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Abstract
Iron (II) phthalocyanine (FePc) supported on electrospun polyester/poly-4-vinylpyridine nanofibers (PET/P4VP NFs) was
prepared by stirring in tetrahydrofuran. The resulting product was confirmed and characterized by ultraviolet-visible diffuse
reflectance spectroscopy, attenuated total reflection Fourier transform infrared spectra, X-ray photoelectron spectroscopy, gas
chromatography/mass spectrometry, and ultra-performance liquid chromatography. More than 95% of sulfaquinoxalinum (SQX)
could be removed by the activation of hydrogen peroxide in the presence of FePc-P4VP/PETwith a PETand P4VPmass ratio of
1:1. This system exhibited a high catalytic activity across a wide pH and temperature range. The degradation rates of SQX
achieved 100, 95, and 78% at a pH of 3, 7, and 9, respectively, and the degradation rates of SQX are more than 80% at the
temperature ranging from 35 to 65 °C. DMSO2 could be detected by gas chromatography/mass spectrometry after the addition of
DMSO, suggesting the formation of the high-valent iron intermediates in this catalytic system. In addition, the electron para-
magnetic resonance experiments proved that free radicals did not dominate the reaction in our system. Therefore, the high-valent
iron intermediates were proposed to the main active species in the FePc-P4VP/PET/hydrogen peroxide system. In summary, the
heterogeneous catalytic processes with non-radical catalytic mechanism might have better catalytic performance for the removal
of organic pollutants, which can potentially be used in wastewater treatment.
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Introduction

Pharmaceutical antibiotics have been used widely in recent
decades (Wang et al. 2012; Wang et al. 2013; Hoff et al.
2014; Biošić et al. 2017) and have become the subject of
growing attention as soil environmental contaminants

(Bloem et al. 2017; Yu et al. 2013; Carmona et al. 2014;
Hou et al. 2016; Kovacic et al. 2016). Discharged antibiotics
can enter the aqueous environment from soil and sediments by
surface runoff, leaching, and desorption (Lekunberri et al.
2017; Kay et al. 2005) and eventually flow into drinking wa-
ter. Sulfonamides (SAs), as one of the most important and
widely used antibiotics (Zhao et al. 2017; Lin et al. 2017;
Ben et al. 2017; Bialk-Bielinska et al. 2011; Zhang et al.
2013; Ou et al. 2015), are synthetic antimicrobials derived
from sulfanilic acid (Guo et al. 2012a). Significant residual
amounts of sulfonamides have been detected, including in
rivers, groundwater, and soil, especially in wastewater from
animal farms and hospitals (Sakai et al. 2016; Baran et al.
2011). Sulfaquinoxaline (SQX) was one of the first com-
pounds that was introduced to prevent and treat coccidia
(Hoff et al. 2009, 2014). SQX consists of a sulfa group and
a quinoxaline group (Hoff et al. 2012). It has been reported
that sulfas do not show high toxicities to larger organisms and
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human beings; however, quinoxaline exhibits mutagenic and
carcinogenic activities (Liao et al. 2016). Methodologies for
SQX removal from contaminated environments encompass
physical, chemical (Guo et al. 2012b) and biological
(Vasiliadou et al. 2013; Cetecioglu 2014) techniques.
Advanced oxidation processes (AOPs) have been considered
to be efficient and environmentally friendly methods
(Mantzavinos et al. 2014, 2017; Dewil et al. 2017) to decom-
pose various robust microorganic contaminants in surface wa-
ter and wastewater into less complex and less harmful by-
products (Salaeh et al. 2016); some of these methods can even
mineralize contaminants into carbon dioxide, water, and other
inorganics (González et al. 2013; Mano et al. 2015; Wols et al.
2015). However, AOP degradation was carried out by hydrox-
yl radicals (·OH) (Wang et al. 2017; Wang et al. 2013; Liu and
Wang 2013).

In our previous studies (Zhu et al. 2016), to prevent the
formation of dimers and oligomers, the degradation of carba-
mazepine and Rhodamine B was investigated during a
Fenton-like process (Nidheesh et al. 2013, Nidheesh and
Gandhimathi 2014a, b) with iron (II) phthalocyanine (FePc)/
polyacrylonitrile nanofibers in which FePc molecules were
isolated in polyacrylonitrile nanofibers by electrospinning.
Methods for preparing a supported catalyst by phthalocyanine
have been provided (Sorokin and Kudrik 2011; Sorokin
2013): (i) physical adsorption onto a support surface, (ii) en-
capsulation within porous materials, (iii) electrostatic force
between oppositely charged complexes and surface, (iv)
grafting via direct coordination of metal to a support, and (v)
covalent anchoring to a support.

Since the nitrogen atoms can coordinate axially with
iron phthalocyanine in the center of metallic iron, we can
obtain structurally stable complexes. At the same time, this
method can avoid the formation of dimers and oligomers of
iron phthalocyanine to improve its catalytic activity.
Furthermore, the heterogeneous catalyst can be prepared
by using polyester as a carrier to avoid the secondary pol-
lution of water resources. The aim of our work was to study
whether active species of Fe(IV) = O are produced by
grafting via direct metal coordination. In this study, poly-
ester (PET)-supported poly-4-vinylpyridine (P4VP) nano-
fibers were prepared by electrospinning; whereafter, the
FePc was modified by using the PET/P4VP nanofibers to
prepare the catalysts. The catalyst was analyzed by attenu-
ated total reflection Fourier transform infrared spectrosco-
py (ATR-FTIR), ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis), and X-ray photoemission spectros-
copy (XPS). Sulfaquinoxaline (SQX) was the main organic
substance used to investigate catalytic activity. The possi-
ble formations of reactive species were examined by using
isopropanol (IPA), 5,5-dimethyl-pyrroline-oxide (DMPO)
spin trapping, electron paramagnetic resonance (EPR),
and dimethyl sulfoxide (DMSO).

Materials and methods

Materials

FePc and the spin trapping reagent, DMPO were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Hydrogen peroxide (H2O2, 9.7 M) was supplied from
Sinopharm Chemical Reagent Co., Ltd. (Tianjin, China).
Polyethylene terephthalate (PET) chips were obtained from
Jiangsu Hengli Chemical Fibre Co., Ltd. (Jiangsu, China).
P4VP, SQX, and other sulfonamides (SAs) were supplied from
J&K Chemical Inc. (Beijing, China). IPA and DMSO were
purchased from Tianjin Wing Tai Chemical Co., Ltd. (Tianjin,
China). Tetrahydrofuran (THF) and hexafluoroisopropanol
(HFIP) were obtained from Tianjin Yongda Chemical
Reagent Co., Ltd. (Tianjin, China). Chemicals and solvents
were all of analytical grade and used without any further puri-
fication. In all experiments, the ultrapure water was obtained
from Milli-Q Advantage A10 (Millipore).

Preparation of FePc-P4VP/PET

PET chips and P4VP (12 wt% PET and P4VP vs. HFIP) were
dissolved in HFIP with PETand P4VPmass ratios of 10:1, 5:1,
and 1:1, respectively. After the solution had been mixed at
room temperature for 12 h, PET/P4VP was added to a syringe
that was equipped with a metal spinneret in the electrospinning
apparatus. The PET/P4VP solutionswere electrospun at 15 kV.
The electrospun PET/P4VP nanofibers were deposited onto a
grounded tinfoil sheet, where the tip-to-collector distance was
fixed at 18 cm and the volumetric flow rate was 1 mL/h.
Spinning was conducted under a relative humidity of 60%.
After electrospinning, PET/P4VP was removed from the tin-
foil sheet and was cut almost to the size of a sheet. These
nanofiber sheets were added to the THF solution of the FePc
in a three-necked flask container. The three-necked flask was
heated and stirred at 70 °C in a water bath. After 12 h, the
reactant was removed from the solution, rinsed with THF
and distilled water many times to remove unreacted FePc and
other residuals, and freeze dried in vacuum to constant weight.
The reaction course is indicated in Scheme 1.

Characterization

The FePc content in FePc-P4VP/PET was measured by UV-
vis spectrophotometry (UV-2550, Shimadzu, Japan). Iron
phthalocyanine powder was added into a HFIP solution at a
series of concentrations; the absorbance was measured and an
absorbance–concentration standard curve was produced. A
certain amount of FePc-P4VP/PET was weighed into the
HFIP solution; the absorbance was measured and the FePc
content was determined. The chemical structure of the FePc
powders, PET NFs, FePc/PET NFs, FePc-P4VP NFs, and
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FePc-P4VP/PETwas analyzed by ATR-FTIR spectra (Nicolet
5700, Perkin Elmer, USA) and UV-vis, and XPS (Kratos
AXIS Ultra DLD, Kratos, UK) data were recorded with a
Thermo Scientific K-Alpha spectrometer (monochromatic Al
Ka, 1486.6 eV).

Degradation experiments

The degradation of SQX and other SAs was carried out in a
40-mL glass sample beaker, with a reaction temperature of
50 °C (or other temperatures as desired) using a constant tem-
perature shaker water bath (DSHZ 300A, Taicang, Jiangsu).
FePc-P4VP/PET (40 mg) was added to 20 mL SQX
(0.02 mM) or other aqueous solution of SAs (0.02 mM) with
H2O2 (10 mM) as oxidant. The solution pH was adjusted by
H2SO4 or NaOH addition. The evolution of SQX and other
sulfa antibiotic concentrations was monitored by ultra-
performance liquid chromatography-UV (Waters, USA)
equipped with a Waters BEH-C18 column.

EPR study

EPR signals were detected on a Bruker A300 spectrometer for
free radicals trapped by DMPO in aqueous or in methanol
solution. Typical parameter settings were the following: center
field, 3507 G; sweep width, 80 G; static field, 3467.5 G; mi-
crowave frequency, 9.85 GHz; and modulation frequency,
100 kHz. EPR signals of FePc-P4VP/PET that contains
10 mMDMPOwere observed after 100-s reaction in the pres-
ence of H2O2.

Ferric detection experiments

Experiments for detecting high-valent iron intermediates were
carried out as follows. FePc-P4VP/PET (40 mg) and FePc/
PET NFs (40 mg) were dispersed in 20 mL DMSO aqueous
solution (10 mM) and compared with a control group (DMSO

solution only). The solution was stirred continuously for
120 min after 10 mMH2O2 injection. Products were extracted
by rotary evaporation and were redissolved with absolute
methanol and dried over anhydrous magnesium. DMSO2

was analyzed by gas chromatography/mass spectrometry
(GC-MS, MS: Agilent 5973i; GC: Agilent 6890 N equipped
with an OV1701 capillary column 30 m × 0.25 mm ×
0.25 μm). Analysis conditions were as follows: injection vol-
ume: 1μl and column temperature: heating from 100 to 265°C
at 30°C min−1.

Results

Characterization

The analyzed FePc content is shown in Fig. S1. Its concentra-
tion was 0.0222 g/L or 1.4 × 10−4 mol/g.

Thermal Gravimetric Analyzer (TGA/DSC1/1100LF,
Mettler, USA) was used to investigate the thermal properties
of the materials. The pyrolysis temperature of FePc-P4VP/
PET, PET/P4VP, PET, and FePc/PET was determined. As
shown in Fig. S2, FePc-P4VP/PET decomposition begins at
300 °C lower than PET/P4VP, PET, and FePc/PET, but it can
be used normally during the degradation experiment.

As shown in Fig. 1, the UV-vis spectrum of FePc contains a
characteristic Q-band in the near-infrared region centered at
635 nm (Kay et al. 2005), a B-band at 329 nm and a weaker
transition at ~ 565 nm. The characteristic Q-band is attributed
to a π − π* transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of the FePc ring. The B-band is caused by transitions
between a2u and b1u to eg* orbitals, and the additional weak
vibrational satellite band at ~ 565 nm is observed as a result of
the inevitable aggregation between the FePc units (Kay et al.
2005; van Doorslaer et al. 2012). Compared with FePc-P4VP/
PET and FePc, the characteristic Q-band for FePc-P4VP/PET

Scheme 1 Preparation of FePc-
P4VP/PET

5904 Environ Sci Pollut Res (2018) 25:5902–5910



exhibits a significant red shift of 662 nm from FePc (635 nm).
This can be explained as the metallic iron of FePc reacting
with nitrogen atoms of P4VP; nitrogen atoms provide elec-
trons to metallic iron and the energy gap narrows between the
HOMO and the LUMO of the FePc ring (Liu et al. 2008).

As shown in Fig. 2, the ATR-FTIR spectra show character-
istic peaks of the skeleton stretching of FePc at ~ 1099, 1050,
and 823 cm−1 and C-C and C-N of P4VP at ~ 1601 and
1417 cm−1, respectively (Sahiner and Yasar 2013, 2014,
2015; Gashti et al. 2015). A comparison of FePc-P4VP/PET
with PET/P4VP shows some new peaks at ~ 1340, 1250, and
1125 cm−1, which are characteristic peaks of FePc. This
proves that FePc exists in FePc-P4VP/PET. However, another
peak appeared at 1411 cm−1, which can be explained from
P4VP reacting with FePc; the C-N peak position shifted as
was confirmed by UV-vis diffuse reflectance (Lambda 900,
Perkin Elmer, USA).

XPS was used to investigate the chemical composition and
bonding between FePc and P4VP. As shown in Fig. S3, spec-
tra from a wide scan showed that a new band of nitrogen was
detected when FePc and P4VP were supported on PET NFs.
The spectra from a wide scan also showed that a new band of
iron was detected after FePc reacted with PET/P4VP, which
suggests that FePc was supported on PET/P4VP NFs. The full
half-widths of the N1 peaks in Fig. 3 show a typical peak of
N1 in Fig. 3b–e and no typical peak of N in Fig. 3a. No
elemental N exists in the PET NFs, so no typical N peak is
present in PET NFs. The N1 peaks were 398.69, 397.82, and
397.91 eV as shown in Fig. 3b–d, respectively (Agboola and
Ozoemena 2008), which proves that the N1 peaks of FePc and
P4VP were 397.91–398.69 and 397.82 eV, respectively. Four
N1 peaks exist in Fig. 3e 399.18, 398.70, 398.11, and
397.80 eV. Three new peaks emerged at 399.18, 398.11, and
397.80 eV, and the peak of the PET/P4VP NFs decreased.
This behavior can be explained as nitrogen-containing groups
of PET/P4VPNFs reactingwith FePc and the formation of Fe-
N. The peak area ratio of 399.18, 398.11, and 397.80 eV was
1:4:4, which can be explained as the nitrogen atoms of PET/

P4VP, aza-bridging and pyrrole of FePc ring after PET/P4VP
NFs reacting with FePc. This result provides further evidence
that nitrogen atoms can coordinate axially with iron phthalo-
cyanine in the center of metallic iron, which agrees with the
UV-vis diffuse reflectance and FTIR analysis.

Degradation experiment

Oxidative degradation of SQX

To investigate the catalytic activity of FePc-P4VP/PET film,
we selected SQX in aqueous solution (0.02 mM) as the sub-
strate for the catalytic oxidation. As shown in Fig. 4, SQX
decreased by 5, 6, and 58% with FePc-P4VP/PET and PET
and P4VP mass ratios of 10:1, 5:1, and 1:1, respectively, and
without H2O2 for 120min at 50 °C, and the adsorption process
reached equilibrium. When SQX in aqueous solution was ex-
posed to FePc-P4VP/PET film and H2O2, the catalyst re-
moved 12, 30, and more than 95% of the SQX for a PET
and P4VP mass ratio of 10:1, 5:1, and 1:1, respectively. By
comparing the catalytic degradation of SQX by the catalyst
with different mass ratios of PET and P4VP in the presence or
absence of H2O2, we concluded that the catalytic property of
the catalyst with the mass ratio of PET to P4VP is 1:1 is best.
Therefore, we chose the catalyst with a PET and P4VP mass
ratio of 1:1 in the experiments to study the effect of the
influencing factors on the catalytic degradation of SQX. In
order to prove the conclusions from the experimental data
are proper, we have done a series of repetition tests and got
the standard deviation curve as shown in the Fig. S4.
Therefore, this graph proves that the experiments carried out
in this study have good repeatability, and the conclusions are
convincing.

Effect of hydrogen peroxide concentration

Hydrogen peroxide as the oxidant is an important factor that
affects the catalytic process. Figure S5 shows the
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Fig. 2 ATR-FTIR spectra of FePc, FePc-P4VP/PET, FePc/PET NFs,
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Fig. 1 UV-visible absorption spectra of FePc-P4VP/PET, FePc, P4VP/
PET NFs, and PET NFs
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concentration of hydrogen peroxide from 5 to 20mM; a great-
er hydrogen peroxide concentration results in an increased
degradation rate of SQX. However, the degradation rate of
SQX shows almost no difference after 120 min at 50 °C for
a concentration of hydrogen peroxide of 10–20 mM. To im-
prove the utilization of hydrogen peroxide, the experimental
hydrogen peroxide concentration was selected at 10 mM.

Effect of pH

Wastewater has a certain pH range, and therefore, a study on
catalyst adsorption or substrate degradation under different pH
conditions is necessary. As shown in Fig. S6a, without H2O2,
the adsorption rates were 97, 61, and 54% at a pH of 3, 7, and
9, respectively, after 120 min at 50 °C, which indicates that the
adsorption capability of FePc-P4VP/PET to SQX decreased
with the increase of pH. This is because the transformation of
the electronegativity of SQX under the different pH values. As
shown in Fig. S6b, with H2O2, the degradation rates of SQX
achieved 100.0, 95.2, and 78.1%. A small, gradual increase in
amount of SQX in solution resulted with an increase in pH.
Fig. S6a and Fig. S6b show that a greater adsorption yields a
greater degradation rate. We believe that the high adsorption
capability of FePc-P4VP/PET could improve the degradation
rate of SQX.

Effect of temperature

We also investigated the effect of temperature on SQX degra-
dation. As shown in Fig. S7, FePc-P4VP/PET can degrade
SQX from 35 to 65 °C, although the degradation rates of
SQX increased with increasing temperature. The reason be-
hind this is that the higher the temperature, the faster the mo-
tion of molecules in the system. So, we can obtain higher
probability of catalyst contact with substrate. Moreover, the

Fig. 3 XPS spectra of a PET NFs, b P4VP/PET NFs, c FePc, d FePc/PET NFs, and e FePc-P4VP/PET (a color version of this figure can be viewed
online)
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Fig. 4 Concentration changes of SQX under different conditions.
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difference in residual SQX at 50 and 65 °C was small. To
conserve energy, we selected 50 °C in the experiment.

Degradation of other sulfonamides

Table S1 shows the degradation results of seven other kinds
of sulfonamides by the FePc-P4VP/PET and H2O2 system.

The seven SAs were sulfadoxine (SGD), sulfadiazine (SD),
sulfamethazine (SMZ), sulfamethoxydiazine (SMD),
suladimethoxypyrimidine (SMM), sulfa-chloro pyridazine
(SCP), and sulfamethoxazole (SMX). The difference in
degradation ability between the FePc-P4VP/PET and the
H2O2 system was small compared with the seven SAs,
which can be degraded over a certain period of time.

Investigation of active species

IPA is a good ·OH scavenger and has been used to capture
reactive species during catalytic reactions (van Doorslaer et al.
2012). SQX degradation on FePc-P4VP/PET in the presence
of H2O2 with or without IPA is shown in Fig. 5. The SQX
transformation was inhibited slightly by excess IPA.
Therefore, ·OH may not play a dominant role in SQX
degradation.

EPR spin trapping was used to study the ·OH mentioned
above. Typical 1:2:2:1 spectra, which are indicative of the
DMPO − OH spin adduct (Nawrot et al. 2009; Gehling et al.
2014), indicate the formation of ·OH. In various Fenton/
Fenton-like catalyst systems, the formation of ·OOH is accom-
panied by ·OH. The EPR spin trap technique (with DMPO)
was used to probe the possible reactive oxygen species.
Figure 6a shows typical EPR signals of DMPO-OH in the
reaction of FePc-P4VP/PET with H2O2 at pH 3, 7, and 9.
The formation of ·OOH radicals was also detected inmethanol
(Fig. 6b) because ·OOH radicals in water are unstable and
undergo facile disproportionation rather than slow reaction
with DMPO. The EPR signal at pH 3 is more obvious than
for the other two groups. However, the typical EPR signals at
pH 3, 7, and 9 were not very strong. This verified that ·OH and
·OOH were ineffective reactive species for SQX degradation.

Sulfoxides (e.g., dimethyl sulfoxide, methyl phenyl sulfox-
ide, and methyl p-tolyl sulfoxide) can react with Fe(IV) = O
through a two-electron transfer step to produce corresponding
sulfones; however, ·OHwill produce a different product under
the same conditions (Tai et al. 2004; Gao et al. 2012). As
shown in Fig. 7, the peak of a standard sample of DMSO2

(5.28 min) emerged in the FePc-P4VP/PET/H2O2 system. We
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Fig. 5 Influence of IPA on SQX degradation. [FePc-P4VP/PET] = 2 g/L,
[SQX] = 0.02 mM, [H2O2] = 10 mM, [IPA] = 0.04 M; T = 50 °C, pH 7

Fig. 6 DMPO spin trapping EPR
spectra in aqueous a or methanol
b solution in the presence of
FePc-P4VP/PET film and H2O2

(10 mM) with DMPO (10 mM);
T = 50 °C, pH 7

Fig. 7 GC-MS chromatograms of DMSO2 (1mM), oxidation products of
DMSO catalyzed by FePc-P4VP/PET (2 g/L). The inset shows the MS
spectrum of DMSO2
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infer that the FePc-P4VP/PET/H2O2 system produced active
Fe(IV) = O species during the degradation experiment.

Catalytic mechanism

Previous literature has indicated that the homolytic and het-
erolytic cleavage of the O-O bond competes when H2O2 is
activated by MPcs (Boreen et al. 2005; Sorokin 2013; Ikhlaq
et al. 2013) and that catalytic active species such as ·OH,
·OOH, and Fe(IV) = O are generated (Afanasiev and
Sorokin 2016). As shown in Scheme 2, two possible pathways
for the formation of catalytically active species were pro-
posed. In the catalytic system, the heterolysis of the O-O bond
was dominant in the decomposition of H2O2 owing to P4VP
as an electron donor that could offer the electron can be a
boost for the heterolysis of the O-O bond, resulting in the
formation of Fe(IV) = O species (Scheme 2).

Conclusions

This study proves the significant catalytic activity of FePc-
P4VP/PET, in which FePc and P4VP/PET nanofibers pro-
duced by electrospinning were used as axial ligands. The
mechanism was explained and the intermediates of SQXwere
·OH, ·OOH, and Fe(IV) = O using this catalyst. Less ·OH and
·OOH formed in the FePc-P4VP/PET/H2O2 system, more
active species of Fe(IV) = O participate in the catalytic degra-
dation of SQX. These active species were determined by clas-
sical quenching tests with IPA. EPR tests were conducted with
DMPO as spin trapping agent, and Fe(IV) = O active species
were detected as reaction products from DMSO.
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