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Rational design of heterogeneous catalysts with high activity and stability is crucial in peroxymono-
sulfate (PMS)-based oxidation treatment of wastewater. Herein, the graphite oxide-cobalt ferrite (GO-
CoFe,04) composite was constructed, and its morphological, component and structural characteristics
were thoroughly examined, respectively. GO-CoFe,04 obviously boosted PMS catalytic performance on
di-n-butyl phthalate removal (DBP, Rpgp = 90%, Rroc = 37%), which indicated by the first-order kinetic con-
stant (kpgp =0.060 min~') being roughly 4 times than pure CoFe,04 (kpgp =0.015 min~1). The fabrication
of GO-CoFe,0,4 brought the favorable stability and repeatability up to six cycles. Moreover, the method of
batch dosing catalyst was creatively proposed to improve the PMS utilization efficiency. The coupling of
GO enhanced the dispersion of CoFe,0,4 particles to obtain sufficient active sites, additionally, the plen-
tiful C=0 groups and free-flowing electrons on GO promoted GO-CoFe,04 to coordinate a redox process
during PMS activation. With the aid of theoretical calculations, GO-CoFe,04 was revealed to exhibit a
strong affinity toward PMS adsorption, where PMS spontaneously dissociated into sulfate radical (SO4™),
hydroxyl radical (‘OH) and singlet oxygen (10;), acting as the reactive oxygen species (ROSs). Electrons
cycling between Co, Fe and O species ensured continuous ROSs generation and excellent catalytic perfor-

mance.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Di-n-butyl phthalate (DBP), a typical kind of phthalate esters,
has been considered a priority controlled hazardous contaminant
by US. EPA. It occurs at low concentrations in aquatic environ-
ments and poses considerable risk of endocrine-disrupting effects
and metabolic disorders to human beings [1,2]. Moreover, the
biodegradation kinetics of DBP are very slow in the natural envi-
ronment, from dozens of days to more than 20 years [3]. Presently,
the typical treatments, including adsorption, membrane separation,
biodegradation as well as chemical oxidation, suffer from different
drawbacks with regard to their remedy time scale and large energy
consumption [4]. Consequently, it is highly demanded to explore a
cost-efficient strategy for eliminating trace-level DBP.

Sulfate radical (SO4"~)-based advanced oxidation processes (SR-
AOPs) exhibit a favorable standard reduction potential (2.5-3.1V
vs. NHE), wide pH adaptability (2.0-9.0), longer half-life with re-
gard to the hydroxyl radical (30-40 ps vs. 20ns) and high oxida-
tion selectivity [5]. These make it possible to employ SR-AOPs to
decompose a variety of organic substances in sewage. SO4"~ can
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be effectively generated by activating peroxymonosulfate (PMS) in
conjunction with ultrasound, photolysis, heat, homogenous or het-
erogeneous catalysts [6]. Cobalt-based catalysts have been inves-
tigated, and it has been discovered that they are the most effec-
tive activators for cleaving the O-O bond in an asymmetric PMS
structure [7]. Cobalt ferrite (CoFe,0,4) belonging to the spinel-type
ferrites family (S.G. Fd-3m) has indicated high activity and mag-
netic properties with excellent stability in order to degrade persis-
tent pollutants [8]. The coupling effect between Co and Fe species
might be more effective as a catalyst in PMS activation than their
single component equivalent. Simultaneously, CoFe,0,4 is charac-
terized to have a high abundance of oxygen vacancies and sur-
face hydroxyl groups, which also help to further activate PMS [9].
Ren et al. evaluated the performance of MFe,04 (M=Co, Cu, Mn,
Zn) in PMS activation, and concluded that CoFe,0,4 showed higher
catalytic activity toward PMS for the degradation of DBP, and all
catalysts displayed excellent recycling and stability in the repeated
batch experiment [10]. Nonetheless, the unprotected CoFe,0,4 pri-
mary nanoparticles are prone to agglomeration, as a result, there
are fewer active sites that are accessible and there is less disper-
sion in the reaction solution, which further reduces the effective-
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Fig. 1. SEM and TEM images of (a, d) GO, (b, e) CoFe,04 and (c, f) 5%GO-CoFe,04.

ness of PMS activation and organics decomposition [11]. Therefore,
it is necessary to disperse CoFe,O4 on supporters for stable and
efficient catalytic performance.

Recently, carbon-based materials were used to supporters for
transition metal-based catalysts to fabricate carbon-loaded metal
composites. Two-dimensional graphene oxide (GO) is a substance
with various excellent properties of unique mechanical strength,
high electrical conductivity and large specific surface area [12].
Multiple oxygen-containing functional groups including hydroxyl,
carboxyl and epoxy situate at the basal plane and the edges of
GO [13]. Metal components can be immobilized by such surface
functionalization to create a solid structure and promote the sep-
aration and dispersion of spinel ferrite particles [14]. Furthermore,
GO consists of the hexagonal ring-based carbon network with both
sp?- and sp3-hybridized carbon atoms, the free-flowing unpaired
electrons from the sp2-hybridized carbon network promote elec-
tron transport between particles, further enhancing the catalytic
PMS efficiency [15]. These specific surfaces structure of GO make
it stand out as a suitable supporter [16]. Although, GO has been
used to couple with some metal oxides such as Fe,03, TiO,, CoOx,
CoFeNi LDH, and even spinel ferrite [17-20]. However, rarely has
the combination of GO and CoFe,0,4 been reported for hetero-
geneous catalytic PMS. Particularly, the improving mechanism of
GO-CoFe,04 composites on catalytic PMS needs to be investigated,
with a focus on the function of GO and the interaction between
GO and CoFe;0y,.

Herein, a series of GO-CoFe,0, composites were fabricated and
introduced to catalyze PMS for DBP removal. The degrading be-
havior and physicochemical properties were taken into consider-
ation when choosing the optimized synthesis faction of catalyst.
The impacts of different operational parameters, such as catalyst
dosage, PMS concentration, initial DBP concentration and initial pH
on the activity of GO-CoFe,04/PMS system were systematically ex-
plored. The utilization efficiency of PMS was optimized by design-
ing the GO-CoFe,04 particles dosing process. Besides, the cycling
stability performance of GO-CoFe,04 was also examined. The rad-
ical quenching tests and ESR detection were conducted to deter-
mine the radicals produced by GO-CoFe,04/PMS. Finally, the un-
derlying enhanced mechanism of GO-CoFe,04-catalyzed PMS was
thoroughly clarified.

The detailed experimental methods were shown in Texts S1-S5
(Supporting information).

SEM and TEM techniques were utilized to witness the mor-
phology of GO, CoFe,04 and GO-CoFe,04 (Fig. 1). Figs. 1a and d
showed the multilayer GO structure with a slightly wrinkly sur-
face. CoFe,0,4 particles with diameters from 100nm to 200nm
exhibited a rough and irregular polygonal shape and agglomer-
ated appearance (Figs. 1b and e). For GO-CoFe,04, it showed

that the GO morphology was clear, and CoFe,0,4 particles were
well distributed on GO sheets (Figs. 1c and f). Besides, the sup-
port on GO sheets clearly suppressed the aggregation of CoFe,0y,
which was attributed to the strong absorption between the mul-
tiple functional groups present on the surface of GO and metal
sites [21]. It was beneficial to the heterogeneous PMS activation
process.

Crystal structures of as-prepared materials were examined by
XRD. As seen in Fig. S1 (Supporting information), as a precursor,
GO had an intense diffraction peak at around 26 =9.5°, regard-
ing the (001) interplanar distance of 0.76 nm, which represented
that GO formed a well-ordered layered structure [22]. The pat-
tern of CoFe,0,4 in Fig. 2a exhibited peaks at 18.2°, 30.3°, 35.6°,
43.2°, 53.5°, 57.4° and 62.7° which were attributed to (111), (220),
(311), (400), (422), (511) and (440) planes, respectively. These were
in a well-defined crystal structure of spinel-type CoFe,04 (JCPDS
No. 22-1086, space group Fd 3m (227)). It was evident that the
XRD pattern of GO-CoFe,04 was basically consistent with pure
CoFe,04, without the typical diffraction peak of GO. It validated
the successful deposition of CoFe,04 between the inter-layers of
GO. However, the introduction of GO increased the (311) intensity
of CoFe,04 obviously. It was due to the fact that a large number
of -OH and -COOH groups on GO combined with H atoms of fer-
rite to strengthen the spinel structural properties of CoFe,04 [23].
The peak intensity of GO-CoFe,04 became low as the GO content
increases to 10%. CoFe,0,4 crystal growth was constrained by GO
layers, and in situ-fabricated CoFe,04 was covered by redundant
GO layers [24].

The wide-scan XPS spectra demonstrated the co-existence of
Co, Fe, O, C in 5%GO-CoFe,0,4 composite (Fig. S2 in Supporting
information). The EDS analysis in Fig. S3 (Supporting informa-
tion) further confirmed the surface elemental composition of the
CoFe,04 and GO-CoFe,0,4 material. The weight percentages of Co,
Fe and O in CoFe,04 were 31.48%, 56.75% and 10.35%, respectively
(Table S1 in Supporting information). Another aspect, the weight
percentages of Co, Fe, O and C in 5%GO-CoFe,04 were 30.36%,
49.72%, 11.29% and 5.48%, respectively. The nominal loading weight
percentage of GO and the fraction of C showed a strong correla-
tion. Additionally, the less O component indicated the presence of
oxygen defects on as-prepared materials.

According to Fig. 2b, FT-IR spectra of GO at about 1730, 1626,
1230 and 1031 cm~! could ascribe to stretching vibration of C=0
and C=C, O-H bending vibrations and C-O stretching vibrations,
respectively [25]. Indeed, FT-IR spectra of pure CoFe,04 displayed
a peak at 564 cm~!, which was attributed to the Co-O and Fe-
O vibrations [26]. It was worth noting that in the spectra of GO-
CoFe,0,, the peaks at 1730 and 1626 cm~!, corresponding to the
functional groups of C=0 and C=C in GO, blue shifted.
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Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c, d) N, absorption-desorption isotherms of different catalysts, the inserts are the corresponding pore size distributions.

The Raman spectra of GO, CoFe,04 and 5%GO-CoFe,04 were
depicted in Fig. S4 (Supporting information). At 1352 and 1584
cm~!, respectively, two prominent Raman peaks matched with
the D and G bands of GO were seen [27]. The degrees of de-
fects and disorders of carbon materials could be clearly reflected
by the intensity ratio of D band and G band. Since D and G's
band intensities were fundamentally the same, graphitization of
GO was to a lesser extent. It might be brought on the large num-
ber of groups that are present on its surface and cause consider-
able sp? hybridization. The D and G bands of GO were not found
in Raman spectra of the composites because of the low concen-
tration of GO in them. Additionally, CoFe;04 and 5%GO-CoFe;04
had obvious characteristic peaks at 323, 498 and 627 cm~!, which
were accountable for the stretching vibration of Fe-O on the
tetrahedron [28].

The N, adsorption-desorption isotherms of CoFe,04 and 5%GO-
CoFe,04 were given in Figs. 2c and d. As observed, both materials
possessed the mesoporous structure due to the usual Langmuir-
isotherm (type IV) with a hysteresis loop of H3-type and a central-
ized pore size distribution within 2-4 nm [29]. The related textural
properties were summed up in Table S2 (Supporting information).
The specific surface area of CoFe,04 and 5%GO-CoFe,04 was 63.38
and 95.84 m?/g, respectively. This result confirmed our hypothesis
that the GO sheets would act as a support and inhibit the aggre-
gation of CoFe,;04 (as shown in Figs. 1c and f). Benefiting from the
larger surface area, 5%G0O-CoFe,0,4 could expose more active sites
and adequately contact with PMS and contaminations.

The catalytic performances of CoFe,04 and GO-CoFe,04 were
determined for DBP removal via PMS activation. As presented in
Fig. 3a, the individual PMS produced ~6% DBP elimination, indi-
cating its negligible intrinsic oxidizing capacity. The GO/PMS sys-
tem achieved 19% of DBP removal efficiency within 30min, in-
dicated that the PMS activation by GO had tiny contribution to
DBP removal (Fig. S5 in Supporting information). However, with
the addition of CoFe,Q4, about 49% of DBP was removed within
30min. Particularly, a significant increase in the catalytic prop-
erties could be effectively accomplished by GO loading, suggest-
ing that the coupling effect between CoFe,04 and GO greatly im-
proved the activation capacity toward PMS. Meanwhile, the impact
of GO content on the catalytic function of GO-CoFe,04 was exam-
ined. The outcomes uncovered a positive correlation between the
GO content and the catalytic performance of GO-CoFe,04, how-

ever, the promotion effect was limited. For instance, 90% of DBP
removal was obtained over 5%GO-CoFe,04, while in the 10% GO-
CoFe,04/PMS system, 82% of DBP degradation was attained. The
minimal DBP adsorption activity of all catalysts further demon-
strated that the removal of DBP was due to degradation rather
than adsorption (Figs. S5 and S6 in Supporting information). Ad-
ditionally, the pseudo-first-order kinetics (In(C/Cp)= —kt) could fit
the DBP degradation curves well. The rate constant (kpgp) in 5%GO-
CoFe,04/PMS, which was 0.060 min~! in Fig. 3b, was four times
more than that in CoFe,04/PMS, which was 0.015 min~!. More-
over, 5%G0O-CoFe,0,4 exhibited better mineralization of DBP than
CoFe;04 (12% vs. 37% of TOC removal) in activating PMS. The re-
sults indicated that the heterogeneous structure instead of the
physical mixing of GO and CoFe,0,4 led to the enhanced catalytic
function of GO-CoFe;04.

Successive experiments were conducted to assess the potential
for stability in the 5%G0O-CoFe,0,4/PMS catalytic system. As figuring
out in Fig. 3¢, 5%G0-CoFe,04 continued to exhibit high catalytic
activity in the sixth runs. A slight decline in DBP degradation effi-
ciency might cause the unavoidable reduction of catalytic sites dur-
ing recycling and cleaning. Then, ICP-OES analysis was used to look
at the metal leaching capabilities of catalysts. Less than 0.05 and
0.02mg/L of Co and Fe ions leaked after each cycle, respectively
(Fig. 3d). Only around 3% of DBP was lost as a result of leaching,
indicating the dominant role of heterogenous catalytic reaction on
5%GO0-CoFe,04. Therefore, it demonstrated excellent stability and
recyclability for DBP elimination during PMS activation.

Considering the optimal performance of 5%GO-CoFe;04 and its
great potential for practical use, these variable parameters, such
as catalyst dosage, initial DBP concentration, PMS concentration,
initial pH and temperature were analyzed. The results were dis-
played in Fig. 4. In Fig. 4a, when the catalyst dosage was raised
from 0.02 g/L to 0.2 g/L, DBP degradation was accelerated from 55%
to 93%. The apparent improvement in DBP removal might be ex-
plained by a greater dosage of 5%GO-CoFe,04, which could have
created more surface-active sites that assisted in PMS activation
and further led to the creation of more reactive ROS. While the
DBP degradation minor decreased as the catalyst dosage was in-
creased further, to 0.4g/L. This finding might primarily be ex-
plained by the fact that extra more catalyst particles would self-
bond to form aggregates, resulting in a less effective use of active
sites on catalyst surfaces [30].
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The concentration of contaminants, as an essential component
in the treatment of wastewater, had a significant influence on the
quantity and duration of PMS that were required. Evidently, rais-
ing the initial concentration of DBP slowed down its degradation,
as seen in Fig. 4b. As the DBP concentration rose from 1 pmol/L
to 4 umol/L, the DBP elimination in the 5%GO-CoFe,04/PMS sys-
tem fell from 97% to 70%. Higher initial concentrations caused less
efficient DBP breakdown because more DBP molecules competed
for the limited number of reactive species. Additionally, more pol-
lutant molecules would bind to the surface of catalysts that pre-
vented PMS from reacting with the redox-active centers of 5%GO-
CoFe,04. Therefore, an initial DBP concentration of 2 pmol/L was
used in our tests to provide appropriate DBP removal and to mimic
the trace level in real situations. Furthermore, PMS was an im-
portant source of ROSs (i.e., SO4°~, "OH, 10,) in the oxidation sys-
tem, also playing a key role in the 5%GO-CoFe,04/PMS system. DBP
removal rate increased from 65% to 98% with PMS concentration
ranging from 10 pmol/L to 100 pmol/L, as shown in Fig. 4c. The
more PMS participated in the catalytic reaction to form ROSs to
enhance the degradation of pollutants.

For the 5%GO-CoFe,04/PMS system, the effect of initial solu-
tion pH on DBP removal was identified. As can be observed from
Fig. 4d, DBP elimination significantly improved from 64% to 90%
at initial pH values varying from 5.0 to 7.0. The effectiveness of
DBP degradation decreased to 75% even though the solution pH
climbed further to 9.0. It is widely established that the catalyst sur-
face would become neutral, protonated, or deprotonated, respec-
tively, depending on whether the solution pH was near to, below,
or above the pHpzc [31]. The surface of 5%GO-CoFe,04 became
deprotonated and negatively charged at pH > 6.8 (pHpzc), which
made HSOs5~ less likely to bind to the surface of catalyst owing to
electrostatic repulsion. In addition, SO4'~ would react with OH~ to
generate ‘OH with relatively weak oxidative capacity, making the
inhibition of DBP removal. Whereas, the decreased removal effi-
cacy of DBP in acidic circumstances was considered to be caused
by the creation of an H-bond between H* and the O-O group
of HSOs~, which led to the comparatively high stability of the
oxidant [32].

The degradation efficiency of DBP with different amounts of hu-
mic acid (HA) or various anions in the 5%GO-CoFe;04/PMS system
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was investigated (Fig. S7 in Supporting information). Almost no
apparent inhibition on DBP removal efficiency could be observed
in the presence of HA with the concentrations in the range of 0-
10 mg/L. Besides, the common inorganic species (e.g., ClI~, HCO3~,
and NO3;~ ions) with different concentrations also exhibited a very
limited effect on DBP degradation. Herein, 5%GO-CoFe,0,4 could
be a promising heterogeneous catalyst in PMS activation for the
degradation of organic pollutants [33,34].

The PMS decomposition was detected in the 5%GO-
CoFe;04/PMS system, its change trend was consistent with
the DBP degradation (Fig. 5a). 91% of PMS was rapidly consumed
in the first 3 min, indicating that PMS molecules were rapidly
decomposed to generate large amounts of ROSs at this stage. PMS
could not be detected at the end of the catalytic reaction. The
reaction stoichiometric efficiency was further used to quantify the
utilization efficiency of PMS for DBP degradation, it was defined as
the ratio of the number of moles of DBP oxidized (A[DBP]/[DBP]g)
to the number of moles of PMS consumed (A[PMS]/[PMS]y) in
the presence of 5%GO-CoFe,04 [35]. As shown in Fig. 5b, PMS
utilization increased over reaction time (Ug s =0.63 to Uzg=0.87).
Besides, with the increase of initial DBP concentration, PMS
utilization showed an increasing trend. It was attributed to the
fact that the produced amount of ROSs far exceeded the required
amount of ROSs for DBP degradation in the initial stage of the
reaction, so more DBP molecules could consume the excess ROSs,
thereby improving the utilization of PMS. Unfortunately, increasing
the initial DBP concentration improved the utilization of PMS, but
decreased DBP removal rate. Additionally, we tried to reduce the
catalyst dosage to 0.02g/L, DBP degradation and PMS decompo-
sition were 53.1% and 70%, respectively (Fig. 5c). PMS utilization
remained around 0.7 (Fig. 5d). Apparently, although PMS was well
utilized when increasing DBP concentration or decreasing catalyst
dosage, DBP degradation was not satisfactory.

Considering the practical application, it is necessary to find a
reasonable method to improve the PMS utilization efficiency while
ensuring DBP degradation. In view of the above, a method, batch
delivery of catalyst, was carried out. 0.01¢g of catalyst was added
to the system at reaction times of 0, 3, and 6 min, and PMS and
DBP concentrations were determined. Such a dosing method made
PMS always maintain at the stage of rapid decomposition. There-
fore, PMS could sustainably generate ROSs to degrade DBP. DBP
degradation efficiency reached 80% within 10 min and 90% after
20min (Fig. 5e). On the other hand, PMS utilization was also main-
tained at a relatively high value (U;p=0.87) (Fig. 5f). This dos-
ing method not only saved the amount of catalyst and the reac-
tion time but also achieved the desired degradation efficiency of
substance.

DFT calculation was performed to investigate PMS adsorption
characteristics and the cleavage of O-O bond on the (311) plane
of CoFe,04 and GO-CoFe,Qy4, respectively. As shown in Fig. 6, the
atomic structures of a PMS molecule adsorbing on the surface of
CoFe,04 (311) (panel a) and GO-CoFe,04 (100) (panel b) were es-
tablished, respectively. As summarized in Table S3 (Supporting in-
formation), relative to a free PMS molecule without activation, the
0-0 bond length (lg-g) of PMS was considerably lengthened after
binding to catalysts. This implied an enhanced potential to break
0-0 bonds. The adsorption energy (E,4s(HSO5~)) of PMS on (311)
plane of GO-CoFe,04 was —3.14eV, which was higher than the
corresponding value for CoFe,04 (311) (E,qs(HSO5™)=-2.36eV),
respectively. Moreover, the results of the bard charge analysis
revealed that the PMS molecules and GO-CoFe,0, experienced
higher charge transfer (Q=0.16 |e|). The stronger binding affinity
and electron transferability indicated that the PMS bound on the
GO-CoFe,04 (311) was more active. It was in line with the con-
clusions of the experiments that GO-CoFe,04 possessed better cat-
alytic performance for PMS activation.
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Fig. 6. The optimized crystal models of PMS adsorption on the (311) surface of (a)
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represent Co, Fe, S, O, C and H atoms, respectively.

In general, the generation efficiency of ROSs during PMS ac-
tivation was mostly dictated by the catalysts’ capacity to trans-
port electrons. In order to highlight the synergy between GO and
CoFe,04 in GO-CoFe,04 activating PMS, the electrochemical anal-
ysis was conducted to measure the redox potential and charge
transfer ability in the of 0.5mol/L Na,SO4 solution mixing with
PMS. CV behaviors of CoFe,04 and GO-CoFe,04 were explored
with a three-electrode device (Fig. 7a). Clear reduction currents
were seen with the CoFe,04 or GO-CoFe,04 electrodes in the pres-
ence of PMS, proving that the reduction process took place on cat-
alyst surfaces in tandem with the breakdown of PMS. Furthermore,
GO-CoFe,0,4 demonstrated a greater current density and superior
reductive ability to CoFe,0,4 for coordinating the redox process. It
was proposed that GO-CoFe,0,4 potentially exhibited a more re-
liable redox circulation than pure CoFe,04, which made electron
transfer possible in PMS activation.

Besides, to comprehend the charge transfer kinetics at the
catalyst/solution interface, EIS plots of CoFe,04 and GO-CoFe;04
were recorded (Fig. 7b). Regarding to the EIS Nyquist plots, 5%GO-
CoFe,04 displayed the smallest semicircle diameter, which de-
noted the lowest charge transfer resistance. Accelerating the charge
transfer during the catalytic decomposition of PMS proved ad-
vantageous. CoFe,0,4 particles were dispersedly supported on GO
to achieve the loose structure, and at the same time, the abil-
ity of electron transfer about CoFe,0,4 particles was promoted
by GO [36]. Therefore, the advantages of GO loading to CoFe;0Qy,
which decreased CoFe,0,4’s intrinsic charge transfer impedance
and helped to improve the charge transport between GO-CoFe;0y4,
PMS, and DBP, were highlighted by the electrochemical results.

To examine the ROSs generated in the 5%GO-CoFe,04/PMS
system, quenching experiments were carried out (Fig. 8a). As
a scavenger for SO4"~ and ‘OH, methanol (MeOH) was utilized,
with rate constants of 2.5x 107 and 9.7 x 108L mol~! s~1, re-
spectively [37]. tert-Butyl alcohol (TBA), however, was thought
to be the unique radical screening agent to selectively quenching
*OH (5.6 x 10° L mol~! s=1) [38]. The addition of 100 mmol/L TBA
exhibited an obvious reduction of 42% on DBP degradation and the
kpgp value was decreased from 0.060 min~! to 0.016 min~! (Fig.
8b). It denoted that ‘OH existed and help to remove DBP in such
an oxidation system. A more noticeable negative impact on the
clearance of DBP was seen after overdosing MeOH, the removal
rate of DBP fell to 18%. The results had been validated that the
results had been validated that the radical oxidation pathway
(S04~ and "OH) played a leading part in the oxidation of DBP due
to almost complete suppression.

Besides, we employed superoxide dismutase (SOD, a typical
05"~ quenching molecule) to quench the potential O,"~ [39]. The
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negligible inhibition in degradation efficiency ruled out the in-
volvement of O,"~ in such a system. Additionally, after adding fur-
furyl alcohol (FFA, a classic 10, scavenger) [40], DBP degradation
was incredibly sluggish and 78% of DBP could be broken down. It
was hypothesized that 10, was generated and played a limited role
in 5%G0-CoFe,04/PMS. Therefore, these findings verified that the
degrading mechanism for DBP during the 5%GO-CoFe,0,4/PMS pro-
cess primarily involved SO4'~, *OH and '0,, with the former two
playing a major role.

To explicitly identify the relevant ROSs functioning in the
GO-CoFe,04/PMS catalytic process, in situ ESR studies were
also conducted. The lack of distinctive peaks in the DMPO and
PMS alone system, as shown in Fig. 8c, proved that no radical
could be formed in the absence of catalysts. As anticipated, the
CoFe,04/PMS/DMPO system revealed a set of characteristic peaks
indexed to DMPO-OH and DMPO-SO4 adducts, certificating the
production of ‘OH and SO4°~ radicals from the broken of per-
oxide O-O bond in PMS by CoFe,0,4 [41]. The three-line peaks
of the TEMP-'0, adducts were simultaneously visible in the
CoFe,04/PMS/TEMP system with equal intensities, demonstrating
the formation of 10, (Fig. 8d) [42]. Notably, the inclusion of 5%GO-
CoFe,04 greatly increased the relative intensity of the ESR signals,
indicating the formation of *OH, SO, and 0, was enhanced by
GO substrate in 5%GO-CoFe,04/PMS.

Moreover, LSV analysis in Fig. S8a (Supporting information) was
used to check the electron transfer pathway. The result demon-
strated that the current density upon PMS addition followed by
DBP addition showed negligible changes, which eliminated the oc-
currence of electron transfer pathways in the 5%GO-CoFe,0,4/PMS
system. The contribution of high-valence metal-oxo species for DBP
degradation in the 5%GO-CoFe,0,4/PMS system was also excluded
by insignificantly adverse effects of DMSO in quenching experi-
ment (Fig. S8b in Supporting information).

To gain knowledge about the catalytic process of 5%GO-
CoFe,04/PMS, the XPS spectra was employed. Significant alter-
ations were seen through comparing the XPS spectra of fresh and
used 5%GO-CoFe,04 samples. It was possible to deconvolute Co 2p
into two peaks with binding energies (B.E.) of 780.9 and 778.6¢eV,
corresponding to Co" and Co", respectively [43]. After oxidation,
the content of Co' increased from 46% to 52%, while the pro-
portion of Co decreased by 6% (Fig. 9a). The peaks at higher
B.E. (712.4eV) in Fig. 9b were attributed to Fe', while lower B.E.
(710.2 eV) were associated to Fell [44]. 54% and 46% of the total Fe
was represented by the relative ratios of Fell and Felll, respectively.
After reaction, the relative ratio of Fe!' dropped slightly, from 54%
to 52%, correspondingly, Fe!' changed from 46% to 48%. The find-
ings showed that the redox pairs of Co!l/Co™ and Fel!l/Fe! played a
role in the catalytic cycle, and aided in the conversion of charges
to produce ROSs during PMS activation.

The O 1s spectra (Fig. 9¢c) was divided into three distinct peaks,
which corresponded to H,0 at ~532.9 eV, adsorbed oxygen species
(044s) at ~531.1eV and lattice oxygen species (Oj,) at ~529.7eV,
respectively [45]. The quantity of Oy,; was found to have decreased
by 7% following the catalytic process, demonstrating that lattice
oxygen was used during the catalytic reaction that went along with
the redox of metal ions. Accordingly, the percentage of 0,4 rose
from 37% to 50%, showing that certain 0,4, might change into Oy
by obtaining electrons from the system in conjunction with the ox-
idation of Co!! and Fell. Additionally, the role of dissolved O, was
also be confirmed. As shown in Fig. S9 (Supporting information),
the DBP degradation under N, condition almost equaled the one
observed without gas introduction. Furthermore, there was also no
visible discrepancy on ESR signal of TEMP-10, under air and N, at-
mosphere. Therefore, it indicated the dissolved O, in the water did
not contribute significantly to the oxidation of DBP and the gener-
ation of 10, in this system.
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Furthermore, C-C/C=C, C-0, C=0, and 0-C=0 bonds were
identified as the fitting peaks at 284.5, 286.2, 288.2, and 289.5¢eV,
respectively (Fig. 9d) [46]. After catalysis, it was discovered that
the relative ratio of C=0 in 5%G0O-CoFe,04 dropped from 14% to
9%. The study came to the conclusion that C=0 took part in the
catalytic reaction, and that the newly created SO4°~ and ‘OH were
also capable of reducing the amount of C=0 in 5%GO-CoFe;04
through the radical oxidation process.

Based upon the aforementioned results, possible PMS activation
pathways using GO-CoFe,04 were postulated and schematically
displayed in Fig. 10. DBP degradation was facilitated by both radi-
cal and non-radical routes in the GO-CoFe,04/PMS system. HSO5~
and Co''/Fe" on the surface of catalyst reacted to form SO,
which then oxidized the Co'l/Fe!! to Co'l'/Fe" (Eq. 1). Simultane-
ously, Co'l/Fe! reacted with HSO5~ to produce SO5"~ (Eq. 2), Ad-
ditionally, H,O or OH~ could partially react with SO4°~ to gener-
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ate "OH in part (Eq. 3). 10, was created via the interaction be-
tween H,0 and SOs'~ or the compound of SO5*~ (Eqs. 4 and 5).
During the GO-CoFe,04/PMS process, the redox cycles of Felll/Fell
and Co'/Co"" improved the transport of electrons and the pro-
duction of various ROSs. In the meantime, the plenty of oxygen-
containing groups on the surface of GO, such as C=0 groups, were
electron-rich and hence had a significant potential to coordinate a
redox process [47,48]. Additionally, free-flowing electrons from sp?
hybridized carbon network with unpaired electrons promoted the
formation of ROSs [49]. Finally, the DBP molecules were quickly
broken down by the producing ROSs into minor organic interme-
diates or even CO, and H,0 (Eq. 6).

Co"/Fe!l + HSO; — Co''/Fe! + SO;~ + OH (1
Co'l/Fe! + HSO; — Co'l/Fe!l +SO2™ + H* (2)
SO; + H,0 — SO3™ +*OH (3)
250%™ + H,0 — 2HSO;™ + 1.5'0, (4)
SO~ +50%" — 2505~ +'0, (5)
SO;”/OH/'0, + DBP — intermediates + CO, + H,0 (6)

In conclusion, a series of GO-CoFe,04 catalysts with various GO
loading levels were prepared. They showed enhanced catalytic ac-
tivity compared to pure CoFe,04 in activating PMS for DBP degra-
dation. The excellent removal effectiveness of DBP was achieved
under the optimal conditions of 0.1 g/L 5%GO-CoFe;04, 20 pmol/L
PMS, 2 pmol/L of DBP at an initial pH of 7.0, where the attained
degradation of DBP was 90%. 5%GO-CoFe,04 demonstrated a sig-
nificant increase in catalytic function with the kpgp value of 0.060
min~!, which was almost three times greater than that of CoFe,0,
(kpgp =0.015 min~!). Moreover, recyclability tests revealed that
GO-CoFe,04 was stable and reusable. The PMS utilization efficiency
was significantly improved by the batch dosing of catalysts. Elec-
trons cycling between Co''/Co and Fe!l/Fe!l led to the cleavage
of PMS to produce SO, and ‘OH and '0,, which attacked DBP
molecules to degrade into tiny molecular species and then fur-
ther mineralized into CO, and H,O. The synergistic function be-
tween CoFe,04 and GO led to effective PMS activation and in-
creased SO4~ and "OH generation.
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