV for S-ZnO and 2.11 eV for
FZS@UBC-2. The lower band gap of FZS@UBC-2 facili-
tates charge carrier (e /h*) transitions, enhancing cata-
lytic performance (Li et al. 2018; Zhang et al. 2022; Chen
et al. 2023), attributed to the spatial confinement of the
Fe;0,/ZnO heterojunction within biochar. The genera-
tion of radicals consumes photogenerated charge carri-
ers. To analyze their separation and transfer capabilities,

photoluminescence (PL) spectroscopy, electrochemical
impedance spectroscopy (EIS), and linear sweep voltam-
metry (LSV) were performed. The PL spectra (Fig. 6¢)
revealed a significant decrease in intensity for FZS@
UBC-2 compared to S-ZnO. Since PL originates from the
recombination of charge carriers (e7/h*), the reduction in
PL intensity indicates that FZS@UBC-2 can swiftly sepa-
rate electron-hole pairs while inhibiting charge carrier
recombination (Khan et al. 2018). As shown in Fig. 6d,
transient photocurrent tests under light irradiation dem-
onstrated that FZS@UBC-2 exhibited a significantly
higher current intensity than unmodified nano-ZnO,
indicating that the composite catalyst generates more
charges under ultrasonic-light synergy. The linear
sweep voltammetry (LSV) curves indicated a significant
increase in current under illumination (Fig. 6f) (Cai et al.
2021), demonstrating enhanced catalytic activity. The EIS
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results in Fig. 6e are consistent with the photocurrent
results, showing that FZS@UBC-2 has a smaller semi-
circle radius compared to nano-ZnO, indicating lower
charge transfer resistance under light irradiation. This
promotes the separation of photogenerated charge carri-
ers. The high conductivity of porous Ulva biochar can be
attributed to two factors: (I) the high degree of graphiti-
zation of the biochar, as indicated by XRD, and (II) the
aromatic structure in Ulva biochar acting as an electron
transfer medium, as revealed by FTIR. The biochar load-
ing substantially enhanced the electrical conductivity of
FZS@UBC-2, thereby accelerating charge transfer. These
results demonstrate that using porous biochar as a con-
fined carrier for the modified photocatalyst significantly
improves the separation efficiency of photogenerated
electron—hole pairs and enhances electron transfer,
thereby increasing the catalytic activity of the composite
catalyst.

3.5 Mechanism Analysis

In typical scenarios, electrons in the conduction band
(CB) of ZnO tend to transfer to the valence band (VB) of
Fe;O, and recombine with the holes in Fe;O,. as revealed
by Density Functional Theory (DFT) calculations (Fig-
ure S13). In this case, the HOMO potential of Fe;O,
(+0.4 eV) does not meet the standard oxidation poten-
tial of H,O/-OH (2.4 eV). However, radical scavenging
test results indicate that -OH plays an important role
in the degradation of PFOA, suggesting that h* in ZnO
VB does not transfer to Fe;O, HOMO. This is because,
in confined spaces, H,0, locally accumulates, promoting
the generation of '0,, which is associated with the giant
exciton effect induced by the confined structure, spe-
cifically the Coulomb interaction between electrons and
holes (Giant electron—hole interactions in confined lay-
ered structures for molecular oxygen activation). There-
fore, direct Z-scheme charge transfer between ZnO and
Fe;O, is reasonable. Moreover, in situ XPS tests show
that under illumination, electrons accumulate on the sur-
face of the composite catalyst, which is consistent with
findings reported in other studies regarding Z-scheme
heterojunctions. The Z-scheme heterojunction effectively
promotes electron transfer and suppresses the recombi-
nation of photogenerated charge carriers. Additionally,
the residual triplet exciton effect induced by the confined
layered space further promotes the generation of -O,”
and '0,. Notably, electron transfer induces the Fe (III)/
Fe (II) conversion, generating -OH. At the beginning of
degradation, hydrogen bonding, electrostatic interac-
tions, and m-m stacking (as evidenced by XRD, Raman,
and XPS analyses) cause pollutant molecules to diffuse
and accumulate within the internal microenvironment
of the cage-like nanoreactor. Unlike traditional Z-scheme
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heterostructures, the confinement alters proton and
charge transport properties and dynamically redistrib-
utes active sites within the catalyst. EPR tests show that
h* is also an important active species in the photocata-
lytic degradation process of the composite material, and
its production is related to the confined space. Thus,
a possible mechanism for photocatalysis is proposed, in
which, under illumination, the composite catalyst gener-
ates a large number of electrons, and the electron transfer
process forms a 3D circulation pathway, where electrons
transfer from biochar through C— C, C — Fe/Zn, and Fe/
Zn — Fe/Zn to the Fe/Zn nano-heterostructure, with bio-
char serving as the reaction plane. This creates an internal
electric field that accelerates the transfer of electrons and
holes, effectively suppressing charge recombination and
reducing photo-corrosion. Under photocatalysis, PFOA
molecules are immediately attacked by concentrated
radicals within the nanoreactor. It has been reported that
reactive oxygen species (ROS) do not diffuse efficiently,
with 25 nm being the limited diffusion distance for short-
lived ROS. Therefore, the scallop cage -like nanoreac-
tor’s confined structure shortens the transport distance
of ROS and reduces ROS consumption during transfer,
maximizing the avoidance of ROS quenching. LC-MS
analysis showed the near-complete destruction of organic
pollutants. This property, combined with the increased
pollutant surface adsorption capacity due to electrostatic
interaction as the primary mechanism, synergistically
promotes the overall catalytic degradation process under
both dark and illuminated conditions.

3.6 Application prospect

To evaluate the adaptability of the system to complex
water environments, the effects of common anions
and pH on the photocatalytic degradation of PFOA
by FZS@UBC-2 were studied. As shown in Fig. 7c, the
degradation efficiency of FZS@UBC-2 ranged from
84.80% to 96.53% across a pH range of 2.68 to 10.68,
demonstrating excellent photocatalytic properties
under varying pH conditions. In natural water bodies,
inorganic anions coexist with PFOA and can interfere
with the degradation efficiency of the photocatalytic
system. Figure 7b reveals that Cl-, HCO5~, HPO,*", and
SO, exhibited varying degrees of inhibition, with the
order of inhibition being HPO,> >S0,> >NO, >HCO
s >Cl. It is worth noting that HPO,* and SO,> sig-
nificantly reduced the degradation efficiency of the
system by 17.05% and 12.43%, respectively, primarily
due to their ability to trap -O, and 'O, radicals, con-
verting them into lower oxidation forms. Despite this
inhibition, the system still achieved overall degradation
rates of 79.48% and 84.10%, which can be attributed to
the spatial confinement effect that generated sufficient
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reactive oxygen species (-O,7, h*, '10,, and -OH) and
enhanced the local concentration of ROS, reducing the
impact of the anions. Additionally, FZS@UBC-2 exhib-
its excellent adsorption capacity, as indicated by BET
and FTIR analyses, allowing the reactants to react more
efficiently in the nano-confined space. These results
indicate that the system exhibits strong adaptability to
complex water environments. The photocatalytic stabil-
ity of FZS@UBC-2 was evaluated by reusing the catalyst
in multiple cycles. As shown in Fig. 8c, after 10 cycles,
FZS@UBC-2 maintained a degradation rate of 81.3%
for PFOA. XRD analysis of FZS@UBC-2 after 10 cycles
(Fig. 7d) confirmed that the crystal structure of FZS@
UBC-2 remained unchanged, and FZS@UBC-2 can be
easily recovered using an external magnetic field, indi-
cating its great potential for practical applications.

4 Conclusion

In summary, we present an innovative nanoreac-
tor derived from marine biomass Ulva, which offers a
confined space for the Fe/ZnO heterojunction. This
confinement is facilitated by the hierarchical porous
biochar (BET) after modification. The porous biochar’s
confinement effect not only reduces particle size and
modifies the crystallization orientation but also pre-
vents aggregation, as confirmed by SEM and TEM
analyses. The particle size control of ZnO by the porous
biochar was validated using the Debye—Scherrer for-
mula (XRD). In situ XPS measurements revealed the
generation and transfer mechanisms of electrons (e")
and holes (h*) under light exposure. Raman spectros-
copy indicated a high degree of graphitization in FZS@
UBC-2, suggesting enhanced electron transfer dur-
ing photocatalysis. PL, LSV, and transient photocur-
rent tests demonstrate that, compared to unmodified
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ZnO, FZS@UBC-2 generates more electron—hole pairs
and promotes their rapid transfer under illumination.
Moreover, EIS data showed that FZS@UBC-2 exhibits
lower charge transfer resistance. A potential photocata-
lytic mechanism was proposed based on Tauc equa-
tion and density functional theory (DFT) calculations.
Notably, EPR tests revealed that, unlike traditional
Z-scheme heterojunctions, FZS@UBC-2 generates -OH
and h* radicals under light, linked to the giant exciton
effect induced by its confined structure. Furthermore,
the nanoconfined space reduces the mass transfer dis-
tance between the target pollutants and active species,
effectively addressing catalyst deactivation caused by
the limited diffusion range of active radicals in aque-
ous systems (typically<25 nm). Degradation experi-
ments showed that FZS@UBC-2 achieved 97.53%
removal efficiency for perfluorooctanoic acid (PFOA),
with an apparent rate constant (k) of 0.8285 h™!, along
with excellent pH adaptability and stability. These
findings highlight the exceptional potential of FZS@
UBC-2 as a high-performance photocatalyst for PFOA
removal in real-world applications. Our results provide
valuable insights into the crucial role of amorphous
biochar in the design of 3D porous-channel photocata-
lysts and pave the way for the practical application of
marine biomass-derived photocatalyst carriers in water
purification.
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