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H I G H L I G H T S

• CoxFe3−xO4 catalysts are synthesized
via a series of CoωFe3−ω-MOFs sacri-
ficial template.

• Mesopore significantly affected the
Oxone activation performance to
eliminate bisphenol A.

• B-site cobalt in mixed spinel
CoxFe3−xO4 was evidenced to trigger
the catalytic process.
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A B S T R A C T

We report a facile process to fabricate porous CoxFe3−xO4 catalysts by using a metal organic framework (MOFs)
sacrificial template for bisphenol A (BPA) degradation through Oxone activation. The results demonstrated a
significantly enhanced catalytic performance with increasing content of cobalt in the catalyst, which peaked at
x=1.51. Further increase in the cobalt content of catalysts exhibited negative effects on the catalytic perfor-
mance due to the increased cobalt-rich phase with insufficient Fe. The effects of various conditions were eval-
uated, circa 0.13 (0.20) min−1 of the catalytic rate could be attained in deionized water (reaction condition:
[BPA]= 60 μM, [Oxone concentration]= 0.6mM, [catalyst dosage]=0.1 (0.3) g L−1, [temperature]= 25 °C,
and [initial pH]=10.2 (6.5)). The radical SO4

%− was demonstrated to be a major contributor to the catalytic
process, as well as HO%. More importantly, the catalysts exhibited desirable BPA degradation efficiencies in
various water matrices. Simple thermal treatment at 450 °C in open air significantly regenerated the spent
catalyst. B-site cobalt in catalysts was proved to play an important role in activating Oxone in the proposed
mechanism.

https://doi.org/10.1016/j.cej.2018.11.187
Received 11 August 2018; Received in revised form 6 November 2018; Accepted 23 November 2018

⁎ Corresponding authors.
E-mail addresses: yangshengjiong@xauat.edu.cn (S. Yang), pkjin@xauat.edu.cn (P. Jin).

Chemical Engineering Journal 359 (2019) 552–563

Available online 24 November 2018
1385-8947/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2018.11.187
https://doi.org/10.1016/j.cej.2018.11.187
mailto:yangshengjiong@xauat.edu.cn
mailto:pkjin@xauat.edu.cn
https://doi.org/10.1016/j.cej.2018.11.187
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2018.11.187&domain=pdf


1. Introduction

Bisphenol A (BPA: 2,2-bis(4-hydroxyphenyl)propane), an endocrine
disrupt compound (EDC), is widely used for the manufacture of plastics-
related products [1]. It has been asserted that the accumulation of BPA
in human bodies would evoke the detriment of genital organs through
various exposures, including food-chain and skin-contact [2]. There-
fore, the removal of BPA in the water environment is a compelling
challenge to human health, and broad categories of methods were
employed for BPA removal, including extraction [3], adsorption [4],
and photodegradation [5], among others. However, those methods
usually suffered from several disadvantages, such as low efficiency,
secondary pollution, complicated operation, etc [6]. More effective
process for BPA removal is highly desired.

In the past years, sulfate radical (SO4
%−) based advanced oxidation

processes (SR-AOPs) attracted tremendous attention in degrading var-
ious organic compounds due to its higher standard reduction potential
(2.5–3.1 V) than hydroxyl radicals (HO%:1.8–2.7 V) [7,8]. Extensive
studies demonstrate that SO4

%− could be generated by activating per-
oxymonosulfate (PMS) and peroxydisulfate (PS) through diverse path-
ways, such as ultraviolet light [9], heat [10], transition metal [11], and
so on. Among these processes, transition metals exhibited better per-
formance in generating SO4

%− from PS and PMS to degrade organic
compounds in aqueous solution because extra energy was unnecessary
for this process, rendering it more convenient than the other methods
[12–14]. More importantly, cobalt-based catalysts were deemed as
promising candidates to activate PMS [15–17]. Therefore, a number of
attempts were conducted to synthesize Co-containing catalysts, such as
sol-gel [18], co-precipitation [19], thermal decomposition [20], among
others. One thing that should be underlined is that higher specific
surface area and well-developed mesoporous structure of Co-containing
catalysts usually exhibited positive effects on enhancing the catalytic
performance by increasing the mass transfer efficiency that provided a
higher chance of contact between catalysts and PS/PMS. However,
none of the above mentioned methods was capable of fabricating the
expecting catalysts. Therefore, it is attractive and necessary to find a
facile strategy to obtain Co-containing catalysts with high surface area
and desired mesoporous structure. Metal organic frameworks (MOFs),
an intriguing type of crystalline materials, have been widely used in
diverse applications such as gas storage [21,22], separation [22,23],
battery [24,25], drug delivery [26,27], among others because of its
unique physicochemical properties. MOFs always exhibited several
superiorities, including large internal surface area and high pore vo-
lumes, when comparing with conventional molecular sieves and carbon
materials. This phenomenon indicated the feasibility that cobalt-based
MOFs could be used as a sacrificial precursor to synthesize cobalt-
containing catalyst with desirable porous structure and significant BET
specific surface area. The existing studies reported that Co-MOF-74
derived Co3O4 exhibited higher performance when being used as an
anode material in ion batteries [28], and bimetallic Cu-Co catalyst
derived from MOFs significantly facilitated the furfuryl conversion
[29]. In addition, our previous study also proved that Fex0Fe3−x

IIC
obtained from Fe-based MOF exhibited extraordinary hexavalent
chromium adsorption capacity [30]. Based on these previous studies,
high-performance Co-containing catalyst could possibly be synthesized
by using Co-based MOFs.

Herein, we report a facile strategy to fabricate porous CoxFe3−xO4

(with tunable cobalt content) catalysts by using CoωFe3−ω-MOFs (ω/
3−ω represented the molar ratio of Co and Fe in MOFs) as sacrificial
template. The physicochemical properties of the fabricated catalysts
were characterized by various techniques. The possible structural for-
mula and cation distribution of the catalysts obtained were evaluated
by 57Fe Mössbauer spectrometer. The catalysts were further coupled
with Oxone for BPA degradation. The influencing factors such as initial
pH, Oxone concentration, catalyst dosage, as well as the stability and
reusability of catalysts were evaluated. The feasibility in various water

matrices and the effect of anions were investigated. Furthermore, the
possible mechanism was proposed.

2. Materials and methods

2.1. Chemical reagents

The spin-trapping reagent, 5-tert-Butoxycarbonyl-5-methyl-1-pyr-
roline-N-oxide (BMPO) and 5,5-di-methyl-l-pyrrolidine N-oxide
(DMPO), were purchased from Dojindo Molecular Technologies, Inc.
(Japan) and Shanghai Macklin Biochemical Co., Ltd (China), respec-
tively. 1,4-dicarboxybenzene (terephthalic acid: TPA), cobalt (II) ni-
trate hexahydrate (Co(NO3)2·6H2O), iron acetylacetonate (Fe(acac)3),
tert-butanol, and peroxymonosulfate (available as Oxone:
2KHSO5∙KHSO4∙K2SO4) were supplied by Shanghai Macklin
Biochemical Co., Ltd, China. N,N-dimethylformamide, methanol, and
ethanol were supplied by Thermo Fisher Scientific Inc. USA.

2.2. Synthesis of MOFs and porous catalysts

CoωFe3−ω-MOFs were prepared through a hydrothermal reaction.
Typically, Fe(acac)3 (1mM), different amount of Co(No3)2·6H2O and
TPA (1.67mM) were dissolved in solution which consisted of N,N-di-
methylformamide (25mL) and ethanol (15mL) under rigorous stirring.
After a homogeneous mixture was obtained, the mixed solution was
then moved into a Teflon stainless autoclave and aged for 12 h at
120 °C. Afterward, the solid was collected via centrifugation and wa-
shed with ethanol for three times to remove the residual reactant. Then,
CoωFe3−ω-MOFs (ω=0.5, 1.25, 1.75, and 2.25) could be obtained
after the cleaned solid was dried in an oven at 85 °C for 2 h. Finally,
porous catalysts were further obtained by calcining CoωFe3−ω-MOFs at
450 °C for 1 h with a temperature ramp of 2 °Cmin−1. In addition, Fe-
MOFs were synthesized by the same procedure in the absence of Co
(No3)2·6H2O. Similarly, Co-MOFs were synthesized in the absence of Fe
(acac)3 with the same cobalt content as that of Co2.25Fe0.75-MOFs.

2.3. Characterization

The morphological and textual properties of the CoωFe3−ω-MOFs
and catalysts were investigated using field emission scanning electron
microscopy (FESEM, Quanta FEG, 250 and Zeiss, Gemini SEM, 500).
The X-ray diffraction patterns (XRD) of those CoωFe3−ω-MOFs and
derived catalysts were analyzed on a Rigaku Ultimate IV diffractometer
at room temperature to determine the mineralogical identities and
structures (Cu Kα, 10–80°, 0.02°/step, 0.06 s/step). BET surface area
and pore information were obtained through an automatic volumetric
sorption apparatus (V-sorb 2800P). The X-ray photoelectron spectra
(XPS) of catalysts before and after catalytic were obtained by Thermo
Fisher K-Alpha X-ray photoelectron spectroscope. The elemental in-
formation of the fabricated catalysts (after throughout digestion) was
measured through a Varian 720 inductively coupled plasma optical
emission spectrometer (ICP-OES). Bruker EMXmicro-6/1 electron
paramagnetic resonance spectrometer (EPR) were employed to evi-
dence the involved radical intermediates at room temperature. The 57Fe
Mössbauer measurements were carried out on a commercial spectro-
meter in the mode of constant acceleration (Wissel, Germany). The
source was Co-57 in rhodium matrix 25mCi in activity.

2.4. Catalytic degradation experiments

The degradation kinetics, the influence of initial pH (pH0), catalysts
dosage, Oxone concentration, as well as its stability and reusability
were determined in batch experiments. All the catalytic performance of
the catalysts was evaluated in 150mL vessel at room temperature
(25 ± 1 °C) in a thermostat. Unless otherwise specified, all the tests
were examined at an initial pH (pH0) of 6.5 in deionized water.
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Typically, 10 mg catalyst was added to 100mL BPA solution
(60 μM). To establish the adsorption-desorption equilibrium, the cata-
lysts was ultrasonically dispersed for 1min. Then, a known volume of
Oxone stock solution was added. At predetermined time intervals, 1 mL
sample was obtained and mixed with 0.5 mL methanol immediately to
quench the reactive radicals. The spent catalysts were collected using a
magnet after the reaction.

The concentration of BPA was measured with an ultra-high-perfor-
mance liquid chromatography (UHPLC, Thermofisher, Ultimate3000,
USA). The BPA quantification wavelength was set at 278 nm. The mo-
bile phase was created by mixing acetonitrile with equal volume of
ultra-pure water, and the flow rate was set at 0.2mLmin−1.

The reaction rate of the catalytic degradation (k) were obtained by
fitting the first-order kinetic model which can be described by the fol-
lowing equation:

⎜ ⎟
⎛
⎝

⎞
⎠

= −C
C

ktln t

0 (1)

where C0 (mM) is the initial concentration of BPA, and Ct (mM) is the
BPA concentration at time t (min).

3. Results and discussion

3.1. Characterization of CoωFe3−ω-MOFs and derived CoxFe3−xO4

catalysts

The morphological structure of the prepared CoωFe3−ω-MOFs are
demonstrated in Fig. 1, which shows a distinctive rod-like shape, in-
dicating that Fe3+ successfully reacted as a central ion and linked with
terephthalic acid/acetylacetonate-group during the hydrothermal pro-
cess to form MOFs. It also shows that the morphological structure of the
CoωFe3−ω-MOFs changed with the increase of Co content, indicating
that Co also worked as the central ion in ligand field and can affect the
morphological structure of CoωFe3−ω-MOFs. When ω increased to 2.25,
the morphological structure of CoωFe3−ω-MOFs was largely disturbed
by the Co content that certain spherical particles could be widely ob-
served (Fig. 1d). These spherical particles were further evaluated by
element mapping (Fig. S1). The results demonstrated that the spherical
particles mainly consisted of Co and O with few Fe and C, indicating
that excess cobalt could not be completely positioned in the crystal
lattice of CoωFe3−ω-MOFs, rendering an entirely new phase. On the
other hand, Fe and Co could hardly be observed on the surface of
CoωFe3−ω-MOFs (evidenced by element mapping in Fig. 1), further
indicating that Fe and Co were positioned as the central ions in the
lattice structure of those CoωFe3−ω-MOFs, rather than attached to the
surface of CoωFe3−ω-MOFs. The XRD patterns of the CoωFe3−ω-MOFs
was also carried out. As shown in Fig. S2, the phase and crystallinity of

Fig. 1. Morphological structure and elemental distribution of CoωFe3−ω-MOFs: (a) ω=0.5, (b) ω=1.25, (c) ω=1.75, and (d) ω=2.25.
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the CoωFe3−ω-MOFs is similar at the ω values of 0.5, 1.25, and 1.75.
Briefly, the diffraction peaks of CoωFe3−ω-MOFs (ω=0.5, 1.25, and
1.75) occurred at 9.04, 10.16, 11.26, 16.32, 18.22, and 20.78°. How-
ever, the phase of the Co2.25Fe0.75-MOFs is largely changed with the
diffraction peaks occurring at 8.84, 10.92, 14.60, 15.78, 17.8, 28.78,
30.74, 33.1, 35.4, 37.42 and 45.20°, indicating a significant variation of
the carbonaceous crystal structure. These results further corroborated
the findings from the SEM image that spherical particles were formed
by excess cobalt. As is known, MIL-100/MIL-101 can be synthesized
through a similar procedure with current research by using terephthalic
acid and FeIII [31]. However, their XRD pattern is significantly different
from that of the CoωFe3−ω-MOFs, which is possibly caused by the
acetylacetonate-group organic linker.

Thermogravimetric analysis was employed in open air to (1) eval-
uate the mass loss of CoωFe3−ω-MOFs and (2) confirm the temperature
for the formation of the expecting metal oxide catalysts during the
pyrolysis process. As shown in Fig. 2a, the pyrolysis process was divided
into two stages. At temperatures< 318 °C, the slight weight loss was
ascribed to the evaporation of the crystalline/coordinated water and
adsorbed organic solution. Consecutively, the analysis further mani-
fested that significant pyrolysis of the CoωFe3−ω-MOFs occurred at
318–356 °C, and finished at 389–455 °C. It can be underlined that the
pyrolysis temperature range of CoωFe3−ω-MOFs varied with different
ω. Briefly, the pyrolysis process of CoωFe3−ω-MOFs occurred at 356,
355, 343, and 318 °C, corresponding to the ω values of 0.5, 1.25, 1.75,
and 2.25, respectively. Moreover, the pyrolysis process usually started
at a lower temperature at higher cobalt content in MOFs (Fig. S3a). On
the contrary, the completion of the pyrolysis process occurred at 455,
399, 401, and 389 °C corresponding to the ω value of 0.5, 1.25, 1.75,
and 2.25, respectively (Fig. S3b). It can be seen that the pyrolysis of
Co0.5Fe2.5-MOFs lasted for a long temperature range, possibly due to the
highest organic content in Co0.5Fe2.5-MOFs. Finally, the residual weight
of the CoωFe3−ω-MOFs were 30.4% (ω=0.5), 35.39% (ω=1.25),
41.1% (ω=1.75), and 50.8% (ω=2.25) after 500 °C, indicating that
ferric cobalt oxide is successfully formed, detailed discussions of which
are provided below with the XRD analysis results. The differential
scanning calorimetry (DSC) analysis (inset in Fig. 2a) demonstrates that
the pyrolysis of CoωFe3−ω-MOFs is an exothermic process, which is not

surprising considering the burning of the organic content. Furthermore,
it should be noted that the maximum exothermic status during the
pyrolysis of CoωFe3−ω-MOFs occurred at 370 °C (ω=1.25 and 1.75),
and 361 °C (ω=2.25), indicating that another phase was formed at
lower temperatures.

XRD patterns were further recorded to evaluate the crystallinity and
phase of the fabricated catalysts (generally defined as MOFs-derived
catalysts: MDCs), which is shown in Fig. 2b. The figure demonstrates
obvious changes in the crystallographic structure and phase purity of
the fabricated MDCs with varying cobalt content. Generally, the main
content can be identified as CoFe2O4 (JCPDS#22-1086), Co3O4

(JCPDS#42-1467), and Fe2O3 (JCPDS#25-1402). Subsequently, the
structural formulae of the obtained catalysts were confirmed by ICP
analysis after thorough digestion. The structural formulae of the ob-
tained catalysts (generally defined as CoxFe3−xO4 MDCs) were identi-
fied to be Co0.46Fe2.54O4, Co1.12Fe1.88O4, Co1.51Fe1.49O4, and
Co1.79Fe1.21O4, corresponding to the ω values of 0.5, 1.25, 1.75, and
2.25 in CoωFe3−ω-MOFs, respectively. These structural formulae fur-
ther indicated that cobalt in the reactant did not fully react with organic
linkers during the CoωFe3−ω-MOFs synthesis, possibly due to the
competing effects of CoII and FeIII to be the central cation. The XRD
analysis further demonstrated that, for Co0.46Fe2.54O4 MDC, the dif-
fraction peaks occurring at 18.29, 30.08, 35.44, 43.06, 53.45, 56.97,
62.59, and 74.01°, corresponded to the Bragg planes of (1 1 1), (2 2 0),
(3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0) and (5 3 3) of CoFe2O4

(JCPDS#22-1086). Conversely, the diffraction peaks occurring at
24.14, 33.16 and 54.09° indicated the Bragg planes of (0 1 2), (1 0 4),
and (1 1 6) of γ-Fe2O3 (JCPDS#25-1402). For Co1.12Fe1.88O4 MDC, the
diffraction peaks were utterly identical to spinel CoFe2O4 (JCPDS#22-
1086). The diffraction peaks with comparatively low intensity occur-
ring at 44.81, 59.36, and 65.24° manifested the Bragg plane of (4 0 0),
(5 1 1), and (4 4 0) of Co3O4 (JCPDS#42-1467), respectively. The in-
crease of Co content reflected in an increase in the characteristic peaks
of Co3O4 (JCPDS#42-1467). In both Co1.51Fe1.49O4 and Co1.79Fe1.21O4

MDC, the diffraction peaks positioned at 19.00, 31.27, 36.85, 44.81,
59.36, and 65.24° with high intensities demonstrated the Bragg plane of
(1 1 1), (2 2 0), (3 1 1), (4 0 0), (5 1 1), and (4 4 0) of Co3O4 (JCPDS#42-
1467) besides the characteristic peaks of CoFe2O4 (JCPDS#22-1086).

Fig. 2. (a) TG and DSC analysis of CoωFe3−ω-MOFs, (b) XRD pattern of CoxFe3−xO4 MDCs with different Co content, and (c) M−H curves of Co0.5Fe2.5-MOFs and
CoxFe3−xO4 MDCs.
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Generally, the primary phase of CoxFe3−xO4 MDC is CoFe2O4 (ferric-
rich phase: JCPDS#22-1086), and a secondary phase of Co3O4 (cobalt-
rich phase: JCPDS#42-1467) is formed by the excess Co content [32],
possibly implying their different catalytic performance. This result
substantiates the findings of the DSC analysis that another crystal phase
was formed during the MOFs pyrolysis.

The ferromagnetic behavior of the CoωFe3−ω-MOFs and
CoxFe3−xO4 MDCs were subsequently evaluated via hysteresis loops at
room temperature (Fig. 2c). As seen, ferromagnetism cannot be found
in all the CoωFe3−ω-MOFs samples, indicating that cobalt ferrite was
absent in CoωFe3−ω-MOFs. However, all the CoxFe3-xO4 MDCs exhibited
desirable room temperature ferromagnetism, the detailed magnetic
parameters are listed in Table 1. The saturation magnetization of
Co0.46Fe2.54O4, Co1.12Fe1.88O4, Co1.51Fe1.49O4, and Co1.79Fe1.21O4 MDC
were 45.8, 34.7, 26.5 and 18.3 emu/g, respectively. The squareness
ratio (SQR) calculated from Mr/Ms usually measures how square is the
hysteresis loop, and it should be as large as possible. The SQR value of
those MDCs is ranged between 0.24 and 0.39, indicating that all the
MDCs can be seen as soft-magnetic material. Therefore, the CoxFe3-xO4

MDCs can be conveniently separated from solution by external mag-
netic field. Notably, the results also manifest that the saturation mag-
netization of the CoxFe3-xO4 MDCs negatively correlated with the in-
crease of cobalt content of the MDCs, indicating that the ferromagnetic
behavior of MDCs is mainly supplied by the ferric oxide.

The FE-SEM images of the fabricated catalysts are shown in Fig. 3.
The deflated morphological structures of the fabricated catalysts can be

observed, which is in accordance with the expectation considering the
fact of the pyrolysis of organic linkers in CoωFe3−ω-MOFs [33]. TEM
images (Fig. S4) showed that the CoωFe3−ω-MOFs were of a dense
structure (inset in Fig. S4). However, it can be observed that the ob-
tained catalysts (pyrolyzed MOFs) were composed of a tremendous
number of nanoparticles, indicating that the MOFs were transformed
into metal oxides after pyrolysis. Furthermore, significant morpholo-
gical differences in the fabricated catalysts are also demonstrated,
whereby the morphology became increasingly uniform with increasing
Co doping amount. However, the FE-SEM image of Co1.79Fe1.21O4 MDC
shows that the spherical particles still coexisted with the rod-like cat-
alysts, which agrees with the morphological observation of Co2.25Fe0.75-
MOFs. The EDS analysis and element mapping of those obtained
CoxFe3−xO4 MDCs are shown in Fig. S5. Unlike the CoωFe3−ω-MOFs, a
uniform distribution of Co and Fe could be observed on the surface of
the CoxFe3−xO4 MDCs, further supporting the results of XRD and DSC
analyses that the residual solids consisted of Co/Fe oxide.

Under normal condition, ferrite, crystallized in a spinel structure in
the space group Fd m3̄ (2 2 7) with a general formula of AIIB2

IIIO4. For
CoFe2O4, the anions are arranged in a fcc lattice with the octahedral (B)
sites occupied by trivalent metal and the tetrahedral (A) sites are oc-
cupied by divalent metal, which is exhibited in Fig. S6. In inverse
spinel, the occupancy is inverted, and all the tetrahedral sites are oc-
cupied by trivalent metals whilst the octahedral sites were occupied by
both divalent and trivalent metals.

However, CoFe2O4 usually exhibits a mixed structure between

Table 1
Magnetic Parameters of synthesized MOFs and derived MDCs.

Sample Hc (G) Ms (emu/g) Mr (emu/g) SQR (Mr/Ms)

CoωFe3−ω-MOFs 0.6E−4 ± 0.2E−5 0.15 ± 0.014 0.006 ± 0.3E−3 0.04 ± 0.2E−3
Co0.46Fe2.54O4 MDC 1420 45.8 17.8 0.39
Co1.12Fe1.88O4 MDC 761 34.7 9.7 0.28
Co1.51Fe1.49O4 MDC 676 26.5 7.1 0.27
Co1.79Fe1.21O4 MDC 555 18.3 4.4 0.24

Fig. 3. Morphological and elemental distribution of CoxFe3−xO4 MDCs: (a) x=0.46, (b) x= 1.12, (c) x= 1.51, and (d) 1.79.
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normal and inverse spinel, which can be defined as
− −Co Fe Co Fe O( )η η η η1 2 4 with 0≤ η≤ 1 (η=0 indicating a spinel and

η=1 indicating an inverse spinel structure). For η > 1, the cation
distribution cannot be described by this equation because the additional
cobalt would substitute for Fe in the B-site [34].

The 57Fe Mössbauer spectroscopy is used to determine the dis-
tribution and oxidation status of Fe element in CoxFe3−xO4 MDCs
(x=0.46, 1.12, 1.51, and 1.79), which is shown in Table 2. The op-
timum fitting of the spectrum resulted from considering two set of
sextet patterns, which can be attributed to A-site and B-site Fe species,
respectively (Fig. 4). As seen, those quadrupole shifts (QS) of A- and B-
sites are close to zero for all MDCs, indicating the cubic spinel ferrites
[35]. Those isomer shifts (IS)< 0.5 mm/s are too small to be ascribed
to the presence of FeII, which further typically demonstrates the FeIII

cations distribution in A- and B- site in the mixed spinel structure [32].
In addition, the hyperfine magnetic fields (MF) slightly decreased with
the increase of cobalt substitution, possibly due to the replacement of
magnetic Fe by the diamagnetic nature of Co [36].

According to the Fe distribution and total Fe in each MDC, the
possible structural formula of the obtained CoxFe3−xO4 MDCs can be
calculated as Co0.05Fe0.95[Co0.41Fe1.59]O4, Co0.41Fe0.59[Co0.71Fe1.19]O4,
Co0.53Fe0.47[Co0.98Fe1.02]O4, and Co0.63Fe0.37[Co1.15Fe0.85]O4, corre-
sponding to CoxFe3−xO4 with x= 0.46, 1.12, 1.51, and 1.79,

respectively, which is similar to existing results [37].
The N2 adsorption/desorption isotherm of the synthesized catalysts

show some type-III isotherms (Fig. 5). As seen, the hysteresis occurred
at P/P0=0.5 in Co0.46Fe2.54O4, Co1.12Fe1.88O4, and Co1.51Fe1.49O4

MDC, indicating the existence of mesopores. However, the hysteresis
occurred at P/P0= 0.7 for Co1.79Fe1.21O4 MDC, possibly indicating a
significant decrease of mesopore compared with other MDCs. The BET
surface area (and pore volume) of 56.4 (0.53), 61.2 (0.57), 60.5 (0.62),
and 56.3m2 g−1 (0.71 cm3 g−1) were measured corresponding to
Co0.46Fe2.54O4, Co1.12Fe1.88O4, Co1.51Fe1.49O4, and Co1.79Fe1.21O4 MDC,
respectively. Those inset images in Fig. 5 further manifested that most
of the BET specific surface area/pore volume in CoxFe3−x MDCs were
mainly supplied by mesopore and macropore. It also should be noted
that the pore volume of Co1.79Fe1.21O4 MDC is larger than that of the
other CoxFe3−x MDCs. This difference might be caused by the stacking
of those particles on the surface of the catalysts [38] as evidenced by
the SEM image (Fig. 3d).

3.2. Catalytic performance

3.2.1. BPA degradation by MDC/Oxone
The catalytic performances of the CoxFe3−xO4 MDC were studied by

coupling with Oxone for the degradation of BPA, which is shown in

Table 2
Room temperature 57Fe Mössbauer parameters of CoxFe3−xO4 MDCs.

Sample Tetrahedral (A) site Octahedral (B) site

IS(mms−1) MF(T) QS(mms−1) R (%) IS MF QS R

x=0.46 0.33 49.23 −0.02 36.80 0.46 44.80 −0.14 63.20
x= 1.12 0.30 48.50 −0.02 32.88 0.42 44.74 −0.05 67.12
x= 1.51 0.29 48.16 −0.03 31.78 0.42 44.62 −0.01 68.22
x= 1.79 0.28 47.97 −0.03 30.30 0.41 45.04 0.03 69.70

Fig. 4. Room temperature Mössbauer spectra of CoxFe3−xO4 MDCs: (a) x=0.46, (b) x=1.12, (c) x=1.51, and (d) x=1.79.
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Fig. 5. The N2 adsorption/desorption isotherm and BET surface area and pore volume distribution on pore diameter of CoxFe3−xO4 MDCs: (a) x=0.46, (b) x=1.12,
(c) x= 1.51, and (d) x= 1.79.

Fig. 6. BPA degradation: (a) general performance under different MDC/oxone system (general reaction condition: [BPA]=60 μM, [oxone concentration]= 0.6mM,
[catalyst dosage]= 0.1 g L−1 (except for only Oxone), [temperature]= 25 °C, and [pH0]=6.5; (b) pH0 effect ([pH0]= 4.0, 6.5, and 10.2), inset: pH variation after
oxone addition; (c) catalyst dosage effect ([catalyst dosage]= 0.05, 0.1, 0.15, and 0.3 g L−1); (d) Oxone concentration effect ([Oxone concentration]= 0.12, 0.3,
0.6, 1.2, 2.1, and 3.0 mM).
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Fig. 6a. It can be seen that less than 3% of BPA was degraded by Oxone
only in solution, demonstrating the negligible degradability by Oxone
without MDC. However, the catalytic capacity was significantly en-
hanced when Oxone and CoxFe3−xO4 MDCs were present simulta-
neously in BPA solution. The results also manifested that the catalytic
capability of different CoxFe3−xO4 MDCs was significantly different.
Briefly, the catalytic capability of Co0.46Fe2.54O4, Co1.12Fe1.88O4, and
Co1.51Fe1.49O4 MDC was consecutively increased with the degradation
efficiency of 78.2%, 94.1%, and 97.6%, respectively, indicating that
higher cobalt content in catalyst is positively correlated with better
catalytic capability considering their similar BET surface area and pore
volume. However, catalytic capability sharply decreased when
Co1.79Fe1.21O4 MDC was used, whereby 89.6% of BPA was degraded.

As discussed in the XRD analysis results, the phase of Co1.79Fe1.21O4

MDC was largely different from the other MDCs, possibly caused the
decrease of catalytic capability. To clarify the process, monophasic
Co0.46Fe2.54O4, Co1.12Fe1.88O4, Co1.51Fe1.49O4, and Co1.79Fe1.21O4 na-
noparticles (NPs) were synthesized (XRD patterns are shown in Fig. S7)
to degrade BPA under the same reaction conditions. The results illu-
strated that the catalytic capability of CoxFe3−xO4 NPs are generally
lower than the corresponding MDCs (Fig. S8), indicating the superiority
of the Co/Fe MOFs derived catalysts. However, the reaction rate gra-
dually increased with the increase of cobalt content in the CoxFe3−xO4

NPs when NPs were used as catalysts. No decrease in the catalytic
capability of Co1.79Fe1.21O4 NPs was observed. This observation proved
that the cobalt content in monophasic CoxFe3−xO4 NPs is always po-
sitively correlated with the catalytic performance.

Furthermore, Fe-MOFs and Co-MOFs derived catalysts were syn-
thesized for BPA degradation under the same conditions. The results
showed that only 4% of BPA could be degraded by the Fe-MOFs derived
catalyst (γ-Fe2O3), whereas 72% of BPA was degraded by the Co-MOFs
derived catalyst (Co3O4), which is largely lower than that by
Co1.79Fe1.21O4 MDC. This result implied that Fe2O3 could not effectively
activate Oxone. More importantly, it further proved that cobalt ferrite
exhibited better catalytic capability than Co3O4 even with the same
cobalt content. This phenomenon demonstrated the synergism between
Fe and Co. Similar results were previously reported that FeIII in the
bimetallic oxide usually played a key role by acting as the main ad-
sorption site for BPA and Oxone [38]. As is known, the Co1.79Fe1.21O4

MDC consisted of cobalt ferrite and excessive amounts of Co3O4, which
would decrease the active FeIII adsorption sites on the surface of the
catalysts. Therefore, the weakened catalytic capability of Co1.79Fe1.21O4

MDC than the other MDCs is caused by its Co3O4 dominated nature in
phase. It could be summarized that CoωFe3−ω-MOFs with extreme high
cobalt content was not suitable to be used as sacrificial template to
fabricate catalysts. It also should be noted that Co0.46Fe2.54O4 MDC also
exhibited certain catalytic capacity, considering the possible structure
formula obtained from the 57Fe Mössbauer analysis
(Co0.05Fe0.95[Co0.41Fe1.59]O4), the catalytic capability is possibly cor-
related with the B-site Co.

3.2.2. Effect of pH0

To determine the optimum reaction condition, Co1.51Fe1.49O4 MDC
was employed as a representative catalyst for BPA degradation by
Oxone activation due to its desired catalytic capability. The effect of
pH0 on the BPA degradation was evaluated at pH0 of 4.0, 6.5 and 10.2,
which are shown in Fig. 6b. The catalytic performance slightly de-
creased at pH0 of 4.0 (k=0.043min−1) than that of 6.5
(k=0.059min−1). An interesting phenomenon should be noted that
BPA degradation was significantly enhanced when pH0 was 10.2. The
reaction rate (k) achieved 0.13min−1, and the completely degradation
was attained within only 40min. This observation is different with
some existing literatures that pH0 exhibited negligible effect [13] or
exhibited the best performance under neutral pH0 [39]. In the current
system, pH0 influences several aspects including the surface charges of
the catalysts, the ionization of PMS in Oxone, and the BPA speciation.

The pHpzc of CoxFe3−xO4 MDCs was measured as 6–7 [39]. It should be
noted that the pKa of BPA is 9.6. It usually speciates into BPA2− and
BPA molecule at pH ranging from 6 to 12, and only exists as a molecule
when pH < 7 (Fig. S9) [40]. When pH0 is 4.0, PMS existed as HSO5

-

(pKa1 of H2SO5 is< 0, pKa2=9.4). The surface of Co1.51Fe1.49O4 MDC
was positively charged via surface hydroxyl protonation process
(–OH2

+), which would promote the adsorption affinity between the
catalyst and HSO5

− to render efficient generation of SO4
%− [41]. At

pH0 of 10.2, PMS mainly existed as SO5
2− and the surface of the cat-

alyst was negatively charged due to the surface hydroxyl deprotonation
(–O−), which was unfavorable for the adsorption of SO5

2− and BPA2−.
As the results exhibited, however, BPA degradation was significantly
enhanced at pH0 of 10.2, which exhibited contrary observation with the
above discussions. Therefore, further discussion is needed to elucidate
this observation. One thing to be noted is that the H+ scavenging effects
on SO4

%− and HO% has been widely reported, which can be described
by the following reactions [42–44]:

+ + →+ −H e H OHO·
2 (2)

+ + →− + − −SO H e HSO4
·

4
· (3)

The controlled trial demonstrated that Oxone addition would sig-
nificantly lower the solution pH with time (inset in Fig. 6b). Briefly,
when pH0 is 6.5 and 4.0, the solution pH is immediately decreased to
3.8 and 3.2 after Oxone addition (further decreased to 3.2 and 3.1
within 1 h), respectively. On the other hand, when pH0 is 10.2, the pH is
immediately decreased to 7.7 after Oxone addition, and further de-
creased to 4.0 after 30min (to 3.9 after 50min). Therefore, the hy-
drogen ion activity in solution after Oxone addition is much lower at
pH0 10.2 compared with pH0 4.0 and 6.5, rendering the significantly
weakened H+ scavenging effects and therefore enhanced the BPA de-
gradation. In addition, Oxone activated by OH– should also be noted
[45]. However, the controlled trial demonstrates that the comparatively
low OH– concentration under pH0 10.2 cannot activate Oxone (Fig. S10:
less than 3% of BPA was degraded). Furthermore, another controlled
trial exhibited that only MDC at pH0 10.2 was also incapable on BPA
adsorption (Fig. S10: less than 4% of BPA was adsorbed). Furthermore,
it had been reported that SO4

%− is comparatively stable under low pH
condition [46]. Nevertheless, the results indicated that the effective
degradation of BPA can be achieved by Oxone/CoxFe3−xO4 MDCs
system under both acidic and alkaline condition. More importantly,
slight alkaline condition is significantly positive for BPA degradation by
CoxFe3−xO4 MDCs coupling with Oxone.

3.2.3. Effect of catalyst dosage and Oxone concentration
Fig. 6c demonstrates the effect of different Co1.51Fe1.49O4 MDC

dosage. As expected, the BPA degradation efficiency was positively
correlated with the Co1.51Fe1.49O4 MDC dosage. It can be seen that BPA
was completely degraded within only 20min when MDC dosage was
0.3 g L−1, and more than 92% of BPA was degraded in the preliminary
10min. The reaction rate achieved 0.20min−1 (R2= 0.9762). In con-
trast, the reaction rates are 0.019 (R2= 0.9329) and 0.085
(R2= 0.9842) when the dosage is 0.05 g L−1 and 0.15 g L−1

(R2= 0.9842), respectively, indicating that higher catalyst dosage
would significantly increase the BPA degradation efficiency. A linear
relationship (k=0.911[catalyst dosage]− 0.034) with correlation
coefficient of R2= 0.9831 can be obtained within the dosage range of
0.05–0.3 g L−1. It could be easily explained that the increased catalysts
dosage could provide more functional catalytic site, further rendering
more generated radicals.

The effect of Oxone concentration on the BPA degradation was
tested and the results are exhibited in Fig. 6d. The result shows a rare
tendency that both higher and lower Oxone concentrations exhibited
lower catalytic performance, which disagree with other research find-
ings [47]. The correlation between Oxone concentration and reaction
rate were also evaluated (inset in Fig. 6d). When Oxone concentration
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ranged from 0.12 to 0.6 mM, a linear relationship between reaction rate
and Oxone concentration of k=0.088[Oxone]+ 0.0079 can be ob-
tained. This linear relationship manifests that the BPA degradation is
increased with the increase of Oxone concentration at low Oxone
concentration. However, this correlation cannot be maintained with
further increases in Oxone concentration. The reaction rate sharply
decreased to 0.041min−1 when Oxone concentration increased to
1.2 mM and consecutively decreased with the further increase of Oxone
concentration. Another linear relationship with a negative slope
(k=−0.003[Oxone]+ 0.045) was obtained when Oxone concentra-
tion ranged from 1.2 to 3.0 mM. This observation implies that some
inhibition effects occurs when Oxone concentration is comparatively
high, which can be described by the following reaction [48]:

+ → +− −H H OHO SO SO·
5 5

·
2 (4)

+ → +− − −OHHO SO SO·
5
2

5
· (5)

+ → +− − − −H HSOSO SO SO4
·

5 5
·

4 (6)

+ → +− − − OSO SO S O5
·

5
·

2 8
2

2 (7)

Therefore, considering that the decrease of reaction rate only oc-
curred in the presence of high Oxone concentrations, the self-scaven-
ging effect caused by extra Oxone should be noticed [48].

3.2.4. Effects of water matrices and anions
The effect of different water matrices, including lake overlying

water, tap water, and municipal wastewater treated by a municipal
wastewater treatment plant (WWTP) was evaluated to mimic the rea-
listic condition. The characteristics of the various water matrices are
illustrated in Table 3. As shown in Fig. S11, about 11% and 17% de-
creases in BPA degradation efficiency were observed in surface water
and WWTP effluent, respectively. This observation might be caused by
the natural organic matter that widely existed in those water matrices.
However, the BPA degradation process was largely enhanced in tap
water. To elucidate the process, the effect of various anions (Cl−,
CO3

2−/HCO3
−, NO3

−, and PO4
3−, concentration: 2mM) was mon-

itored. The results demonstrate that Cl− and CO3
2−/HCO3

− could ef-
ficiently enhance the BPA degradation (Fig. 7a). The possible ex-
planation is that Cl− existing in the water would react with Oxone to
generate reactive Cl2 and HOCl, therefore, causing an increase in BPA
degradation (Eqs. (8)–(12)) [49].

+ → +− − −SO Cl SO Cl4
·

4
2 · (8)

+ →− −Cl Cl Cl·
2

· (9)

→ +− −Cl Cl Cl2 22
·

2 (10)

+ + → + +− − + −Cl HSO H SO Cl H O2 5 4
2

2 2 (11)

+ → +− − −Cl HSO SO HOCl5 4
2 (12)

On the other hand, CO3
2−/HCO3

− would utterly enhance the so-
lution pH which weakened the H+ scavenging effect and further en-
hanced the BPA degradation (H++CO3

2−/HCO3
−→ CO2↑+H2O).

The TOC removal (inset in Fig. 7a) under different coexisting anions
were measured. The results demonstrated that only 28% of TOC was

removed in deionized water, and was slightly decreased to 26% when
PO4

3− was existed in solution. NO3
− exhibited negligible effect on BPA

degradation. Notably, the TOC removal was largely increased to 42%
and 49% in the presence of Cl− and HCO3

−/CO3
2−, respectively, in-

dicating that BPA is not only degraded into intermediates by also oxi-
dized into CO2 and H2O.

3.2.5. Stability and reusability of MDC
In addition, the reusability and stability of the Co1.51Fe1.49O4 MDC

was evaluated by soaking 10mg catalysts in 100mL deionized water
with rigorous stirring for 1 h. The concentration of leached Co
(214.7 μg L−1) and Fe (52 μg L−1) measured indicates a desirable sta-
bility when comparing with our previous study where 521.7 μg L−1 Co
leached from Co3O4 [50]. The leaching solution was then reacted with
Oxone to evaluate its BPA degradation capacity. Less than 6% of BPA
was degraded by the leaching solution, indicating that MDC/Oxone
oxidation is a heterogeneous process (Fig. S12). The degradation of BPA
in consecutive runs was further conducted. It is noteworthy that the
catalytic capacity of Co1.51Fe1.49O4 MDC is sharply decreased after the
1st cycle, and only 61% of BPA was degraded in the 2nd cycle (Fig. 7b).
However, in most existing research, the catalytic performance usually
slightly decreased in consecutive runs [47,51–53]. To elucidate the
process, the spent catalysts were obtained and characterized through
XRD. As shown in Fig. S13, although the phase of the spent catalysts
was unchanged, the intensity decreases of (3 1 1)2 and (2 2 0)3 to 70.9%
and 72.6% could be observed, respectively. As discussed above, a me-
soporous structure was well developed on the surface of the catalyst.
Therefore, the sharply decreased crystallinity is possibly due to the
negatively charged intermediates adsorbed on the positively charged
surface of the catalyst to further clog the porous structure during the
catalytic process. Consequently, the relative signal intensity obtained
by the XRD analyzer was decreased due to the excessive organic in-
termediates attached on the surface of the catalysts to cover the Bragg
plane, and further inhibited the mass-transfer in the subsequent cycles.
However, one thing to be noted is that the catalytic performance of the
spent catalysts could be highly recovered by convenient calcining of the
spent catalyst at 450 °C in open air for 10min. The possible explanation
is that the intermediates adsorbed on the surface of the catalysts were
burned out during the calcination process. It was further evidenced by
the XRD analysis that the signal intensities of (3 1 1)2 and (2 2 0)3 re-
covered to 96.1% and 91.7% after calcination, respectively. Therefore,
the Co1.51Fe1.49O4 MDC showed great reusability and stability for cat-
alytic BPA degradation coupling with Oxone.

3.3. Generated radical and possible mechanism

The involved reactive radicals were probed through radical
scavenging tests. Methanol (MeOH) and tert-butanol (TBA) were used
for quenching HO%/SO4

%− and HO%, respectively (Fig. 8a). Less than
8% decrease in BPA degradation efficiency was observed when 30mM
TBA was added to the BPA/Oxone/MDC system, indicating that HO% is
involved. In addition, a sharp decrease in (26%) BPA degradation ef-
ficiency was observed when 30mM MeOH was added to the reaction
system. This phenomenon implied that HO% and SO4

%− are inter-
mediate radicals involved in this system. In addition, DMPO and BMPO,
the spin-trapping agents, were used for the EPR analysis to further
evidence the radical species. As shown in Fig. 8b, both DMPO and
BMPO exhibit similar signals that only Oxone in solution cannot gen-
erate radicals. However, different peaks were acquired once the catalyst
and Oxone were added simultaneously in solution. For DMPO, the
peaks can be ascribed to DMPO-SO4

%− and DMPO-%OH, which evi-
denced that %OH and SO4

%− were generated during the catalytic pro-
cess. It also should be noted that the DMPO-SO4

%− relative intensities
weakened with time. In contrast, the intensity of DMPO-%OH is ob-
viously increased. This observation possibly implies that HO% is gen-
erated by the consumption of SO4

%−. For BMPO, a set of seven-line

Table 3
Characteristics of water matrices.

Content (mg/L) Deionized water Effluent (WWTP) Tap water Lake water

pH 8.0–8.2 6.2–8.6 6.2–6.5 6.2–6.4
DOC none < 9.1 <2.1 < 4.0
PO4

3− none < 0.4 none < 0.021
Cl− none < 47.5 <5.1 < 6.4
SO4

2− none < 112.3 <19.6 < 25.3
NO3

− none < 13.4 <8.2 < 5.7

S. Yang et al. Chemical Engineering Journal 359 (2019) 552–563

560



signal was obtained, which can be assigned to BMPOX, a product
generated by the reaction of BMPO and SO4

%− [54]. Therefore, it can
be summarized that HO% and SO4

%− are involved radical intermediates
and SO4

%− is the majority.
The XPS high-resolution spectra of Co 2p before (Fig. 8c) and after

catalytic reaction (Fig. 8d) were analyzed to explore the possible Oxone
activation mechanism coupling with Co1.51Fe1.49O4 MDC. Two peaks
positioned at 780.5 and 782.5 eV can be ascribed to CoII and CoIII, re-
spectively. The content of CoII and CoIII in catalysts were simply eval-
uated by their intensity. The CoII content decreased from 72.7% (before
catalysis) to 62.8% (after catalysis) with the increase of CoIII from

27.3% (before catalysis) to 37.2% (after catalysis), respectively. The
XPS high-resolution spectra of Fe 2p demonstrates the absence of FeII in
Co1.51Fe1.49O4 MDC (Fig. S14), further evidenced the result obtained
from the 57Fe Mössbauer analysis. The binding energy positioned at
710.9 and 710.3 eV is attributed to FeIII octahedral and FeIII tetrahedral,
respectively, in raw Co1.51Fe1.49O4 MDC [55,56]. The relative content
ratio of (FeIII-octahedral)/(FeIII-tetrahedral) obtained from XPS analysis
is about 2.09, which is very close with the results of the 57Fe Mössbauer
spectroscopy ((FeIII-octahedral)/(FeIII- tetrahedral)≈ 2.18). The XPS
spectra of Fe 2p after reaction demonstrated similar results, indicating
that Fe did not participate in the catalytic reaction, possibly due to the

Fig. 7. (a) the effect of anions and TOC removal efficiency (reaction condition: [BPA]= 60 μM, [Oxone concentration]= 0.6mM, [catalyst dosage]=0.1 g L−1,
[anion concentration]=2mM, [temperature]= 25 °C, and [pH0]=6.5), and (b) reusability of Co1.51Fe1.49O4 MDC in consecutive runs, calcination condition:
450 °C in air for 10min.

Fig. 8. (a) Effect of scavenger: TBA and MeOH (reaction condition: [BPA]= 60 μM, [Oxone concentration]= 0.6mM, [catalyst dosage]=0.1 g L−1, [scavenger
concentration]=5 and 30mM, [temperature]= 25 °C, and [pH0]= 6.5), (b) EPR spectra of current systems, spin-trapping agents: DMPO and BMPO, (c) The XPS
high-resolution spectra of Co 2p before and (d) after catalytic reaction.
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absence of FeII. Based on the possible structural formula obtained from
the 57Fe Mössbauer analysis, the correlation between cobalt distribu-
tion in A- or B-sites and reaction rate (k) were evaluated. Considering
the theoretical boundary conditions of k|[cobalt=0]= 0min−1 (experi-
mental obtained: k|[cobalt=0]= 0.0006min−1, Fig. 6a, which was ob-
tained by Fe-MOFs derived catalyst), two linear equations of
k=0.093[cobalt:A]+ 0.0091 (R2=0.8497) and k=0.061[co-
balt:B]− 0.0002 (R2=0.9978) were obtained, as shown in Fig. S15.
This result indicate that the catalytic process was triggered by the CoII

in B-site. This results also evidenced the existing deduction that Oxone
activation by CoxFe3−xO4 was initiated by B-site CoII [47]. Therefore,
the possible mechanism of BPA degradation by CoxFe3−xO4 MDCs/
Oxone system can be proposed. Firstly, the FeIII and B-site CoII on the
catalyst adsorbed H2O and formed metal-hydroxyl groups (M-OH, Eq.
(13)) and further protonated under acidic condition (M-OH2

+, Eq.
(14)). HSO5

− were then adsorbed by CoII-OH2
+ and FeIII-OH2

+. More
importantly, CoII-OH2

+ would further react with adsorbed HSO5
− to

form CoO+ and SO4
%− (Eq. (15)). As is shown in the results of EPR

analysis, the content of SO4
%− is slightly decreased with the increase of

contact time of catalyst/Oxone, but the content of HO% is largely in-
creased with the increase of contact time, indicating that HO% is pro-
duced by the generated SO4

%− (Eqs. (16) and (17)). Subsequently,
CoO+ was further oxidized into CoIII (Eq. (18)). The produced SO4

%−

and HO% would degrade BPA into intermediates or CO2/H2O. It also
should be underlined that the potential value of CoII/CoIII redox pair
(1.8 V) is lower than that of HSO5

−/SO4
%− (2.5–3.1 V) and higher than

of HSO5
−/SO5

%− (1.1 V) simultaneously. Therefore, the Co(II-III-II)
redox cycling was thermodynamically favorable (Eqs. (18)–(20)) [15].
It also should be noted that Fe cannot activate Oxone during the cata-
lytic process due to the absence of FeII in catalyst as evidenced by the
XPS and 57Fe Mössbauer analysis. Furthermore, the redox cycling of Fe
(III-II-III) is thermodynamically unfeasible because the redox potential
of the FeII/FeIII pair (0.8 V) is lower than those of both HSO5

−/SO4
%−

and HSO5
−/SO5

%− pairs [57].

≡ + → ≡ − +− +Fe Co H O Fe Co OH H/ /III II III II
2 (13)

≡ − + → ≡ −− + +Fe Co OH H Fe Co OH/ /III II III II
2 (14)

≡ − … → ≡ + ≡ + + ++ − + − +Fe Co OH HSO Fe CoO SO H O H/III II III
2 5 4

·
2

(15)

+ → +− − −SO OH SO HO4
·

4
2 · (16)

+ → +− −SO H O HSO HO4
·

2 4
· (17)

≡ + → ≡ ++ +CoO H Co H O2 III
2 (18)

≡ + → ≡ + +− −Co HSO Co SO H OIII II
5 5

·
2 (19)

+ → +− − −SO O SO O5
· 2

4
·

2 (20)

4. Conclusions

Ferromagnetic catalysts (CoxFe3−xO4 MDCs) were successfully
synthesized via CoωFe3−ω-MOFs with tunable cobalt content. The
possible structural formula was obtained through 57Fe Mössbauer
spectroscopy. The obtained catalysts exhibited high performance in
activating Oxone for BPA degradation. The degradation performance
positively correlated with Co content of the catalysts. However, exor-
bitant cobalt-rich phases in the MDCs significantly decreased the cat-
alytic capability due to the decreased active FeIII adsorption sites caused
by the excessive coexisting cobalt-rich phase in the catalysts. The
Co1.51Fe01.49O4 MDC exhibited best catalytic performance. The cata-
lysts exhibited higher catalytic capability under alkaline conditions.
The reaction rate also positively correlated with the increase of catalyst
dosage and Oxone concentration. However, excessive Oxone con-
centration exhibited a self-inhibition effect on BPA degradation. In

addition, the catalysts exhibited excellent stability and reusability,
whereby the spent catalysts can be highly regenerated by calcining at
450 °C in open air. Scavenging experiment and EPR analysis evidenced
the generation of SO4

%− and HO% in the Oxone activation process. B-
site cobalt was proved to play the key role in Oxone activation, and the
reaction mechanism was proposed. The results of this study provide
insights into the synthesis of mesoporous cobalt ferrite catalysts
through sacrificial MOF template for degradation of organic pollutants.
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