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erties. In this study, a catalytic system consisting of O-bridged iron perfluorophthalocyanine
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dimers (FePcF16 -O-FePcF16 ), multi-walled carbon nanotubes (MWCNTs) and H2 O2 was proposed. The results showed MWCNTs loaded with FePcF16 -O-FePcF16 can achieve excellent
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non-hydroxyl radicals. The highly oxidized high-valent iron-oxo (Fe(IV)=O) species was the
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main reactive species in the FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system. It is noteworthy that
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MWCNTs can improve the dispersion of FePcF16 -O-FePcF16 , contributing to the production
of highly oxidized Fe(IV)=O. Then, the pathway of CBZ oxidative degradation was speculated, and the study results also provide new ideas for metal phthalocyanine-loaded carbon
materials to degrade emerging pollutants.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Pharmaceutical and personal care products (PPCPs) are widely
used in daily life (Richardson et al., 2005), and have been detected as emerging organic pollutants in wastewater (Komesli
et al., 2015). These contaminants are difficult to degrade when
they have been present in the environment for a long time
because of their strong polarity and biological activity (Yang
et al., 2017; Gagol
˛
et al., 2018; Richardson and Ternes, 2014). In
particular, carbamazepine (CBZ) is a typical PPCP and is one of
∗

Corresponding author.
E-mail: luwy@zstu.edu.cn (W. Lu).

the most frequently detected drug contaminants in the environment (Wang et al., 2017). Previous research has shown that
CBZ is a common class of organic pollutants that is difficult
to remove by conventional wastewater treatment (Clara et al.,
2005). Therefore, CBZ is used as an artificial marker for studying environmental water pollution treatments (Wang et al.,
2018; Li et al., 2019a; Keen et al., 2012).
Phthalocyanine, a biomimetic catalyst with strong catalytic
properties, is a macrocyclic complex like porphyrin (Han et al.,
2019; Li et al., 2019b; Zhao et al., 2018). It has received extensive attention in recent decades and is widely used in catalytic materials and other applications because of its low production cost and stable structure (Xu et al., 2016; Han et al.,
2016). Recently, we reported the results of our study of the ox-
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idative degradation of CBZ by an O-bridge iron perfluorophthalocyanine dimer (FePcF16 -O-FePcF16 ) synthesized using the
phthalonitrile method. In the FePcF16 -O-FePcF16 /H2 O2 system,
the catalyst exhibited excellent catalytic oxidation capacity in
degradation experiments, with the reaction system achieving
100% degradation in 90 min. Afterwards, based on the results
of a mechanism experiment, we speculated that the main
active species in the reaction system is Fe(IV)=O. Lastly, the
detected product was a small biodegradable molecule (Zhou
et al., 2017). However, phthalocyanine compounds have strong
associations with each other, and they tend to undergo their
own dimerization or polymerization in the presence of a single catalyst, such that their solubility in organic solvents is
extremely low (Sun et al., 2017a), thereby reducing their activity points and affecting their catalytic properties. Moreover,
metal phthalocyanine is not conducive to recycling and may
cause secondary pollution to the environment. To address the
low catalytic activity and poor stability of phthalocyanine, attempts have been made to load phthalocyanine onto various materials to increase its solubility. In addition, the carrier can transport electrons during the catalytic reaction process (Gsanger et al., 2016; Huang et al., 2017a) and synergize
with the phthalocyanine to improve its catalytic performance
(Zhang et al., 2017).
Due to their unique tubular structures, carbon nanotubes
have a high mechanical strength, large specific surface areas and excellent electrical conductivity (Yang et al., 2018).
The high surface and surface-binding energies of carbon nanotubes means that they can adsorb and stuff particles, which
means the active material can be better supported on the
surface of the carbon nanotubes. As such, carbon nanotubes
can be used as an excellent catalyst carrier (Luo et al., 2013;
Ye et al., 2019). As carriers, carbon nanotubes can reduce
the agglomeration of the catalyst powder, thereby increasing the activity and stability of the catalyst. Carbon nanotubes can also be used as an adsorbent to enrich a substrate
(Xiong et al., 2018), and its good electrical properties can affect the catalytic reaction process and change the catalytic
mechanism (Yao et al., 2016; Ma et al., 2015; Qin et al., 2018;
Huang et al., 2017b). Some research results show that catalysts supported on carbon nanotubes exhibit excellent catalytic performances (Zhang et al., 2016, 2015; Osmieri et al.,
2017). Therefore, we chose multi-walled carbon nanotubes
(MWCNTs) as carriers to support O-bridge iron perfluorophthalocyanine dimers in the catalytic degradation of organic
pollutants.
In this study, we synthesized an MWCNT loaded with
FePcF16 -O-FePcF16 (FePcF16 -O-FePcF16 /MWCNTs). The chemical structure of the catalyst and the amount of loaded FePcF16 O-FePcF16 were characterized and calculated by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Xray photoelectron spectroscopy (XPS), and inductively coupled
plasma spectrometry (ICP). The performance of the FePcF16 O-FePcF16 /MWCNTs catalytic system was determined based
on the degradation of CBZ as the substrate, and the effects of
different conditions on the degradation ability were investigated in the presence of H2 O2 . Compared with the FePcF16 O-FePcF16 /H2 O2 system, the influence of this carrier on the
catalytic activity was explored and the optimal experimental conditions identified. Subsequently, based on a series
of active-species detection experiments, we determined the
main active species in the reaction system and inferred the
possible catalytic reaction mechanism. Lastly, we examined
the degradation products of CBZ by ultraperformance liquid
chromatography (UPLC) and high-definition mass spectrometry (HDMS) and estimated the structural formula and possible
degradation pathway of the product based on its molecular
weight.

1.

Materials and methods

1.1.

Materials and reagents
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Following the method reported in the literature (Zhou et al.,
2017; Sun et al., 2017b; Gabrielov, 1994), we successfully
prepared FePcF16 -O-FePcF16 . MWCNTs (95%), CBZ and isopropyl alcohol (IPA) were obtained from Aladdin Chemical
Inc. (Shanghai, China). H2 O2 was obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China), and 5,5-dimethyl-1pyrroline-N-oxide (DMPO) was obtained from the J&K Chemical Co. All materials and reagents were of analytical grade and
were used directly without secondary treatment.

1.2.

Catalyst preparation

FePcF16 -O-FePcF16 /MWCNTs were prepared by placing 60 mg
of FePcF16 -O-FePcF16 and 600 mg of MWCNTs in a threenecked flask, pouring in 200 mL of absolute ethanol, and then
condensing and refluxing this mixture at 80°C for 8 hr. The
product was isolated by suction filtration and washed with absolute ethanol and ultrapure water until the filtrate was colorless. Finally, the obtained solid product was dried to obtain
the FePcF16 -O-FePcF16 /MWCNT complex.

1.3.

Characterization and analytical methods

The content of FePcF16 -O-FePcF16 loaded onto the MWCNTs can be detected by inductive coupled plasma emission
spectrometer (Varian 720-ES ICP-OES, Agilent, USA). To further determine the loading state of the FePcF16 -O-FePcF16 ,
Fourier transform infrared spectrometer (FTIR) (Thermo Nicolet 5700, Thermo, USA) spectrometer was used to collect the
FTIR spectra of FePcF16 -O-FePcF16 , MWCNTs and FePcF16 -OFePcF16 /MWCNTs. To characterize the structure of the catalyst, we used an XRD (D8 Discover, Bruker AXS, Germany)
to irradiate the FePcF16 -O-FePcF16 , MWCNTs and FePcF16 O-FePcF16 /MWCNTs from 5° to 70° under Cu-Kα test conditions. To determine the loading state of phthalocyanine
in more detail, the elemental composition of FePcF16 -OFePcF16 /MWCNTs was identified by XPS (Kα, Thermo Fisher
Scientific, USA).

1.4.

Degradation experiment

We chose CBZ (2.5 × 10−5 mol/L) as the target substrate and
H2 O2 as the oxidant to study the catalytic activity of FePcF16 O-FePcF16 /MWCNTs based on the CBZ degradation rate. In a
general experiment, 20 mL of CBZ, 4 mg of FePcF16 -O-FePcF16
and 5 × 10−3 mol/L of H2 O2 were placed in a 40 mL sample
bottle. The reaction was carried out at 30°C with high-speed
stirring and the pH of the reaction solution was adjusted by
adding H2 SO4 or NaOH. At intervals, 1 mL of the test solution
was taken from the reaction solution and filtered, and the concentration of CBZ was determined by ultraperformance liquid
chromatography (UPLC) (HPLC, Waters, USA).

2.

Results and discussion

2.1.
Characterization the structure of
FePcF16 -O-FePcF16 /MWCNTs
Based on the standard curve of Fe3+ , the load of the FePcF16 -OFePcF16 was 2.52 × 10−6 mol/g (Appendix A Fig. S1). It is worth
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2.2.

Oxidative degradation of CBZ

To investigate CBZ degradation, a standard experiment explored the catalytic ability of the FePcF16 -O-FePcF16 /MWCNTs.
CBZ was hardly degraded by H2 O2 during 120 minutes
of reaction time, and about 20% of the CBZ was adsorbed due to the adsorption capacity of MWCNTs when
FePcF16 -O-FePcF16 /MWCNTs was present alone. However, all
of the CBZ was degraded after 60 minutes when FePcF16 -OFePcF16 /MWCNTs and H2 O2 were both present (Fig. 3). Compared with pure FePcF16 -O-FePcF16 , the amount of FePcF16 -OFePcF16 in this experiment was greatly reduced and the reaction temperature was reduced to 303.15 K, which is sufficient
to demonstrate that the introduction of MWCNTs greatly improved the oxidation performance of the catalyst.

2.2.1.
Fig. 1 – Powder X-ray diffraction diagrams of O-bridged iron
perfluorophthalocyanine dimers (FePcF16 -O-FePcF16 ),
multi-walled carbon nanotubes (MWCNTs) and
FePcF16 -O-FePcF16 /MWCNTs.

noting that the amount of catalyst used in the CBZ degradation experiment was 0.2 g/L, but the amount of FePcF16 -OFePcF16 calculated by ICP actually involved in the reaction was
8.7 × 10−4 g/L.
Fig. 1 shows the XRD patterns of FePcF16 -O-FePcF16 , MWCNTs and FePcF16 -O-FePcF16 /MWCNTs, respectively. Among
them, the peak at 2θ = 26° corresponds to the (002) lattice
plane in the MWCNTs (Lin et al., 2010), and the peak around
2θ = 43° corresponds to the graphite plane of (110) and (100).
There were a series of diffraction peaks for the FePcF16 -OFePcF16 . However, in the FePcF16 -O-FePcF16 /MWCNTs, these
peaks disappeared, leaving only the corresponding MWCNT
peaks. This indicates that the loading amount of FePcF16 -OFePcF16 was very low, and the characteristic diffraction peak of
FePcF16 -O-FePcF16 was difficult to detect with the instrument.
The infrared spectrum results are shown in Appendix A Fig.
S2, in which the peak indicating the C-F stretching vibration at
2350 cm−1 is sufficient to confirm that FePcF16 -O-FePcF16 was
successfully loaded onto the MWCNTs.
The elemental composition was determined by XPS, which
can further verify whether the catalyst has been successfully
loaded (Cabana et al., 2015; He et al. 2018). The results show a
peak that indicates the presence of fluorine in the FePcF16 O-FePcF16 /MWCNTs (Appendix A Fig. S3). Based on the XPS
broad–spectrum results, the narrow spectrum of each element
is further examined.
Fig. 2b shows that the O 1s spectrum of the MWCNTs has
one peak, which is presumed to be the C=O peak generated by
surface oxidation, which is consistent with the C 1s spectrum
of MWCNTs (Appendix A Fig. S4) (Luo et al., 2013). In Fig. 2c,
there are peaks at 533.68 and 531.98 eV, which correspond
to N-C=O and Fe-O bonds, respectively (Zhou et al., 2017;
Yasuda et al., 2016). The absorption peak of FePcF16 -O-FePcF16
at 530.68 eV is that of O in the oxygen bridge in dimerized
perfluoroiron phthalocyanine. It can be seen in Fig. 2d that
the type of O in FePcF16 -O-FePcF16 /MWCNTs is a combination of MWCNTs and FePcF16 -O-FePcF16 , which confirms that
FePcF16 -O-FePcF16 was successfully loaded onto the MWCNTs
and that no new bond related to the O element was produced.
From the narrow spectrum of other elements, we obtained
the same result (Appendix A Figs. S5, S6 and S7).
Based on the above analyses of various elements, we can
conclude that FePcF16 -O-FePcF16 was successfully loaded onto
the MWCNTs.

Influence of operational condition on treatment efficiency

Different experimental conditions may affect the catalytic
performance. Among them, temperature is an important parameter for both the reaction and adsorption processes.
As shown in Fig. 4, when no oxidant is present, the degradation rate of CBZ decreases with increases in temperature,
which means that the higher the temperature, the higher is
the desorption of the MWCNTs, and the less favorable the conditions for the adsorption of CBZ by the MWCNTs. In the presence of H2 O2 , the degradation rate of CBZ increases with temperature, and the CBZ is completely degraded by FePcF16 -OFePcF16 after a reaction time of 60 min at 60°C. However, compared to FePcF16 -O-FePcF16 , the supported catalyst can completely degrade CBZ over a wide temperature range within the
same amount of time. Therefore, the introduction of MWCNTs not only greatly reduces the amount of catalyst, but also
improves the catalytic ability, which means the reaction can
completely degrade CBZ under mild conditions at a greatly reduced reaction temperature. The oxidative degradation rate
of CBZ is already very high when the reaction temperature is
30°C, and subsequent increases in temperature yield no significant results, so 30°C was selected as the optimal temperature.
Next, we calculated the value of the reaction rate constant k
at different temperatures (Xun et al., 2015), and then determined the activation energy of the reaction is 40.16 kJ/mol
(Appendix A Fig. S8).
Obviously, the degradation rate increased proportionally
with increases in the H2 O2 concentration in the FePcF16 -OFePcF16 /H2 O2 system (Fig. 5). However, to obtain the same
degradation effect, the H2 O2 concentration in the FePcF16 O-FePcF16 /H2 O2 system is 10 times that of the FePcF16 O-FePcF16 /MWCNTs/H2 O2 system. As the concentration of
H2 O2 increases, the catalyst does not activate all the H2 O2
(Appendix A Fig. S9) (Monteagudo et al., 2015). The CBZ was
completely degraded by H2 O2 concentration of 5 × 10−3 mol/L.
When the concentration of H2 O2 was increased to 1 × 10−2
mol/L and then 2 × 10−2 mol/L, the CBZ was degraded in a
shorter amount of time. Therefore, 5 × 10−3 mol/L was chosen as the optimal H2 O2 concentration in subsequent experiments.
Next, the effect of solution pH (3, 5, 7, 9, and 11) on the
degradation of CBZ by FePcF16 -O-FePcF16 /MWCNTs was investigated, and the results show that this system has a wide
pH range, which differs from the optimum pH range (2–4)
for the oxidation of organic compounds in a Fenton reaction
(Appendix A Fig. S10) (Zhao et al., 2017).

2.2.2.

Oxidative activities of other organic pollutants

To study the oxidizing ability of FePcF16 -O-FePcF16 /MWCNTs
for other organic pollutant, we conducted experiments under the same experimental conditions and replaced the substrate CBZ with other common organic pollutants. As shown
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Fig. 2 – Curves of O1s peaks of (a) MWCNTs, FePcF16 -O-FePcF16 and FePcF16 -O-FePcF16 /MWCNTs, (b) MWCNTs, (c)
FePcF16 -O-FePcF16 and (d) FePcF16 -O-FePcF16 /MWCNTs.

Fig. 3 – Degradation of carbamazepine (CBZ) under different
conditions. Reaction conditions: C0 = 2.5 × 10−5 mol/L,
concentration of H2 O2 ([H2 O2 ]) = 5 × 10−3 mol/L,
concentration of FePcF16 -O-FePcF16 /MWCNTs
([FePcF16 -O-FePcF16 /MWCNTs]) = 0.2 g/L, temperature
(T) = 303.15 K and pH 7. C0 : initial concentration of CBZ; C:
concentration of CBZ at time t.

Fig. 4 – Degradation of CBZ under different conditions.
Reaction conditions: C0 = 2.5 × 10−5 mol/L,
[H2 O2 ] = 2 × 10−2 mol/L, pH 7, concentration of MWCNTs
([MWCNTs]) = 0.2 g/L or concentration of FePcF16 -O-FePcF16
([FePcF16 -O-FePcF16 ]) = 0.1 g/L or
[FePcF16 -O-FePcF16 /MWCNTs] = 0.2 g/L.

clude that this catalytic system has strong applicability in the
degradation of organic pollutants.

2.2.3.
in Appendix A Table S1, the degradation rates of all the pollutants were greater than 90% in a short period of time, including dyes and drugs. These results show that FePcF16 -OFePcF16 /MWCNTs also had a good oxidative degradation effect
on other common organic pollutants. Therefore, we can con-

Reuse of catalyst

Reuse performance and stability are two important factors for
catalysts in practical applications. The degradation rate of CBZ
can be greater than 90% after 10 cycles. Therefore, FePcF16 O-FePcF16 /MWCNTs are reusable and maintain high catalytic
activity (Appendix A Fig. S11).
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Fig. 5 – Effect of initial H2 O2 concentration on catalytic
degradation of CBZ different conditions. Reaction
conditions: C0 = 2.5 × 10−5 mol/L, T = 323.15 K, pH 7,
[FePcF16 -O-FePcF16 ] = 0.1 g/L or
[FePcF16 -O-FePcF16 /MWCNTs] = 0.2 g/L.

2.3.

Mechanism analysis

In the phthalocyanine/hydrogen peroxide system, the activation of hydrogen peroxide O-O bonds may follow one of two
reaction pathways, and thereby generate either •OH or highvalent iron (IV) (Liu et al., 2017).
The electron paramagnetic resonance (EPR) spin-trapping
technique, which can detect free radicals generated during
CBZ degradation, was used to facilitate speculations about
the experimental mechanism (Hu et al., 2016). As shown
in Fig. 6a, unlike the set of quartets in standard Fenton
reagents, the DMPO-•OH signal did not appear when FePcF16 O-FePcF16 /MWCNTs was used as the catalyst. This indicates
that the FePcF16 -O-FePcF16 /MWCNTs/H2 O2 catalytic oxidation
of the CBZ system produces very little •OH, which was hardly
detectable by the instrument. Furthermore, •OH is not the
main active center in the catalytic oxidation of the CBZ system
by FePcF16 -O-FePcF16 /MWCNTs/H2 O2 . To investigate whether
peroxygen free radicals may be produced in the oxidation system, Fig. 6b shows the results obtained under the same test
conditions and with the water phase replaced by methanol. It
is obvious that the DMPO-•OOH signal is also completely absent when FePcF16 -O-FePcF16 /MWCNTs is used as a catalyst.
This result proves that •OOH is not the main active species
in the FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system. In summary,
the possibility that •OH and •OOH are the main active species
is excluded, so Fe(IV)=O may be the main active species in this
system. IPA inhibits oxidation reactions by its capture of •OH
species, thereby changing the catalytic oxidation reaction of
•OH as the active center, and affecting the oxidative degradation rate of CBZ. The experimental results show that •OH is
not the main active center in the catalytic oxidation of the CBZ
system of FePcF16 -O-FePcF16 /MWCNTs/H2 O2 (Appendix A Fig.
S12).
To determine the presence of high-valent iron, we conducted a dimethyl sulfoxide (DMSO) oxidation experiment,
which is a method used to indirectly determine the presence
of Fe(IV)=O. It can be seen from the following formula (2) that
•OH cannot oxidize DMSO to dimethyl sulfone (DMSO2 ), but
DMSO can be oxidized to DMSO2 by Fe(IV)=O (Chen et al.,
2017; Pang et al., 2011). In the gas chromatograms in Fig. 7, we
can see that the standard sample showed a unique peak indicating the presence of DMSO2 at a retention time of 5.454
min. Similarly, the chromatogram of the oxidative degradation of the CBZ system by FePcF16 -O-FePcF16 /MWCNTs/H2 O2
shows the only chromatographic peak indicating the presence

Fig. 6 – 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
spin-trapping electron paramagnetic resonance (EPR)
spectra in (a) pure aqueous solution or (b) methyl alcohol
solutions with [H2 O2 ] = 5 × 10−3 mol/L, concentration of
DMPO ([DMPO]) = 5 × 10−3 mol/L,
[FePcF16 -O-FePcF16 /MWCNTs] = 0.2 g/L.

Fig. 7 – Gas chromatography mass spectrometry (GC-MS)
chromatograms of dimethyl sulfone (DMSO2 ) (1 × 10−3
mol/L), oxidation products of dimethyl sulfoxide (DMSO)
catalyzed by FePcF16 -O-FePcF16 /MWCNTs. Inset shows the
MS spectrum of DMSO2 . m/z: mass-to-charge ratio.
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Table 1 – Oxidative degradation intermediates of CBZ
examined by ultraperformance liquid chromatographyhigh-definition mass spectrometry (UPLC-HDMS).
Molecular
formula

Retention Theoretical Measured
Absolute error
time (min) mass (m/z) accurate (m/z) (× 10−3 )

C15 H12 N2 O 4.81
C15 H12 N2 O2 3.81
4.05
4.25
C15 H10 N2 O3 2.80
3.31
C15 H12 N2 O3 3.02
C14 H9 NO2 1.23
C15 H10 N2 O2 4.17
C13 H9 NO
3.57

237.1028
253.0977
253.0977
253.0977
267.0770
267.0770
269.0926
224.0712
251.0816
196.0762

237.1032
253.0987
253.0979
253.0973
267.0765
267.0767
269.0919
224.0704
251.0811
196.0761

0.4
1.0
0.2
0.4
0.5
0.3
0.5
0.8
0.5
0.1

of DMSO2 at the same retention time of 5.454 min. Therefore,
we can speculate that the oxidative degradation of FePcF16 -OFePcF16 /MWCNTs/H2 O2 in the CBZ system is most likely due
to the presence of Fe(IV)=O active species.
Fe(IV ) = O + (CH3 )2 SO → (CH3 )2 SO2

(1)

2 • OH + 2(CH3 )2 SO + O2 → 2CH3 SO2 H + HCHO + CH3 OH

(2)

Peroxidase (POD) is an enzyme in which iron porphyrin is
a prosthetic group and H2 O2 is an electron acceptor. Colorless
DPD can be oxidized to pink DPD•+ (Liu et al., 2014). Therefore,
this reaction can be used to indirectly detect the presence of
high-transition metals. The experimental results also proved
that Fe(IV)=O is the main active substance (Appendix A Fig.
S13).
Based on the experimental results, we speculate that
the mechanism of the oxidative degradation of CBZ by the
FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system, whereby MWCNTs
act as electron transporters in the reaction system; thus,
changing the electronic environment of FePcF16 -O-FePcF16 .
For the catalytic mechanism process of FePcF16 -O-FePcF16 , the
O-O bond of H2 O2 has two fracture modes, i.e., homolysis or
heterolysis, in different reaction conditions. In general, a heterolytically cleaved O-O bond causes the phthalocyanine to
produce Fe(IV)=O active species, whereas when the O-O bond
is cleaved homolytically, Fe(III)=O and •OH are produced in
the reaction system. However, in the active species detection
experiments, we could detect no generation of •OH. Therefore, we speculate that the FeIII -O-FeIII -OOH was cleaved heterolytically, which generates FeIV -O-FeIV =O at the same time
as the loss of OH− and degrades the CBZ into small molecules,
which coincides with the experimental results. In summary,
the FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system involves a nonradical reaction mechanism in the degradation of CBZ or organic pollutant systems, and Fe(IV)=O is the main active center.

2.4.

CBZ degradation products and pathways

As shown in Table 1, we used UPLC-HDMS (Synapt G2-S HDMS,
Waters, USA) in the positive ion detection mode to detect
the intermediate product of CBZ in the degradation process,
and identified all the intermediate products and their corresponding retention times, theoretical molecular masses and
accurately measured masses. Based on the results, we speculate that the possible intermediate structure and degradation
pathways are as shown in Fig. 8, whereby the double bond

Fig. 8 – Proposed CBZ degradation pathway in the
FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system.
on the central ring of CBZ is first attacked by Fe(IV)=O and
converted into intermediate products (B, C, D) with mass to
charge ratio (m/z) = 253.0977 and E (m/z = 267.0770) (Sun et al.,
2013a). Then, a relatively gentle ring-shrinking reaction occurs
in C, generating the intermediate product G (m/z = 224.0712),
which is further oxidized to J (m/z = 196.0762). The intermediate product D undergoes intramolecular cyclization to H
(m/z = 251.0816) (Sun et al., 2013b). The intermediate product
F (m/z = 269.0926) is derived from the C10-C11 bond cleavage of E or further oxidation of C, and F continues to undergo an intramolecular reaction to convert to intermediate
I (m/z = 267.0770) (Rao et al., 2013). Finally, the above intermediates and CBZ disappear, and no new product is formed, indicating that the FePcF16 -O-FePcF16 /MWCNTs/H2 O2 system can
effectively transform and degrade CBZ and its intermediates,
mineralizing them into small molecules.

3.

Conclusions

In conclusion, FePcF16 -O-FePcF16 was successfully loaded onto
MWCNTs. Experimental results showed that loading FePcF16 O-FePcF16 on MWCNTs reduced the amount of FePcF16 -OFePcF16 and H2 O2 , and reduced the activation energy of the reaction. Sufficient evidence shows that MWCNTs can improve
the dispersion of FePcF16 -O-FePcF16 , contributing to produce
Fe(IV)=O reactive site. Furthermore, the degradation pathway
of CBZ was analyzed by UPLC-HDMS. In summary, this work
provides new insights regarding the loading of catalysts and
the degradation of organic pollutants.
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