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Abstract

Bisphenol AF (BPAF), a highly persistent fluorinated substitute for bisphenol A with en-
docrine-disrupting risks, resists conventional water treatment. To simultaneously address
recalcitrant fluorinated pollutant removal and phosphogypsum (PG) valorization, we
synthesized a CoFe:04@PG composite catalyst via sol-gel using industrial PG as support,
and applied it to activate peroxymonosulfate (PMS) for BPAF degradation. CoFe204 was
successfully loaded onto PG, forming densely packed quasi-spherical aggregates. Under
optimal conditions, the 10% CoFe:204@PG/PMS system removed 99.17% of BPAF within
60 min, outperforming CoFe204/PMS and confirming that PG loading enhances catalytic
activity. The system tolerated pH variations; CI- had some interference, while COs?, SO+,
and HPO«?- showed limited effects. The Co(Il)/Co(III) and Fe(II)/Fe(III) redox cycles play
a key role in the activation of PMS to generate reactive oxygen species (ROS), with the
sulfate radical (SOs¢-) and singlet oxygen ('Oz) being the primary reactive species. The
catalyst exhibited broad pH adaptability, anti-interference, and cycling stability; after five
cycles, removal decreased by only 15.48%, and metal leaching complied with Chinese na-
tional standards. This work offers a new strategy for fluorinated-pollutant remediation
and PG valorization.
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Bisphenol AF (BPAF), a fluorinated alternative to BPA with a hexafluoroisopropyl
moiety, is widely used in electronic components, fluoroelastomers, and optical resins due
to its thermal and corrosion resistance [1]. It has been detected in water (0-3080 ng L),
sludge (0275 ng g), and sediment (0—4.13 ng g) [2,3]. With global restrictions on BPA,
BPAF production and use are increasing, likely leading to greater environmental release.
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endocrine systems. Therefore, developing efficient and cost-effective advanced degrada-
tion technologies for BPAF has become a critical research priority in water remediation.

Sulfate radical-based advanced oxidation processes (SR-AOPs) using peroxymono-
sulfate (PMS) offer a high oxidation potential, a broad applicable pH range, and good
oxidant stability during storage and transportation, and have therefore become a major
technology for treating refractory fluorinated phenolic contaminants [6,7]. Although ho-
mogeneous cobalt ions activate PMS efficiently, free Co ions can cause secondary heavy-
metal contamination and generate metal-containing sludge after treatment, limiting engi-
neering applications. Heterogeneous transition-metal oxide catalysts enable rapid solid—
liquid separation and substantially reduce the risk of metal leaching. Among them, spinel
CoFexOs efficiently activates PMS through Co*/Co% and Fe?/Fe* bimetallic redox cycles
without external energy input, while offering magnetic recoverability and good chemical
stability; [8,9] reported that nanoscale CoFe204 removed 99.8% of moxifloxacin within 30
min at a catalyst dosage of 0.1 g L and a PMS concentration of 0.25 mM, with a pseudo-
first-order rate constant of 0.194 min~. Nevertheless, unsupported nanoscale CoFe204 has
a high surface energy and readily agglomerates during reaction, blocking active sites and
substantially reducing catalytic capacity. Long-term cycling in the absence of a support
can also result in appreciable metal-ion leaching, while coexisting cations and anions in
water may directly occupy surface catalytic sites and weaken treatment performance in
practical waters [10,11].

To mitigate CoFe20s particle agglomeration and improve resistance to matrix inter-
ference and cycling stability, previous studies have used biochar [12,13], layered double
hydroxides [14], and clay minerals [15] as supports to disperse the active components. The
biochar loaded with CoFe204 nanoparticles (CoFe2O4/HPC), prepared via pyrolysis, ex-
hibits strong magnetism, hierarchically porous structure, and graphitic structure. The
degradation performance of CoFe204/HPC for BPA is significantly superior to that of pris-
tine CoFe204 [16]. Fan et al. [17] developed a novel CoFe:0s-coated carbon nanotube com-
posite (CoFe20:@CNT) through a modified impregnation-sintering method, achieving
95.3% degradation of the antibiotic florfenicol (FLO) within 30 min. However, carbon-
based supports are costly and prone to oxidative loss at high temperatures, while modi-
fied clays have limited pore structures, highlighting the need for low-cost supports from
bulk solid wastes [18]. Phosphogypsum (PG), a bulk waste from wet-process phosphoric
acid production, is stockpiled in large quantities annually; open-air storage can cause flu-
oride and phosphorus contamination [19]. As an inorganic solid mainly composed of
CaS042H:0, PG can serve as a low-cost support for metal-oxide composites. However,
thermal treatment alters its hydration state, and impurities may affect catalytic perfor-
mance and environmental behavior. Research on PG-supported CoFe-based oxides for
PMS activation remains scarce, and key factors relevant to practical water matrices-such
as coexisting ions, pH, and cycling stability-have not been systematically investigated.

Thus, PG-supported CoFex04@PG catalysts with varying loading ratios were pre-
pared via sol-gel and evaluated for PMS activation using BPAF as the target pollutant.
The materials were characterized by SEM, FTIR, and XPS for morphology, phase compo-
sition, and surface elemental valence states. The effects of reaction system, catalyst dosage,
PMS concentration, pH, and coexisting anions on degradation were examined. Cycling
tests and ICP-based metal-leaching measurements assessed stability and environmental
safety. Quenching experiments identified the main reactive species and elucidated the
synergistic activation mechanism. This work provides a novel solid-waste-based catalytic
material for fluorinated pollutant treatment.
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2. Results and Discussion
2.1. Material Characterization
2.1.1. SEM and EDS Analysis

The surface morphologies of the prepared samples were characterized by SEM. As
shown in Figure 1a,b, the PG predominantly exhibits an orthorhombic prismatic habit
with a typical thombic plate-like morphology, a rough surface, and some agglomerated
particles attached, which are inferred to be residual impurities from the original material
[20]. CoFex0s exhibits an irregular cubic spinel structure, with pronounced agglomeration
among particles (Figure 1c,d) [21]. After CoFe204 loading (Figure le,f), the surface mor-
phology of PG undergoes significant changes. The CoFe2Ox particles are tightly coated on
the PG surface, forming spherical-like aggregates, and the overall packing is dense. EDS
mapping analysis results (Figure S1) show that the main elements in the CoFe20.@PG
composite are Ca, O, S, Co, and Fe. Among them, Co and Fe are heterogeneously distrib-
uted on PG, confirming the successful synthesis of the CoFe204@PG composite.
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Figure 1. SEM images of (a,b) PG; (c,d) CoFex0s; (e f) 10% CoFe204@PG; XRD patterns of the 10%
CoFex04@PG (g); FTIR spectra of the 10% CoFe204@PG (h).

2.1.2. XRD and FTIR Analysis

The samples were characterized by XRD, and the results are shown in Figure S2. The
main component in PG was CaSOs+2H20 (PDF#04-008-9805). The diffraction peaks at 20 =
30.1°, 35.6°, 37.2°, 43.2°, 53.6°, 57.1°, and 62.7° are assigned to the (220), (311), (222), (400),
(422), (511), and (440) planes of CoFe20s, respectively (PDF#04-007-8945), confirming the
formation of CoFez0s [21]. After CoFe20: was loaded onto PG (Figure 1g), characteristic
reflections of both CoFe204 and CaSOs (PDF#04-008-0191) are detected in the composite,
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supporting the successful synthesis of CoFe204@PG. The conversion of CaSO4+2H20 in PG
to CaSOs is likely caused by the loss of crystal water during high-temperature calcination
[22].

The FTIR spectra of the materials are presented in Figure 1h. As shown in the figure,
the bands at 3545, 3491, and 3407 cm™ are assigned to O-H stretching vibrations in PG,
whereas those at 1686 and 1621 cm™ arise from O-H bending vibrations [20]. The absorp-
tion bands at 1141, 1114, 669, and 602 cm™! are attributed to SO« vibrations [12]. The
strong characteristic peak of CoFe:204 at 594 cm™ is attributed to the metal-oxygen (Co-O
and Fe-O) stretching vibrations, indicating the successful preparation of CoFe204 [23]. In
addition, its surface is readily covered by hydroxyl groups in water, giving rise to absorp-
tion peaks of -OH at 3439 and 1630 cm™'. After loading CoFe204 onto PG (Figure 1h), the
10% CoFe204@PG sample exhibits absorption peaks of Co-O and Fe-O at 594 cm™, indi-
cating the successful loading of CoFe204 onto PG.

2.2. BPAF Degradation Performance of CoFe:20:@PG
2.2.1. Comparison of Different Loading Ratios of CoFe204

The effect of the CoFe204 loading ratio on PMS activation for BPAF degradation was
first examined (Figure 2a). Within 60 min, catalysts with loading ratios of 10%, 20%, 50%,
and 70% achieved BPAF removal efficiencies of 99.17%, 97.98%, 95.92%, and 95.90%, re-
spectively, indicating only small overall differences in performance. Excessive metal load-
ing can promote particle agglomeration and mask surface active sites, thereby limiting
further enhancement of organic-pollutant degradation [24]. A comparison of their kinetic
data revealed that the K values for 10% CoFe204@PG and 20% CoFe:04@PG were 0.07829
min~ and 0.08257 min™!, respectively, with little difference between the two (Figure S3a).
Considering both preparation cost and catalytic performance, the 10% CoFe20:@PG cata-
lyst was selected for subsequent experiments.
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Figure 2. (a) Degradation of BPAF with different CoFe204 loadings. (b) Degradation of BPAF with
different catalyst systems. (c) Degradation of BPAF at different BPAF concentrations. (d) Degrada-
tion of BPAF under different initial pH values.
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2.2.2. Comparison of Different Reaction Systems

To clarify the synergistic catalytic effect of the composite, control experiments were
conducted using different reaction systems (Figures 2b and S3b). PMS alone produced
negligible BPAF degradation, indicating limited direct oxidation by PMS under the tested
conditions. BPAF concentration also showed no appreciable decrease in the presence of
10% CoFe204@PG alone, confirming that adsorption by the catalyst contributed little to
BPAF removal. The PG/PMS system achieved only 7.44% removal, indicating that PG it-
self had negligible activity toward PMS activation. Within 60 min, the CoFe204/PMS sys-
tem achieved a BPAF removal efficiency of 66.28%, while the 10% CoFe20:@PG/PMS sys-
tem achieved a BPAF removal efficiency of 99.17% and exhibited a kinetic constant signif-
icantly higher than that of the individual materials, indicating that its catalytic perfor-
mance is far superior to that of the CoFe204/PMS system. This suggests that composite
materials are more effective at activating PMS.

2.2.3. Influence of the Initial BPAF Concentrations, Catalyst Dosage, PMS Concentration
and pH

Figures 2c and S3c shows the effect of the initial BPAF concentration over 1-20 mg/L.
The degradation rate decreased progressively as the initial BPAF concentration increased.
At a BPAF concentration of 1 mg/L, there are relatively abundant oxidation and catalytic
sites, allowing for nearly complete removal within 30 min. At a concentration of 5 mg/L,
a degradation rate of 99.17% can still be achieved within 60 min. When the initial concen-
tration was further increased to 10, 15, and 20 mg/L, the residual BPAF concentration after
the same reaction time increased markedly. This trend may be explained by the finite
number of catalytic sites available for electron transfer at fixed catalyst and PMS dosages.
At higher BPAF concentrations, BPAF molecules competed for these limited surface sites,
while degradation intermediates could accumulate on the catalyst surface and further re-
strict site accessibility, thereby lowering the removal efficiency. Therefore, 5 mg/L was
chosen as the initial concentration. Figure S4a,c systematically examined the effect of 10%
CoFe204@PG dosage in the range of 0.2-1.0 g/L on BPAF degradation in the PMS system.
When the catalyst dosage increased from 0.2 to 0.6 g/L, both the degradation rate and final
removal efficiency increased markedly. At 0.2 g/L, the limited number of catalytic sites
restricted PMS activation, resulting in only 81.74% BPAF removal within 60 min. Increas-
ing the catalyst dosage supplied more sites for PMS activation and consequently acceler-
ated BPAF oxidation [25]. When the catalyst concentration was 0.6 g/L, the removal rate
reached 99.17%, which is equivalent to the nearly complete removal of BPAF. Increasing
the concentration from 0.6 g/L to 0.8 g/L did not result in a significant improvement in the
final removal rate, and the degradation rate constant remained essentially unchanged;
therefore, 0.6 g/L was selected as the catalyst concentration for subsequent experiments.
The effect of PMS dosage on BPAF removal is shown in Figure S4b,d. Over the investi-
gated range of 0.05-0.60 mM, BPAF removal increased continuously with increasing PMS
concentration. Increasing the PMS concentration supplied more precursor for reactive-
species generation and markedly accelerated BPAF degradation [26]. When the PMS con-
centration reached 0.40 mM and 0.60 mM, BPAF was almost completely removed. The
degradation rate constants were 0.0745 min and 0.0770 min, respectively, with little
difference between the two. After considering both removal efficiency and economic costs,
this study decided to use a PMS concentration of 0.40 mM. Compared with relevant re-
ports in the literature (Table S2), the 10% CoFe:04@PG prepared in this study exhibited
good performance in degrading BPAF and demonstrated certain advantages.

The initial pH of the solution can regulate the surface charge of the catalyst, the gen-
eration of reactive species, and the existing form of BPAF, making it an important param-
eter affecting catalytic degradation performance. Therefore, the effect of initial pH on
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BPAF removal by 10% CoFex04@PG was investigated in this study, and the results are
shown in Figures 2d and S3d. Within the pH range of 3-11, the BPAF removal efficiency
by 10% CoFe:04@PG exceeded 80%. However, the removal efficiencies decreased to
87.56%, 92.35%, and 82.17% under strongly acidic (pH = 3), weakly acidic (pH = 5), and
strongly alkaline (pH = 11) conditions, respectively. This is mainly because PMS is more
stable under acidic conditions, which hinders the conversion of PMS to reactive oxygen
species (ROS) and thus reduces the catalytic activity [25]. Under strongly alkaline condi-
tions (pH 2 11), the generated SO~ may be quenched by OH-, leading to a decrease in
catalytic performance [21]. At pH = 7.3, the maximum BPAF removal efficiency reached
99.17%. In addition, as shown in Figure S5, we observed the pH changes in a reaction
system with an initial pH of 7.3 and found that the pH dropped significantly after the
addition of PMS; as the reaction proceeded, the final pH reached 3.85. Relevant studies
have indicated that after the reaction, when the initial solution’s pH is adjusted to acidic
or neutral conditions, the final solution remains acidic with a pH < 4; this is referred to as
the system’s buffering capacity. As the initial solution’s pH is further increased to strongly
alkaline conditions, the reaction system exhibits limited buffering capacity, and the buff-
ering effect is completely lost when the initial pH is 11.0 [27,28]. Overall, the 10%
CoFe20:@PG/PMS system exhibits wide pH applicability, which lays a foundation for its
practical application.

2.2.4. Influence of Different Inorganic Ions

Natural waters commonly contain inorganic anions that can interfere with advanced
oxidation processes by scavenging reactive radicals or occupying surface active sites. Typ-
ical anions, including CI, COs*, SO, and HPOs*, were therefore selected to evaluate
their effects at concentrations of 0.1-1.0 mM on BPAF removal by the 10%
CoFe204@PG/PMS system (Figure 3a,d).

Compared with the anion-free control, the addition of CI- markedly decreased BPAF
removal, and the inhibitory effect intensified as the CI- concentration increased from 0.1
to 1.0 mM. At 0.1 mM CI-, BPAF removal after 60 min was 60.44%; at 1.0 mM CI, it de-
creased to 35.44%. This inhibition was attributed to the reaction of Cl- with «OH and
SOs*-, which generated less reactive chlorine-containing radicals [29]. When the COs>
concentration increased from 0.1 mM to 1 mM, the BPAF removal efficiency still showed
little change. The inhibitory effect of SOs?- on the reaction was relatively mild (Figure
3c¢). In the concentration range of 0.1-1.0 mM, the BPAF degradation curves only exhib-
ited a slight upward shift; even at 1.0 mM, a removal efficiency of 93.42% could still be
achieved within 60 min. SO+ is relatively inert in oxidation and is only slightly ad-
sorbed onto the catalyst surface, causing site competition without significantly consum-
ing the reactive radicals in the system, thus having limited interference with the overall
degradation kinetics. In contrast, HPO4?- slightly promoted BPAF degradation, mainly
because HPO4* can accelerate pollutant degradation through a buffering effect [30].
Overall, the order of influence of different ions on BPAF removal efficiency is as follows:
Cl-> 504 > COs? > HPO#~.
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Figure 3. Effect of common anions on the degradation of BPAF by 10% CoFe20:@PG/PMS system,
(a) CI, (b) COs%, (c) SO+, (d) HPO4Z.

2.3. Reaction Mechanisms
2.3.1. XPS Analysis

XPS analysis was performed on the prepared 10% CoFe:04@PG to verify the ele-
mental composition and valence state changes on the material surface, aiming to elucidate
the catalytic mechanism. As shown in Figure S6, characteristic peaks of Co, Fe, O, Ca, C,
and S were observed in the composite before the reaction. After the reaction, the peaks of
Co and Fe were enhanced, which is consistent with the SEM and XRD results, indicating
that the CoFe20: deposited within PG was exposed after the reaction.

Figure 4a presents the Co 2p spectra of the 10% CoFe20:@PG composite before and
after the reaction. Before the reaction, the two peaks of Co 2ps» were located at 779.78 eV
and 782.17 eV, corresponding to Co(III) and Co(II), respectively [31], with relative contents
of 63.5% and 36.5%. Compared with the fresh CoFe20:@PG composite, the Co 2ps2 peaks
of the spent composite shifted slightly to 780.11 eV and 782.78 eV, and the relative content
of Co(IIl) increased from 63.5% to 66.4%, while that of Co(II) decreased from 36.5% to
33.6%, indicating that electron transfer occurred during the catalytic process [12]. Figure
4b displays the Fe 2p spectra of the 10% CoFe204@PG composite before and after the re-
action. Before the reaction, the peaks at 710.80 and 724.52 eV were attributed to Fe(Il),
while those at 714.06 and 726.86 eV were assigned to Fe(Ill) [32]. After the reaction, the
relative content of Fe(Il) decreased from 66.8% to 62.0%, whereas that of Fe(IIl) increased
from 33.2% to 38.0%. These results indicate that Co(II)/Co(III) and Fe(II)/Fe(IIl) valence
state cycling occurs during the activation of PMS by the CoFe204@PG composite [33]. The
changes observed in the XPS data confirm that the Co(II)/Co(IlI) and Fe(II)/Fe(III) redox
pairs are the key driving forces behind PMS activation and the generation of reactive ox-
ygen species [34].

Figure 4c presents the O 1s spectra of the 10% CoFe:04@PG composite before and
after the reaction. Before the reaction, the O 1s spectrum of CoFe204@PG could be decon-
volved into three components: the peak at 529.73 eV was assigned to lattice oxygen (Oat)
corresponding to Co-O and Fe-O bonds; the peak at 531.88 eV was attributed to surface
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hydroxyls (Osurf); and the peak at 534.03 eV was ascribed to adsorbed oxygen (Oads), orig-
inating from water molecules adsorbed on the catalyst surface or within the pores [35,36].
The peak area of Ot (Fe—O/Co-O) increased from 4.94% to 23.04%, while the peak area of
Osurt decreased from 89.15% to 58.50%. This is because, during the degradation process,
the activation of Fe-O/Co-O bonds in PMS leads to increased generation of reactive oxy-
gen species (ROS) [37,38]. The relative content of Oads increased from 5.6% to 18.5%, which
could be ascribed to the adsorption of water molecules from the reaction solution, as well
as the deposition and adsorption of BPAF degradation intermediates on the catalyst sur-
face. In addition, after BPAF removal, the Ca 2p spectrum shifted to lower binding energy
(Figure 4d), suggesting that the Ca in PG may promote the reduction of Co(III) and Fe(III)
to Co(Il) and Fe(Il), thereby facilitating the redox cycles of Co(II)/Co(IlI) and Fe(II)/Fe(III)
and enhancing the activation efficiency of PMS. Similar phenomena have been observed
in the study by Lu et al. [39].
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Figure 4. XPS spectra of the 10% CoFe204@PG before and after reaction. (a) Co 2p; (b) Fe 2p; (c) Ols;
(d) Ca 2p.

2.3.2. Analysis of ROS

EPR analysis was employed to identify the ROS generated in the 10%
CoFe204@PG/PMS system. As shown in Figure S7a—c, characteristic signals of DMPO-
*OH, DMPO-504*-, DMPO-O:*, and TEMP-'O2 were observed, indicating that *OH,
S04, Oz, and 'Oz were simultaneously produced in the 10% CoFe20:@PG/PMS system.

To further confirm the contribution of each reactive species to BPAF degradation in
the 10% CoFe20:@PG/PMS system, radical quenching experiments were carried out.
MeOH and TBA can rapidly react with ¢OH, with reaction rate constants of kormeon =9.7
x 108 M:s! and kowsea = 3.8-7.6 x 108 M-s7!, respectively. Due to the presence of a-hy-
drogen, SO4*- reacts faster with MeOH than with TBA (k sos-meon = 2.5 x 107 M1-s7, k
so4e—tBA =4-9.5 x 105 M1-571) [40,41]. BQ and L-histidine (k on-n-1is = 7.1 x 109 M1-s7, k102-1.-
His = 3.2 x 107 M1-s71) were used as quenchers for Oz~ and 'Oz, respectively[42,43]. As
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shown in Figure 5a, increasing the MeOH concentration from 10 mM to 100 mM signifi-
cantly inhibited BPAF degradation, indicating that both SOs*- and *OH may participate
in the degradation process. In contrast, after the addition of 100 mM TBA, the BPAF deg-
radation efficiency remained at 91.8% (Figure 5b), showing only slight inhibition, suggest-
ing that the contribution of *OH to BPAF degradation was very limited and further indi-
cating that SO4*- might be the dominant reactive species involved in the degradation pro-
cess. With increasing BQ concentration (0.1-1.0 mM), BPAF degradation efficiency re-
mained at 87.2% (Figure 5c), indicating that Oz*- participated in the degradation but with
a limited contribution. However, upon the addition of L-histidine, BPAF degradation was
significantly suppressed; after the addition of 10 mM L-histidine, the degradation effi-
ciency dramatically decreased to 17.5% (Figure 5d), indicating that 'Oz also plays a major
role in BPAF degradation. In summary, SOs*- and 'Oz likely play dominant roles, while
Oz*- and *OH play minor roles in the degradation of BPAF by the 10% CoFe204@PG/PMS
system.
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Figure 5. Quenching tests for different reactive oxygen species. (a) MeOH; (b) TBA; (c) BQ; (d) L-
histidine.

2.3.3. Intermediates of BPAF

The intermediates generated during BPAF degradation were identified by LC-MS
(Figure S8). The fluoride ion release in the aqueous solution after the reaction was meas-
ured at 0.53 mg/L, with a fluoride removal rate of 31.26%. In addition, to determine the
degree of mineralization of the BPAF, TOC analysis was performed; the results are shown
in the Figure S9 [44]. Based on theoretical and experimental results, the proposed degra-
dation pathways of BPAF in the 10% CoFe:04@PG/PMS system are illustrated in Figure 6.
In Pathway 1, SOs*- attacks the phenolic group with the highest molecular orbital, pro-
moting the formation of hydroxylated BPAF (TP1). Subsequent [3-scission of the C—C bond
between the hexafluoroisopropyl group and the benzene ring generates intermediates P1-
P3. Thereafter, intermediates P1 and P2 are further oxidized to P4, P5, and P6, respectively

https://doi.org/10.3390/catal16100882
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[45,46]. In Pathway 2, BPAF undergoes oxidative coupling to form intermediate TP2,
which is then converted into intermediates P7, P8, and phenol (P9) through hydrogena-
tion and C-C bond cleavage. Subsequently, P7 and P8 are further transformed into p-
hydroxybenzoic acid (P10) and 3-hydroxyphthalic acid (P11) [47]. In Pathway 3, the adja-
cent C-F bonds or FsC-C bonds on BPAF may be oxidized to C=O double bonds by O..
Then, the para-positioned C—C bond between the isopropyl group and the benzene ring
is cleaved, leading to further conversion into P12, P13, P9, P14, P15, and P16 [45]. Finally,
these intermediates are further oxidized to P17, P18, and P19, which are ultimately min-
eralized into CO2 and HzO.
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Figure 6. The possible degradation pathway of BPAF by 10% CoFe:0:@PG/PMS system.

2.3.4. Mechanism of BPAF Degradation by 10% CoFe20:@PG/PMS

Based on the experimental results, SO4+*~ and 'O2 are the dominant reactive oxygen
species responsible for BPAF degradation in the 10% CoFe20:@PG/PMS system, while O2*-
and ¢OH play minor roles (Figure 5). The valence cycles of Co(Il)/Co(III) and Fe(II)/Fe(III)
serve as the core active sites (Figure 4), and Ca ions play a role in electron transfer. Ac-
cordingly, a reaction mechanism for BPAF degradation over the 10% CoFe:204@PG/PMS
system is proposed, as illustrated in Figure 7.
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Figure 7. Schematic diagram of the removal mechanism of BPAF by CoFe20:@PG/PMS system.

First, Co on CoFex04@PG acts as a Lewis acid site to adsorb H20, forming =Co(II)-
OH (Equation (1)). Upon addition of PMS, =Co(II)-OH reacts with HSOs" to generate SO4*-
and CoOr (Equation (2)) [48,49]. Subsequently, in the presence of H*, the generated CoO*
is oxidized to =Co(Ill) (Equation (3)). Meanwhile, the generated =Co(Ill) can also be re-
duced to =Co(II) by PMS (Equation (4)). In addition to the Co(II)/Co(IlI) cycle, Fe(Il)/Fe(III)
also plays an important role in the catalytic oxidation process. =Fe(Ill) on CoFex04@PG
can react with PMS to produce =Fe(ll) (Equation (5)). The generated or inherent =Fe(II)
can donate electrons to PMS, promoting the generation of SOs*- (Equation (6)). Further-
more, =Fe(ll) can participate in the regeneration of =Co(ll), because the reduction of
=Co(III) by =Fe(l) is thermodynamically favorable (Equation (7)). Besides, the generated
SOs*-and SOs*- can be further converted into *OH, Oz, and O2*- (Equations (8)—(12)) [50].
Finally, under the combined action of SO4*-, 10Oz, O2*-, and ®*OH, BPAF is oxidized to small
molecule products such as CO2 and H20 (Equation (13)).

=Co(IT)+H20—~=Co(Il)-OH+H* 1)
=Co(IT)+H20—~=Co(Il)-OH+H* @)
=CoO"+2H*—~=Co(Ill}+ H:0 3)
=Co(II)+HSOs—=Co(II)+SOs*+H* )
=Fe(IIT)+HSOs—=Fe(IT)+SOs*+H" )
=Fe(I1)+HSOs—=Fe(IT)+SOu*+H" 6)
=Co(IM)+=Fe(IT)—~=Co(II)+ =Fe(III) @)
SO +H20—~SO-+e OH+H* ®)
SOu*+OH-—S02+eOH ©)
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SOs*+eOH—>HSO++0.5 102 (10)
SOs*+HSOs—~HSOs+ SOs2+10: (11)
SOs*+H20—0O2*+5042+2H* (12)
BPAF+S04*/102/O2*-/¢OH— intermediates —CO2+H0 (13)

2.4. Reusability and Universality of 10% CoFe20:@PG

To evaluate the practical application potential of the 10% CoFe204@PG composite, its
reusability was investigated through five consecutive cycles of BPAF degradation. After
each cycle, the catalyst was recovered by membrane filtration, thoroughly washed with
deionized water and anhydrous ethanol, dried, and reused. The removal rates over five
cycles are shown in Figure 8a. After five cycles, the removal efficiency decreased from
99.17% to 80.69%, a drop of 18.48%. Thus, the composite maintained stable catalytic activ-
ity during repeated use, demonstrating good reusability. To investigate the root cause of
the decline in the catalyst’s degradation performance after cycling, the morphology and
crystal structure of the cycled catalyst were characterized. Scanning electron microscopy
(SEM) images (Figure S10a,b) showed that after five cycles, the crystal edges of the com-
posite became more distinct, while the overall framework remained intact. Fine particles
had accumulated on the surface, likely due to residual degradation products. The XRD
spectra before and after the reaction (Figure S10c) showed that the diffraction peaks of
CoFe20s in the composite material increased, while the diffraction peaks of CaSO: de-
creased. This was likely due to the reaction exposing the CoFe:0. that was originally de-
posited inside the PG, which was consistent with the SEM observation results. In addition,
a comparison of the FTIR spectra before and after the reaction (Figure 510d) reveals that
the sulfate-related absorption peaks (at 1141, 1114, 669, and 602 cm™) in the 10%
CoFe204@PG sample were significantly weakened, likely due to the reaction products cov-
ering the PG. While the intensities of some peaks fluctuated slightly, the positions of the
characteristic absorption peaks did not change significantly, indicating that the composite
catalyst possesses a certain degree of stability. In addition, to further evaluate the perfor-
mance of the catalyst-activated PMS in degrading BPAF in real-world water samples, we
prepared BPAF solutions using tap water and lake water, respectively. As shown in Fig-
ure 511, the catalyst still demonstrated good degradation performance in these real-world
water samples.

Moreover, the Co ion leaching concentrations in the five cycles were 0.3090, 0.1708,
0.1269, 0.1356, and 0.1675 mg/L (Figure 8b), all far below the surface water quality stand-
ard limit of 1.00 mg/L (GB 3838-2002) [51]. Fe ion leaching concentrations were 0.0889,
0.0433, 0.0364, 0.0299, and 0.0235 mg/L (Figure 8b), also well below the limit of 0.30 mg/L
(GB 3838-2002)(GB 3838-2002 ; Environmental quality standards for surface water.
China,2002). Furthermore, the leaching concentrations of both metals declined with in-
creasing cycles. This is likely because unstable surface metals were largely lost in the first
cycle, after which the remaining active components were immobilized by the PG support,
suppressing further leaching. In summary, the 10% CoFe:04@PG composite exhibits low
metal leaching risk and good structural stability.
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Figure 8. (a) Recycling test on the 10% CoFex04@PG/PMS system; (b) Leaching Concentrations of
Cobalt and Iron Ions in Different Cycles

3. Materials and Methods
3.1. Materials

Phosphogypsum (PG) was supplied by Guizhou Wengfu Group Co., Ltd., China. The
PG was ground and passed through a 100-mesh sieve. As shown in Table S1, it consisted
predominantly of Ca and S, with Si, Al, and Fe present as impurities. Cobalt(II) nitrate
hexahydrate (Co(NOs)2:6H20), iron(Ill) nitrate nonahydrate (Fe(INOs)3-9H20), citric acid
(CeHsOy), potassium peroxymonosulfate triple salt (KHSOs-0.5KHSO4-0.5K2S04), bi-
sphenol AF (BPAF, CisH10F6O2), methanol (CH3OH), ethylene glycol (C2HeO), furfuryl al-
cohol (CsH¢O2), hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium chloride
(NaCl), sodium carbonate (Na2COs), sodium sulfate (Na250s), disodium hydrogen phos-
phate (Na2zHPOs), 1,4-benzoquinone (CsH4O2), L-histidine (CsHoN3O2), and tert-butanol
(CsH100) were obtained from Chengdu Kelong Chemical Co., Ltd. and Shanghai Aladdin
Biochemical Technology Co., Ltd., China. All chemicals were of analytical grade and used
without further purification.

3.2. Sample Preparation

A series of CoFe:04@PG catalysts were prepared using the sol-gel method and tube
furnace calcination. In brief, 0.808 g of Fe(NOs)3-9H20 and 0.291 g of Co(NOs)2:6H20 were
weighed out and dissolved in 200 mL of ultrapure water. The theoretical mass of CoFe204
produced was calculated, and different masses of PG were then added to achieve CoFe204
loading levels of 10 wt%, 20 wt%, 50 wt%, and 70 wt%. The suspensions were stirred for
10 min. Citric acid was then added as a chelating agent, and the mixture was heated and
stirred continuously in a 90 °C water bath for 2 h to form a uniform sol. The resulting sol
was dried in a 120 °C oven to obtain the CoFe204@PG precursor. Finally, the dried precur-
sor was calcined in a muffle furnace at 700 °C for 4 h to obtain the CoFe20:@PG material.
Unloaded CoFex0s was prepared using the same method, except without the addition of
PG.

3.3. Evaluation of the BPAF Removal Performance

In a typical experiment, the CoFe204@PG catalyst was used at a concentration of 0.6
g/L, PMS at 0.4 mM, the initial BPAF concentration was 5 mg/L, the reaction temperature
was 25 °C, the reaction time was 60 min, and the BPAF solution volume was 100 mL. To
investigate the effects of catalyst dosage and PMS dosage on BPAF removal by the
CoFe204@PG/PMS system, the catalyst dosage was varied from 0.2 to 0.8 g/L, and the PMS
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dosage was varied from 0.05 to 0.60 mM. To explore the effect of initial BPAF concentra-
tion on BPAF removal, the initial BPAF concentration was set in the range of 1-20 mg/L.
The experimental data were analyzed using a first-order kinetic model to figure out the
degradation rate [52,53]. To examine the effect of pH on BPAF removal, the pH of the
BPAF solution was adjusted from 3 to 11. To evaluate the effect of coexisting anions on
BPAF removal, the concentrations of Cl-, COs?, SOs*, and HPO4*- were set in the range of
0.1-1.0 mM. To assess the contribution of radicals to BPAF removal, quenching experi-
ments were conducted using methanol (MeOH), tert-butanol (TBA), 1,4-benzoquinone
(BQ), and L-histidine as quenchers for *OH, SOs*-, O2*-, and 'O, respectively. In addition,
recycling experiments were performed to evaluate the stability of the CoFe:04@PG cata-
lyst. After each reaction cycle, the catalyst was recovered by membrane filtration, washed
sequentially with deionized water and anhydrous ethanol, dried, and then used in the
next cycle. All experiments were conducted in triplicate, and the results are expressed as
mean + standard deviation.

3.4. Characterization Methods

Characterization methods are described in the Supplementary Material.

4. Conclusions

In this study, a CoFe204@PG catalyst was prepared using solid waste as feedstock to
establish a highly efficient PMS oxidation system for the degradation of BPAF. The 10%
CoFe204@PG catalyst removed 99.17% of BPAF within 60 min. The ROS involved in BPAF
degradation include ¢S04, *OH, 02 and O2¢-, among which €504 and 'O: are the pri-
mary active species, while Oz2¢- and *OH play auxiliary roles. The redox cycle between
Co*/Co? and Fe*/Fe? ensures the continuous generation of reactive oxygen species
(ROS), driving PMS activation. Based on the analysis of degradation intermediates, three
BPAF degradation pathways were proposed. This composite exhibits stable performance
under different pH and anion conditions, with good reusability and environmental safety;
however, its recovery methods still have certain limitations. Overall, this study provides
a feasible solution for treating contaminated water and achieves the resource utilization
of phosphogypsum through a “waste-to-waste” approach. In future studies, we will sim-
ultaneously monitor the leaching of multiple components from the phosphogypsum car-
rier in the cyclic experiments, in order to comprehensively clarify its stability.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal16100882/s1. Figure S1. EDS mapping of 10%
CoFe204@PG; Figure 52 XRD of CoFe204 and PG; Figure S3 (a) Effects of different CoFe,Oy4 loading
levels on the degradation kinetics of BPAF; (b) Effects of different catalyst systems on the degrada-
tion kinetics of BPAF; (c) Effects of different BPAF concentrations on the degradation kinetics of
BPAF; (d) Effects of different initial pH values on the degradation kinetics of BPAF; Figure S4 Effect
of (a) catalyst dosage and (b) PMS concentration on BPAF removal in the 10% CoFe20s@PG/PMS
system; degradation rate constants (kobs) for the catalyst dosage(c) and PMS concentration(d); Fig-
ure S5 Evolution of pH values along with thereaction time; Figure S6 XPS spectra of the 10%
CoFex04@PG before and after reaction; Figure S7 EPR characterization results of DMPO-¢OH,
DMPO-O:*", and TEMP-'Oz of 10% CoFe204@PG system; Figure S8. Intermediate products of BPAF
degradation by the 10% CoFex04@PG/PMS system identified via HPLC-MS; Figure S9 The mineral-
ization rate of BPAF; Figure S10 SEM images of (a-b) 10% CoFe204@PG after the reaction; (c) XRD
patterns of the 10% CoFe204@PG before and after reaction; (d) FTIR spectra of the 10% CoFe:204@PG
before and after reaction; Figure S11 Degradation of BPAF in various water systems; Table S1 Anal-
ysis of the composition of phosphogypsum; Table S2 Comparison of the degradation efficiencies of
various catalysts for pollutants. References [54-57] are cited in Supplementary Materials.
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