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Abstract
Ferrocene-based metal-organic framework with different transition metals (M-Fc-MOFs, M=Fe, Mn, Co)
were synthesized by a simple hydrothermal method and used as a heterogeneous catalyst for persulfate
activation. The samples were characterized by X-ray diffraction, transmission electron microscopy, X-ray
electron spectroscopy, cyclic voltammetry and electrochemical impedance spectroscopy. Meanwhile, the
in�uences of factors such as catalyst dosage, persulfate concentration and pH on the degradation of
acid orange 7 (AO7) were studied in detail. The results showed that hollow cobalt-based ferrocenyl metal-
organic framework microspheres (Co-Fc-MOFs) exhibited the best catalytic performance, which is closely
related to the synergy of Fc/Fc+ and Co2+/Co3+ cycles in persulfate activation. Free radical quenching
studies indicated that both sulfate and hydroxyl appeared to contribute to the degradation of AO7. 

1. Introduction
In recent years, water pollution caused by excessive use and excessive discharge of dyes has posed a
serious threat to the world (Mu et al. 2019; Marković et al. 2019). A large amount of dye wastewater is
directly discharged into the water environment and soil without treatment (Khatri et al. 2015). Therefore,
the development of economical and environmentally friendly water treatment technology to remove
organic dyes has become a top priority.

Advanced oxidation processes (AOPs) based on persulfate (PS) activation are considered to be one of
the most promising strategies to effectively remove organic pollutants in sewage. For the past few years,
AOPs have been applied to eliminate acid orange 7 (AO7) by several researchers. It has gained
tremendous importance due to the high stability and moderate cost of PS (Wacławek et al. 2017). There
are numerous approaches to activate PS. Compared with these energy-based methods (such as UV light,
microwave and heat), transition metal activation is generally more readily to conduct and more cost-
effective, thereby having been frequently chosen as the activators for PS (Li et al. 2015; Usman et al.
2012; Stroever et al. 2015).

Metal-organic frameworks (MOFs) are a porous coordination polymer composed of metal ions and
organic linkers (Devic et al. 2005; Li, Yang, and Colloids 2007; He et al. 2014). In addition, compared with
the traditional activated persulfate catalyst, MOFs catalysts have the characteristics of large speci�c
surface area, high porosity, adjustable porosity, good thermal stability and abundant active sites
(Eddaoudi et al. 2002; Liu et al. 2007; Xiong et al. 2015; Yang et al. 2017; Chang et al. 2019). Gao et al.
investigated the catalytic performance of MIL-53 as heterogeneous catalysts of PS, their results
demonstrated that the accelerated catalytic degradation of organic pollutants was obtained in the
presence of PS (Gao et al. 2017). Li et al. prepared Cu@Co-MOFs composite material that has excellent
catalytic performance for methylene blue (MB) removal from water, which makes it an ideal candidate for
heterogeneous catalysis (Li et al. 2019). Ferrocene-based metal-organic framework with different
transition metals (M-Fc-MOFs, M = Fe, Mn, Co) prepared by Huo et al. have hydrogen storage properties
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and magnetic properties, but their catalytic properties are rarely studied (Huo et al. 2012). Therefore, we
carried out a study on M-Fc-MOFs activated persulfate degradation of organic pollutants.

In this work, Fe-Fc-MOFs. Mn-Fc-MOFs and Co-Fc-MOFs were synthesized by hydrothermal method, and
their physical and chemical properties were characterized. In addition, we evaluated the ability of Co-Fc-
MOFs activated persulfate to degrade AO7. The effects of persulfate dosage, catalyst dosage and pH, as
well as the stability of the catalyst were investigated. The possible reaction mechanism of persulfate
activation was discussed.

2. Materials And Methods

2.1. Chemicals
All chemicals were used directly as obtained with no further puri�cation in this study. N,N’-
dimethylformamide (DMF), 1,1’-ferrocenedicarboxylic acid (Fc(COOH)2, > 97% (HPLC)), ferric chloride
hexahydrate (FeCl3·6H2O), manganese chloride hexahydrate (MnCl2·6H2O), cobalt chloride hexahydrate
(CoCl2·6H2O) and potassium PS (K2S2O8) were purchased from Shanghai Macklin Co., Ltd. (Shanghai,
China).

2.2. Preparation of catalyst
The typical method to prepare the ferrocenyl metal-organic framework microspheres is as follow: a
mixture of 0.16 g (0.6 mmol) FeCl3·6H2O in 6 mL DMF and 0.16 g (0.6 mmol) Fc(COOH)2 in 6 mL DMF
was added into a 100 mL poly tetra �uoroethylene (PTFE) bottle and sealed in a stainless steel autoclave.
The sealed pressure bomb is slowly heated (2°C/min) in an oven, heated from room temperature to
125°C, kept at this temperature for 10 h, and then cooled to room temperature. The precipitate was
collected by centrifugation, washed with DMF and then repeatedly washed with ethanol until the upper
solution was clear. The samples were vacuum dried at 70°C for 24 hours to obtain Fe-Fc-MOFs. Mn-Fc-
MOFs and Co-Fc-MOFs were prepared according to the same synthetic methods (Huo et al. 2012).

2.3 Degradation experiments
The catalytic performances of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs were evaluated by the removal
of AO7 in aqueous solution. At ambient temperature, adsorption and degradation tests were performed in
a typical batch mode by using three �asks (50 mL). Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs (5 mg)
were dispersed into AO7 solution (20 mL, 20 mg/L), and the mixture was stirred for 60 min to establish an
adsorption/desorption equilibrium. PS (1.6 mL, 50 mmol/L) was then added to the mixed solution. At a
certain time interval, take a small amount of the mixture and centrifuge at a speed of 6000 rpm for a
short time for 3 minutes to remove the solid catalyst. Measure the residual concentration of AO7 with an
ultraviolet spectrophotometer, and the analysis wavelength is 484nm.

2.4 Characterization and analysis methods
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The XRD patterns of the as-prepared products were obtained using a RigakuDmax/Ultima IV
diffractometer in the range of 2θ = 2°-60° with Cu Kα radiation. The morphological analysis was
performed by scanning electronic microscopy (SEM, S4800, Hitachi Corporation, Germany). FTIR spectra
were performed by KBr pellets on Nicolet 6700 spectrometer in the range of 4,000–450 cm-1 at indoor
temperature. The chemical states of samples were studied by XPS, and the XPS spectra were recorded
with a Surface Science Instrument SSX-100. CV and EIS were performed by the CHI608C electrochemical
analyzer with samples as the working electrode.

3. Results And Discussion

3.1 Morphology and textural characteristics
In this study, ferrocene-based metal-organic framework were synthesized by the solvothermal reaction of
Fe3+, Mn2+, Co2+ with 1,1’-ferrocenedicarboxylic acid in DMF. By connecting metal ions with this
multidentate organic ligand, three different metal-organic framework microspheres referred as Fe-Fc-
MOFs, Mn-Fc-MOFs, Co-Fc-MOFs were prepared under similar conditions. The precipitates were isolated
and collected by centrifugation and then washed several times with DMF and ethanol. The reaction
temperature, reaction time, and molar ratio of reactants play critical roles in the formation of spherical
particles.

The XRD patterns of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs were shown in Fig. 1. The XRD results
indicated that the Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs were isostructural to the previous report
(Huo et al. 2010). Obviously, the distinct peaks at 2θ of 6.24, 12.52, 14.68, 16.44 and 18.84 indicated the
high crystallinity of Fe-Fc-MOFs. The diffraction patterns of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs
share feature peaks, thus showing that the three-prepared samples contain part of similar structural
information. In addition, the sharp features of these peaks also indicate that the local crystalline is of
high ordering and of small size. Despite of the existence of some peaks in almost the same position in
the XRD patterns, each of the three patterns of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs includes small
part of particular peaks that feature their uniqueness, which may be due to the differences in the structure
of a single phase, or the existence of several distinct phases.

The SEM images (Fig. 2a–i) show that the samples have a spherical shape with an average diameter
around 8 ~ 20 µm. Higher magni�cation SEM images (Fig. 2b, e and i) indicate that the spherical particles
are composed of nanosheets instead of smooth-like spherical colloids, which are possibly caused by the
layered structure of Co-Fc-MOFs. Obviously, these three catalysts have the same structure (Huo et al.
2010).

FT-IR veri�ed the formation of metal-organic framework. The FT-IR spectra of Co-Fc-MOFs and Fc(COOH)2

further con�rmed that cobalt ions and dicarboxylic acid functionalized organometallic ligands formed
metal-organic framework, as evidenced by a red shift of CO stretching frequency from 1687 cm− 1 for the
organometallic precursor to 1581.7 cm− 1 for the metal-organic framework (Fig. 3) (Su et al. 2013). FT-IR
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result was consistent with the crystal structures of XRD and other similar carboxylic acid metal-organic
framework (Huo et al. 2010).

3.2 A adsorption and catalytic performance of catalyst
The catalytic performance of as-synthesized Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs had been
assessed for degradation of AO7 with the presence of PS. Figure 4 displays the AO7 degradation
e�ciency under various reaction systems. As expected, the presence of catalyst signi�cantly enhanced
AO7 removal. Minimum degradation of AO7 (7.69%) was obtained with PS alone, showing that PS can
induce AO7 degradation. Co-Fc-MOFs exhibited the highest degradation rate, and an approximate 83.7%
of AO7 was removed from the solution after 90 min. AO7 removal on Mn-Fc-MOFs was 16.35% lower
than on Co-Fc-MOFs. Fe-Fc-MOFs also showed good catalytic activity and the degradation rate of AO7
was 54.55% within 90 min. The results showed that the presence of Co ions signi�cantly improved the
catalytic activity of the catalyst. Because iron, cobalt and manganese have a variable valence state, that
is to say, all of them can produce redox reaction to promote the decomposition of PS. In order to achieve
the best experimental results, the Co-Fc-MOFs catalyst was used in subsequent experiments.

Figure 5a presented the degradation of AO7 under different persulfate concentrations when the �xed
concentration of Co-Fc-MOFs is 200 mg/L. The degradation rate of AO7 increased from 73–89% with
increasing persulfate concentration from 2 to 8 mmol/L within 120 min in Co-Fc-MOFs/PS system. It
showed that too high persulfate concentration can promote the degradation of AO7, which were probably
the result of increased generation of •OH and SO4

•− radicals. Nevertheless, further addition of PS, i.e.15
mmol/L, may lead to reduction of degradation e�ciency of AO7, mainly due to the excess of PS
generating sulfate anions. In addition, SO4

•− could be oxidized by S2O8
2−(Eqs. (1) and (2)).

SO4
•− + SO4

•− → S2O8
2− (1)

SO4
•− + S2O8

2− → S2O8
−• + SO4

2− (2)

As shown in Fig. 5b, AO7 degradation e�ciency was about 8% without catalysts in 120 min. After adding
100 mg/L Co-Fc-MOFs, the degradation e�ciency increased to 67%. The phenomena indicated that Co-
Fc-MOFs could effectively catalyze the decomposition and degradation of AO7 by persulfate. When the
dosage of Co-Fc-MOFs is increased to 200 mg/L, the removal rate of AO7 is about 82%. It was explained
that increasing the Co-Fc-MOFs dosage could directly enhance absorption in this system. When the
dosage of Co-Fc-MOFs was increased from 300 mg/L to 500 mg/L, the degradation e�ciency did not
change signi�cantly. The possible reason for this phenomenon was that the absorption effect on Co-Fc-
MOFs for 4 mmol/L persulfate activation was attained at an equilibrium level when the concentration of
Co-Fc-MOFs was 300 mg/L. This result indicates that the catalyst has a perfect catalytic effect on
activating PS to generate free radicals. Increasing the amount of catalyst indicates that the generation of
active centers and Co2+ ions in the PS solution increases, which will generate more free radicals. The
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catalyst released by Co in the active center and cobalt ions enhances more free radicals through the
oxidation of PS.

The pH value of the solution has a signi�cant impact on the performance of various redox systems.
Figure 5c showed the effect of solution pH on the catalytic oxidation of AO7. With the increase of pH
value, the degradation rate of AO7 also increased, indicating that Co-Fc-MOFs can improve the
degradation rate of AO7 under alkaline conditions. Because Co2+ on the surface of Co-Fc-MOFs reacts
with H2O to form CoOH+ (Eqs. (3)). CoOH+ activates PS to produce SO4

•− (Eqs. (4)) (Su et al. 2013). SO4
•−

has a high oxidation-reduction potential and can effectively oxidize AO7. Under alkaline conditions, SO4
•−

can be converted into surface-bound hydroxyl radicals (•OH) (Eqs. (5)) (Liang, Su, and Research 2009).
Under acidic conditions, the generation of CoOH+ is limited (Ahmadi et al. 2017). In addition, excess
hydrogen ions can scavenge sulfate radicals and hydroxyl radicals, which will adversely affect catalysis
(Eqs. (6)). Strong acid conditions inhibit the activation of persulfate, and persulfate is catalyzed by acid
(Eqs. (7) and (8)). Therefore, alkaline conditions are conducive to the degradation of AO7.

Co2+ + H2O → CoOH+ (3)

CoOH+ + S2O8
2− → CoOH2+ + SO4

2− + SO4
•− (4)

SO4
•− + OH− + H+ → •OH + SO4

2− + H+ (5)

SO4
•−/•OH + H+ + e− → HSO4

−•/ H2O (6)

H+ + S2O8
2− → HS2O8

− (7)

HS2O8
− + H2O → H2SO5 + HSO4

− (8)

3.3 Mechanism of persulfate activation
In order to check whether SO4

•− or •OH dominates the degradation of AO7, some alcohols were added to
the solutions under study. In this case, tert-butanol (TBA) and ethanol were used based on the differences
between the reaction rates of these two radical scavengers with SO4

•− and •OH, respectively. Ethanol is

suitable for removing SO4
•− and •OH because of its high reaction rates (the reaction rates of SO4

•− and

•OH are 1.6–7.7 × 107 M− 1s− 1 and 1.2–2.8 × 109 M− 1s− 1, respectively (Ghanbari and Moradi 2017)). TBA
has a higher scavenging a�nity for •OH than SO4

•− (•OH has a reaction rate of 3.8–7.6 × 108 M− 1s− 1, and

SO4
•− has a reaction rate of 4.0–9.1 × 105 M− 1s− 1, which is almost 1000 times smaller than that

observed with the case of •OH) (Ghanbari and Moradi 2017; Liang, Su, and Research 2009). Therefore,
the difference in the degradation yield of AO7 with the participation of ethanol and TBA represents the
performance of sulfate radicals (Huo et al. 2010). In the current work, 500 mg/L ethanol was poured into
the AO7 solutions, and the AO7 removal rate only reached 22% after 60 min. At the same time, in the case
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of 500 mg/L TBA, the removal e�ciency was almost 2.5 times that of ethanol, reaching 54% (Fig. 6).
Therefore, it can be concluded that the SO4

•− and •OH released by the Co-Fc-MOFs/PS system were the
main oxidizing substances that degrade AO7 in the solutions (Ghanbari and Moradi 2017).

Ferrocene and its derivatives are known for their redox properties. Therefore, we used cyclic voltammetry
(CV) to study the redox properties of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs. The electron transfer
ability of the conductive surface of the materials has a great in�uence on the electrons transfer e�ciency
between the organic compound and the catalyst. As seen in Fig. 7, the CV curves showed that the higher
current density and greater reductive capability of Co-Fc-MOFs to coordinate a redox process than those
of Mn-Fc-MOFs and Fe-Fc-MOFs. This result suggested that the electro catalytic activity of Co-Fc-MOFs
was superior to that of Mn-Fc-MOFs and Fe-Fc-MOFs. Due to the rapid valence transfer of Fe/Co in the
Co-Fc-MOFs composite material, it is conducive to the activation of PS (Liu et al. 2020).

The electrode kinetics and interface reactions to these three catalysts can be further studied by EIS (Duan
et al. 2019). It can be clearly seen from Fig. 8, compared with Co-Fc-MOFs, the semicircle diameter of Mn-
Fc-MOFs and Fe-Fc-MOFs samples is signi�cantly reduced. It can show that the cobalt ion in the catalyst
can signi�cantly reduce the charge transfer resistance compared with the iron ion and the manganese
ion, thereby promoting the oxidation-reduction reaction. Hence, the charge separation of the Co-Fc-MOFs
was much easier than the Mn-Fc-MOFs and Fe-Fc-MOFs, which corresponded to the experimental result
of CV. This result revealed that the cobalt ions could accelerate the processes of electron transfer.

XPS characterization was used to study the chemical state and atomic composition of elements on the
catalyst. Figure 9a showed the XPS spectra before and after the Co-Fc-MOFs reaction. From the wide-
scan XPS spectrum of Co-Fc-MOFs, the binding energies were 285, 533, 712 and 781 eV, respectively,
indicating that C, O, Fe and Co coexist in the sample. It can be noticed that the XPS spectrum of the used
Co-Fc-MOFs was almost the same as that of the fresh one, indicating that the catalyst was stable. As we
all know, the generation of SO4

•− and •OH is the induction of the electron exchange between Co2+/Co3+

and PS in the reaction. The chemical state change of cobalt in fresh and used Co-Fc-MOFs has also been
studied. The Co 2p XPS spectrum was shown in Fig. 9b, the photoemission peak centered at 778.1 eV
indicates metallic Co. The peaks at 786 and 802.8 eV were typical satellite characteristics of Co2+. The
two peaks of Co 2p3/2 and Co 2p1/2 were located at 779.9 and 795.9 eV, respectively, which were
displayed in the spectrum, indicating the presence of Co3+ in Co-Fc-MOFs (Liu et al. 2016). During the
activations of PS, the catalytic activity of Co is higher than that of Fe and Mn.

According to the experimental results, the degradation mechanism of AO7 in Co-Fc-MOFs/PS system was
shown in Fig. 10. The interaction between the persulfate of Co-Fc-MOFs and the active site of cobalt can
be explained by Eqs. (9) and (10). Ferrocene is produced through self-oxidation and reduction SO4

•−

(Eqs. (11) and (12)) (Erdem and Erdem 2020). In the reaction solution, the leaching iron of the Co-Fc-
MOFs catalyst can also activate the PS with a chain reaction, thereby generating free sulfate radicals
(SO4

•−
free) to degrade AO7 (Eqs. (13), (14) and (15)).
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Co2+ + S2O8
2− → Co3+ + SO4

•− + SO4
2− (9)

S2O8
2− + H2O → HSO5

− + HSO4
− (10)

Fc + S2O8
2− → Fc+ + SO4

•− + SO4
2− (11)

Fc+ + S2O8
2− → Fc + S2O8

−• (12)

Fe3+ + S2O8
2− → Fe2+ + S2O8

− (13)

Fe2+ + S2O8
2− → Fe3+ + SO4

•−
free + SO4

2− (14)

SO4
•− / •OH + AO7 → CO2 + H2O (15)

3.4 Stability and reusability of Co-Fc-MOFs
In order to test the stability and reusability of the catalytic performances of Co-Fc-MOFs during
continuous operation, it was carried out under the same catalytic conditions. After three cycles, the
catalytic performance only slightly decreased from 99.5–90% (Fig. 11), which proved the excellent
reusability of Co-Fc-MOFs for PS activation. The non-negligible degradation of catalytic performance
may be caused by the adsorption of PS or degradation products covering the surface sites, which would
be detrimental to the catalyst (Shu et al. 2020). The decrease in e�ciency as the number of cycles
increases can be explained by the decrease in the amount of cobalt that has the main catalytic effect in
the catalyst in each cycle. After each reaction, the amount of Fe and Co ions leached from Co-Fc-MOFs
were detected, and they were found to be lower than 0.1 mg/L in the solution, which contributed little to
the degradation of AO7 in the reaction. In addition, the XPS spectra of the fresh and the reacted catalysts
were shown in Fig. 9, indicating that the structure of the catalyst did not change during the reaction. In
conclusion, the stability and reusability of Co-Fc-MOFs catalyst were satisfactory for the degradation of
AO7 in the presence of persulfate.

4. Conclusions
In this study, three heterogeneous catalysts were synthesized by simple chemical methods. The results
showed that the Co-Fc-MOFs catalyst can e�ciently activate PS to remove AO7. Compared with Fe-Fc-
MOFs and Mn-Fc-MOFs, Co-Fc-MOFs shows better catalytic activity and reusability. It can be explained
that the presence of cobalt ions successfully improved the removal e�ciency of AO7 and promoted the
Co2+/Co3+ redox cycle. This work provides new ideas for the development and rational design of high-
e�ciency heterogeneous catalysts.
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Figures

Figure 1

XRD patterns of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs.
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Figure 2

SEM images of Fe-Fc-MOFs (a, b and c), Mn-Fc-MOFs (d, e and f) and Co-Fc-MOFs (g, h and i).
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Figure 3

FTIR spectra of Co-Fc-MOFs and 1, 1’-ferrocenedicarbpxy acid.
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Figure 4

Removal of AO7 with different reaction conditions ([AO7] = 20 mg/L, [catalyst] = 0.25 g/L, [persulfate] = 4
mmol/L, pH = 7.01).
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Figure 5

Effects of (a) persulfate concentration, (b) Co-Fc-MOFs dosage, (c) initial pH on the degradation of AO7.
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Figure 6

Effects of EtOH and TBA on the removal of AO7.
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Figure 7

Cyclic voltametric (CV) of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs.
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Figure 8

EIS Nyquist plots of Fe-Fc-MOFs, Mn-Fc-MOFs and Co-Fc-MOFs electrodes.

Figure 9
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XPS spectra of Co-Fc-MOFs before and after use, (a) full-range scan of the samples and (b) Co 2p.

Figure 10

A schematic illustration of catalytic oxidation of AO7 over Co-Fc-MOFs.
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Figure 11

AO7 removal e�ciencies of recycled Co -Fc-MOFs.


