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photogenerated carrier separation efficiency. In this work, a Z-scheme FeS2 /Fe2 O3 com-
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heat treatment. A remarkably enhanced photocatalytic performance was observed over the
FeS2 /Fe2 O3 composite photocatalyst. Compared with the pristine pyrite, the degradation ef-
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ficiency of carbamazepine (CBZ) reached 65% at the added hexavalent chromium (Cr(Ⅵ))
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concentration of 20 mg/L and the Cr(Ⅵ) was nearly completely reduced in the mixed sys-
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tem using FeS2 /Fe2 O3 within 30 min under simulated solar light irradiation. The enhanced
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photocatalytic activity can be attributed to the efficient separation and transfer of photogen-
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erated carriers in the FeS2 /Fe2 O3 composite photocatalyst. This facilitated the generation of
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•OH, hole (h+ ) and •O2 − species, which participated in the photocatalytic reaction with CBZ.
Based on the measurement of the active species and electric properties, a Z-scheme electron transfer pathway was proposed for the FeS2 /Fe2 O3 composite photocatalyst. This work
broadens the application potential of pyrite in environmental remediation.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Pharmaceutically active compounds (PhACs) are widely used
to prevent and treat diseases. In recent years, PhACs have attracted widespread concern because of their potential negative consequences to the environment and humans. Among
the PhACs, carbamazepine (CBZ), is a typical antiepileptic
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drug and has been widely used for the treatment of epilepsy,
depression, neuralgia, and arrhythmia. It is estimated that
the worldwide consumption of CBZ is ˜1014 ton/year, and results in more than 30 ton of CBZ being released into sewage
treatment plants (Calisto et al., 2011; Zhang et al., 2008). Because of the widespread use and the lack of targeted degradation techniques, CBZ is one of the most frequently detected
pharmaceutical contaminant in the environment, including in
groundwater, surface water, and reclaimed water (Zhou et al.,
2011; Tixier et al., 2003). In addition, as a common heavy metal
ion, Cr(Ⅵ) is highly toxic and non-degradable, which can cause
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threat to aquatic organisms and humans (Yang et al., 2018;
Wu et al., 2018). Thus, it is imperative to control the pollution
of Cr(Ⅵ). In fact, organic pollutants and heavy metals usually
exist simultaneously in the environment (Liu et al., 2017).
To date, numerous methods have been reported for CBZ
and Cr(Ⅵ) removal, such as adsorption (Bui and Choi, 2009),
biological treatment (Ji et al., 2016), and advanced oxidation processes (Zhu et al., 2019). Particularly, photocatalysis
based on advanced oxidation techniques has attracted significant attention because of its low cost, safety, and high efficiency (Bo et al., 2019). Various photocatalysts have been developed for the degradation of CBZ, such as BiOCl (Gao et al.,
2018), TiO2 (Carabin et al., 2015), BiPO4 (Guo et al., 2018),
and composite photocatalyst (Chen et al., 2017). For example, Li et al. (2019) prepared Fe3 O4 /BiOBr/BC that demonstrated
superior photocatalytic performance for CBZ photodegradation and high stability. The photocatalytic reduction of Cr(Ⅵ)
is an effective method to control the chromium pollutants.
Wang et al. (2016) synthesized a series of Fe2 O3 to reduce the
Cr(Ⅵ) to less toxic Cr(Ⅲ) under visible light irradiation. However, these researches focused on the photocatalytic process
of CBZ and Cr(Ⅵ) separately. Moreover, the synthetic photocatalyst could effectively degrade CBZ and reduce Cr(Ⅵ) to
Cr(Ⅲ), however, it had a high cost. So, the development of costeffective photocatalysts is essential for practical application.
Naturally occurring semiconductors are abundant and can
be activated by sunlight; hence, they show great promise
for the photocatalytic degradation of environmental pollutants. Among the naturally occurring semiconductor minerals, pyrite is the most abundant sulfide mineral on earth and
has shown great promise because of its high surface activity
(Chandra and Gerson, 2010). Pyrite has been mainly applied
for the production of sulphuric acid (Yang et al., 2017). For environmental applications, researchers have used pyrite as an
efficient Fenton reagent to degrade pollutants (Kantar et al.,
2019). For example, it was reported that diclofenac can be
rapidly degraded in the Fenton reaction process using pyrite as
the catalyst, and the removal efficiency was significantly improved compared with the classic Fenton system (Bae et al.,
2013). Moreover, pyrite can activate oxidants to produce radicals, which can effectively degrade pollutants (Xia et al., 2017;
Barhoumi et al., 2016). Feng et al. (2018) found that the pyrite
activated peroxymonosulfate (PMS) showed excellent performance for the degradation of recalcitrant 1,4-dioxane pollutant.
As a semiconductor, pyrite exhibits excellent optical properties, making it an attractive choice for the photocatalytic
degradation of organic pollutants (Ferrer et al., 1990; Liu et al.,
2013). However, research on pyrite as a photocatalyst is still
scarce. Diao et al. (2015) proposed using pyrite as a photocatalyst to simultaneously remove malachite green and Cr(Ⅵ).
However, the photocatalytic performance of pyrite needs to
be further improved. From the perspective of its photocatalytic mechanism, pyrite displayed strong reduction capacity
because it has a conduction band (CB) value at −0.53 eV, which
is more negative than the potential (E) of O2 /•O2 − at −0.046 eV;
thus, the photogenerated electrons of pyrite could react with
O2 to produce •O2 − (Chen et al., 2010). The oxidizing capacity of the photogenerated hole is poor because of the low valence band (VB) level at 0.42 eV. Photogenerated electrons on

the VB of pyrite cannot oxidize the adsorbed H2 O or OH− to
produce •OH (E•OH/OH − = +1.99 eV) (Gao et al., 2015), which is
a strongly oxidizing species for pollutant degradation. More
seriously, the non-participating hole can accumulate and recombine with photogenerated hole. This hinders the separation of photoinduced electron-hole pairs, resulting in a low
photocatalytic efficiency of pyrite. Therefore, raising the oxidizability of the photogenerated hole and the separation efficiency of the photogenerated electron-hole pairs is key to improving the photocatalytic activity of pyrite.
To solve this problem, combining pyrite with a strongly oxidizing semiconductor to construct a heterojunction may be
an efficient method. Strongly oxidizing semiconductors include bismuth oxychloride (BiOCl), titanium dioxide (TiO2 ),
cadmium sulfide (CdS), and ferric oxide (Fe2 O3 ) (Xiang et al.,
2015; Xia et al., 2015; Zhang et al., 2018). Among these semiconductors, Fe2 O3 would be a good choice because of its high
stability and good compatibility with pyrite. In particular, because of its instability, the structure of pyrite can change and
be oxidized into Fe2 O3 under ambient atmospheric conditions.
Hence, by optimizing and controlling the structural transformation of pyrite, Fe2 O3 could be generated in situ, thereby
facilitating the formation of a heterogeneous semiconductor
composite. More importantly, the semiconductor heterojunction formed in situ exhibited a close contact and connected
phase interface (Gao et al., 2019), which is beneficial for charge
transport between the different phases.
In this work, based on the above considerations, a composite pyrite photocatalyst (FeS2 /Fe2 O3 ) was prepared via heat
treatment under ambient atmosphere. During the heat treatment, pyrite produced oxidation products that formed a composite structure with the parent pyrite, and the FeS2 /Fe2 O3
composite photocatalyst was successfully constructed. To further explore the crystal structure and properties of the obtained photocatalysts, the samples were characterized via
X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and photochemical measurements. The
FeS2 /Fe2 O3 catalyst was able to synergistically leverage the respective light absorption capabilities of the individual components, thereby improving the utilization of sunlight. Furthermore, this composite photocatalyst, formed in situ, exhibited markedly improved separation of photoproduced carriers.
The performance of the photocatalysts were investigated via
the synergistic process of CBZ degradation and Cr(VI) reduction under simulated solar light irradiation. Finally, the active
species produced during the photocatalytic processes was examined. Based on the data from the photoelectric properties
and active species measurement, a novel Z-scheme transfer
mechanism was proposed for the FeS2 /Fe2 O3 photocatalytic
activity.

1.

Materials and methods

1.1.

Materials

The natural pyrite (FeS2 ) used in the experiment was obtained
from Shangbao of Hunan Province, China. Carbamazepine
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(CBZ) was purchased from Aladdin (Beijing, China). Deionized
water was used in all experiments.

1.2.

Preparation of photocatalysts

The pyrite powder was obtained by grinding using a ball mill
and then sieving through a 200 mesh.
The composite photocatalysts was prepared via heat treatment of the obtained pyrite powder. In a typical procedure,
pyrite powder was loaded into a crucible and then placed in a
muffle furnace for calcination in an air atmosphere at 400°C
for 2 hr, which could successfully achieve the oxidation process. The obtained product is referred to as the FeS2 /Fe2 O3
photocatalyst.

1.3.

Characterization

The crystal structure of the as-prepared samples was examined via X-ray diffraction (XRD, D8 ADVANCE, Bruker, Germany) in the scan angles range of 5–80°. The morphology
and crystal structures of the samples were characterized via
scanning election microscope (SEM, JEOL-100CX, JEOL Japan
Electronics, Japan), transmission electron microscopy (TEM,
Quanta 200, FEI, Netherlands) and high-resolution transmission electron (HRTEM, JEM-1010, JEOL Japan Electronics,
Japan). The chemical states of the photocatalysts were investigated via X-ray photoelectron spectroscopy (XPS) and
performed with an ESCALab250Xi (Thermo Fisher Scientific,
USA). The optical properties were investigated using a Puxi
TU-1901 UV–Vis diffuse reflectance setup (Puxi, China). The
photoluminescence spectra were studied on a fluorescence
spectrophotometer (FLs980, Edinburgh, UK). The electrochemical impedance spectra (EIS) and photocurrent responses (PC)
were measured on a electrochemical workstation (CHI660E,
CH, China).

1.4.

Photocatalytic performance evaluation

The photocatalytic performance of the as-prepared photocatalysts were evaluated by degrading CBZ and reducing Cr(Ⅵ). In
detail, 0.08 g of photocatalysts samples were added to a 100 mL
of the mixed reaction solution containing CBZ (2.5 mg/L) and
Cr(Ⅵ) (10, 20, and 30 mg/L respectively). Next, the mixture
was irradiated using simulated sunlight with a PLS-SXE300
(Xenon lamp, Perfect Light Technology, China). Then, 5 mL of
the suspension was filtered through a 0.22 μm membrane at
regular intervals. The concentration of CBZ was determined
at 285 nm using a UV–Vis spectrophotometer. The concentration of Cr(Ⅵ) was tested at 540 nm by the diphenylcarbazide
method on a UV–Vis spectrophotometer.

2.

Results and discussion

2.1.

Composition

The crystal structure and phase change of all the as-prepared
samples were examined via XRD. As shown in Fig. 1, the
diffraction peaks of the pristine pyrite could be perfectly indexed to FeS2 , which is in agreement with PDF 71–2219 (pristine pyrite is therefore denoted as FeS2 in the follow section).

Fig. 1 – X-ray diffraction (XRD) patterns spectra of
as-obtained samples.

However, after heat treatment of the natural pyrite, the characteristic diffraction peaks of the heat-treated pyrite sample could be well matched to FeS2 (PDF 71–2219) and Fe2 O3
(PDF 87–1166). The peaks at 28.21°, 33.12°, 40.88°, 47.58°, 56.32°,
58.60° and 64.21° in the heat-treated pyrite sample are assigned to the (111), (200), (211), (220), (311), (222), and (321)
planes of FeS2 (Liu et al., 2013). In addition, the XRD peaks detected at 24.26°, 33.58°, 35.56°, 49.60°, 62.56°, and 64.13° of heattreated pyrite corresponded with the (012), (104), (110), (024),
(214), and (300) reflection planes of Fe2 O3 (Naz et al., 2019). The
XRD results reveal the successful formation of the composite
FeS2 /Fe2 O3 photocatalyst. Moreover, the XRD patterns of samples obtained at different calcination temperatures were explored (Appendix A Fig. S1).

2.2.

Morphology and structure analysis

The microscopic morphology and structure of the samples
were observed via SEM and TEM. Fig. 2a and b shows the
SEM images of the FeS2 and FeS2 /Fe2 O3 samples, respectively.
The morphology of the composite photocatalyst obtained after heat treatment clearly changed and cracks appeared on
the surface of the photocatalyst. Additionally, TEM was used
to further analyze the detailed microstructure of the FeS2
and FeS2 /Fe2 O3 samples. As shown in Fig. 2f, the FeS2 /Fe2 O3
sample exhibited an ordered lattice structure and good crystallinity. The interplanar spacing of the pristine pyrite (Fig. 2e)
were estimated to be 0.270 and 0.165 nm, corresponding to the
(200) and (311) lattice planes of FeS2 , respectively (Yuan et al.,
2015; Morales-Gallardo et al., 2016). However, the HRTEM image of the heated pyrite (Fig. 2f) displayed lattice fringes of
0.142 and 0.165 nm, which could be assigned to the (300) facets
of Fe2 O3 (Li et al., 2018) and the (311) facets of FeS2 , respectively. Hence, the HRTEM results further indicated the successful synthesis of the FeS2 /Fe2 O3 composite photocatalyst.

2.3.

Chemical states analysis

Fig. 3 shows the chemical states of samples. As shown in
Fig. 3a, the high resolution spectra of the FeS2 sample had two
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Fig. 2 – Scanning election microscope (SEM) images of (a) FeS2 and (b) FeS2 /Fe2 O3 ; transmission electron microscopy (TEM)
images of (c) FeS2 and (d) FeS2 /Fe2 O3 ; high-resolution transmission electron (HRTEM) images of (e) FeS2 and (f) FeS2 /Fe2 O3 . d:
lattice distance.

Fig. 3 – High-resolution (a) Fe 2p, (b) O 1 s, and (c) S 2p X-ray photoelectron spectroscopy (XPS) spectra of FeS2 and FeS2 /Fe2 O3 .

strong peaks at 720.0 and 707.3 eV, which can be ascribed to Fe
2p1/2 and Fe 2p3/2 , respectively, corresponding to the presence
of Fe(II) in the natural pyrite (Chen et al., 2016). Furthermore, Fe
2p3/2 at ˜707 eV is the characteristic peak of pyrite (Qiu et al.,
2013; Seefeld et al., 2013). A weak peak centered at 711.2 eV
was also found and can be attributed to Fe3+ in natural pyrite
(Chen et al., 2016). For the FeS2 /Fe2 O3 composite photocatalyst, the Fe 2p1/2 and Fe 2p3/2 peaks of Fe2+ slightly shift to a
lower binding energy, and were located at ˜719.8 and 707.1 eV,
respectively, indicating the presence of FeS2 in the photocatalyst. Compared with FeS2 , the Fe 2p peaks of Fe2+ in FeS2
/Fe2 O3 decrease, which is related to a decrease in the number of Fe(II)-S surface sites after heat treatment (Chen et al.,
2016). Two strong peaks appear at 725.2 and 711.6 eV, which

are attributed to the Fe 2p1/2 and Fe 2p3/2 from Fe(Ш) in Fe2 O3
(Wang et al., 2018), indicating the presence of Fe(Ш) in the photocatalyst. Hence, the above results for the Fe 2p XPS show the
successful preparation of FeS2 /Fe2 O3 .
The O 1 s XPS spectra of the FeS2 and FeS2 /Fe2 O3 samples are shown in Fig. 3b. The O1s peaks at 532.0 eV can be
assigned to hydroxyl groups from the adsorbed water on the
surface of the photocatalysts (Legrand et al., 1997). Another
new peak at 530.0 eV was detected for the FeS2 /Fe2 O3 sample
and corresponds to Fe-O in Fe2 O3 (Wang et al., 2018), indicating the structural transformation of natural pyrite after heat
treatment.
Fig. 3c shows the high-resolution S 2p XPS spectra of the
FeS2 and FeS2 /Fe2 O3 samples. The S 2p spectrum demon-
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Fig. 4 – Ultraviolet-visible (UV–Vis) diffuse reflectance
spectrum of FeS2 and FeS2 /Fe2 O3 .

strates the presence of FeS2 through the S 2p1/2 (Wang et al.,
2018) and S 2p3/2 (Wang et al., 2018; Demoisson et al., 2007)
double peaks located at 163.9 and 162.7 eV, respectively. The
S 2p3/2 peak at 162.7 eV is assigned to disulfide in pyrite
(Wang et al., 2018). In addition, a small peak at 169.3 eV is
related to the weak oxidation process of the pyrite when exposed to air (Demoisson et al., 2007; Buckley and Woods, 1987).
The S 2p spectra of FeS2 /Fe2 O3 has three peaks. The two weak
peaks at 163.8 and 162.6 eV indexed to S 2p1/2 and S 2p3/2 are
characteristic of FeS2, and the other peak at 169.0 eV can be
ascribed to the change of S in the enhanced oxidation process
of the pyrite (Buckley and Woods, 1987).

2.4.

Optical and electric properties

As depicted in Fig. 4, the optical absorption properties of the
FeS2 and FeS2 /Fe2 O3 samples were obtained via UV–Vis diffuse reflectance spectroscopy. The FeS2 and FeS2 /Fe2 O3 samples have almost similar absorption bands. Compared with
FeS2 , the optical absorption capacity of FeS2 /Fe2 O3 slightly decreased.
Upon irradiation, the photocatalysts were activated to produce electron-hole (e− -h+ ) pairs, which dominate the photocatalytic activity. For this reason, the separation efficiency of
the photoinduced e− -h+ pairs was evaluated for the prepared
samples.
The recombination of the photoexcited charges in the photocatalysts were examined via their photoluminescence spectra presented in Fig. 5a. Both FeS2 and FeS2 /Fe2 O3 show obvious emission peaks at 428 nm, which is related to the recombination of the photoinduced e− -h+ pairs in the two samples. Notably, the photoluminescence intensity of FeS2 /Fe2 O3
is lower than that of FeS2 , suggesting improved separation efficiency for photoproduced e− -h+ pairs in the fabricated composite photocatalysts.
The transient photocurrent response was measured to further elucidate the separation and migration efficiency of the
two samples. As displayed in Fig. 5b, FeS2 /Fe2 O3 shows a

Fig. 5 – (a) Photoluminescence spectra, (b) transient
photocurrent response, and (c) electrochemical impedance
spectroscopy (EIS) Nyquist plots of FeS2 and FeS2 /Fe2 O3
samples. Z’: real impedance; Z”: imaginary impedance.

higher photocurrent density than that of FeS2 . The results indicate improved separation of photogenerated carrier in the
FeS2 /Fe2 O3 photocatalyst.
In addition, EIS Nyquist plots were used to explore the
resistance for e− transfer on the surface of the samples, as
shown in Fig. 5c. Compared with the FeS2 sample, the arc radius of the FeS2 /Fe2 O3 sample was much smaller, indicating it
had a lower transfer barrier for interfacial electrons.
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Fig. 7 – Photocatalytic activity of Cr(VI) reduction in different
solution over FeS2 /Fe2 O3 photocatalyst. Ct : the
concentration of Cr(VI) at time t; C0 : the initial
concentration of Cr(VI).

Fig. 6 – Time-course variation of (a) Ct /C0 of carbamazepine
(CBZ) and (b) pseudo-second-order kinetics for the
degradation of CBZ under the simulated solar light
irradiation over FeS2 /Fe2 O3 photocatalyst in different
reaction systems. Ct : the concentration of CBZ at time t; C0 :
the initial concentration of CBZ.

In general, the above results revealed the excellent separation and transportation ability of photogenerated charge carriers in the FeS2 /Fe2 O3 photocatalyst. This could contribute to
the markedly improved photocatalytic degradation of the pollutants.

2.5.

Photocatalytic performance

The photocatalytic activity of the composite photocatalyst
was evaluated via CBZ degradation and Cr(Ⅵ) reduction under simulated solar irradiation. The spectrum of used light
source is shown in Appendix A Fig. S2. CBZ is a recalcitrant
pollutant, which is difficult to degrade under natural conditions. In the presence of FeS2 , there was hardly any degradation of CBZ, as shown in Fig. 6a. However, the efficiency of CBZ
degradation improved significantly over the FeS2 /Fe2 O3 photocatalyst, and it reached 36% in 30 min. Compared with the
samples obtained at other temperatures, the FeS2 /Fe2 O3 pho-

tocatalyst shows much higher photocatalytic activity towards
CBZ degradation (Appendix A Fig. S3). Furthermore, it is obvious that the addition of Cr(Ⅵ) increased the photodegradation
of CBZ in the presence of FeS2 /Fe2 O3 photocatalyst. The degradation efficiency of CBZ increased to 47%, 65%, and 55%, at
the added Cr(Ⅵ) concentration of 10, 20, and 30 mg/L, respectively, suggesting the presence of Cr(Ⅵ) can significantly promote the catalytic process of CBZ. Particularly, the maximum
degradation rate of CBZ was observed at the Cr(Ⅵ) concentration of 20 mg/L by FeS2 /Fe2 O3 photocatalyst. This is related to
that the Cr(Ⅵ) could utilize the e− to improve separation efficiency for photoproduced e− -h+ pairs. To further study the
photocatalytic degradation process, the reaction kinetics of
the photocatalytic degradation of CBZ were investigated using
a pseudo-second-order model. As shown in Fig. 6b, the kinetic
rate constant of the FeS2 /Fe2 O3 sample increased from 0.0075
to 0.0247 L/(mgmin), which was significantly higher than that
of FeS2 ; thus, confirming the superior photocatalytic properties of the FeS2 /Fe2 O3 sample and the positive effect of Cr(Ⅵ).
Similarly, the FeS2 /Fe2 O3 photocatalyst shows high photocatalytic activity towards the reduction of Cr(Ⅵ). Fig. 7
presents the Cr(Ⅵ) was largely reduced in the first 5 min, and
the reduction efficiency of Cr(Ⅵ) to Cr(Ⅲ) was 90.1%, 86.7%,
and 89.9% within 30 min in the single reaction system, at the
initial concentrations of Cr(Ⅵ) were 10, 20, and 30 mg/L, respectively. It can be noticed that the presence of CBZ enhanced
the reduction Cr(Ⅵ) in the co-existed system. The Cr(Ⅵ) was
nearly completely reduced over the FeS2 /Fe2 O3 sample in the
mixed reaction solution, which could reach to 99.6%, 99.3%,
and 99.9% in 30 min, respectively. In conclusion, there is synergistic photocatalysis between the CBZ degradation and Cr(Ⅵ)
reduction.
To better confirm the reduction process of Cr(Ⅵ) over the
FeS2 /Fe2 O3 catalyst in the mixed system, the reacted sample
was collected and the Cr adsorbed on the surface of sample
was further studied by XPS, as displayed in Fig. 8. After photoreaction for 30 min, the two peaks at 588.0 and 578.2 eV
were observed, which can be ascribed to Cr 2p1/2 and Cr 2p3/2

journal of environmental sciences 101 (2021) 351–360

357

Fig. 8 – Cr 2p X-ray photoelectron spectroscopy (XPS)
spectrum of FeS2 /Fe2 O3 samples after photoreaction.

of Cr(Ⅲ), respectively (Liu et al., 2017), confirming the reduction process of Cr(Ⅵ) to Cr(Ⅲ) under simulated solar light. Besides, for the sample reacted for 5 min, there were two peaks
of Cr(Ⅵ) located at 587.0 and 577.1 eV (Kumar et al., 2015), suggesting the presence of Cr(Ⅵ) adsorbed on the surface of sample. This could further promote the synergistic effect between
the CBZ degradation and Cr(Ⅵ) reduction. Moreover, the effect
of pH on the CBZ degradation and Cr(Ⅵ) reduction is studied
within pH ranges of 3–9 (Appendix A Fig. S4). The degradation
efficiency of CBZ can reach the maximum at pH = 3.5. The
Cr(Ⅵ) reduction rate significantly decreased from 99% to 20%
with the increasing of pH.

2.6.

Possible photocatalytic mechanism

To explore the photocatalytic mechanism of composite
FeS2 /Fe2 O3 photocatalyst, a serious of trapping experiments
with various reactive species were carried out. Sodium formate (HCOONa), isopropanol (IPA), p-benzoquinone (BQ), and
potassium bromate (KBrO3 ) were introduced to the photocatalytic reaction solution to capture h+ , •OH, •O2 − and e− , respectively.
Notably, it can be seen from Fig. 9a that the introduction
of IPA shows strong negative effects on the degradation of
CBZ, indicating that the •OH active species plays a key role
in CBZ degradation. In addition, the CBZ degradation rate is
suppressed in the presence of HCOONa, from 65% to 30%,
suggesting that h+ is the crucial active species for the photocatalytic reaction process. Additionally, the degradation efficiency of CBZ is inhibited with the addition of BQ, verifying that the •O2 − is important in the photocatalytic degradation of CBZ. Therefore, the enhanced photocatalytic activity
towards CBZ degradation can be explained by the dominant
roles of the •OH, h+ and •O2 − active species produced in the
reaction system. Fig. 9b shows that the addition of KBrO3 significantly prevents the Cr(VI) reduction rate, demonstrating
that the e− species is predominant active species during Cr(VI)
reduction process. Besides, the Cr(VI) reduction rate slightly
decreases from 99.3% to 80% in the presence of BQ, implying
that the Cr(VI) could be reduced to Cr(Ⅲ) by •O2 − . Due to the

Fig. 9 – (a) Photocatalytic degradation of CBZ and (b)
reduction of Cr(VI) over FeS2 /Fe2 O3 photocatalyst in the
presence of various scavengers. BQ: p-benzoquinone; IPA:
isopropanol.

different roles of active species, the synergistic photocatalysis
between CBZ degradation and Cr(VI) reduction could be improved. Furthermore, the synergistic photocatalysis between
the CBZ degradation and Cr(Ⅵ) reduction could be explained
by transient photocurrent response (Appendix A Fig. S5).
The mechanism of charge transfer in the composite photocatalysts could be explained by two different models, namely
traditional heterojunction and the Z-scheme structure. The
CB potentials of FeS2 and Fe2 O3 were determined to be −0.53
and +0.28 eV (Naz et al., 2019), respectively. Further, the VB
positions of FeS2 and Fe2 O3 were calculated to be +0.42 and
+2.48 eV (Naz et al., 2019), respectively. For the conventional
heterojunction, the e− on the CB of FeS2 could easily migrate
to the CB Fe2 O3 , and the h+ could transfer from the VB of Fe2 O3
into that of FeS2 . However, the CB edge of Fe2 O3 is more positive than the potential of O2 /•O2 − (−0.046 eV), meaning that
the e− could not react with O2 to form •O2 − . Furthermore, •OH
is hardly generated in the photocatalytic process due to the
VB of FeS2 being more negative than the oxidation potential
of •OH/OH− (+1.99 eV). However, the •O2 − and •OH species
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Fig. 10 – Cyclic voltammogram (CV) curves of FeS2 and
FeS2 /Fe2 O3 samples.

were present in large amounts in the photocatalytic degradation reaction. Hence, an alternate charge transfer path for
the system is proposed. A Z-scheme system could be formed
between the FeS2 and Fe2 O3 semiconductor to facilitate the
migration and separation of photogenerated carriers. The CB
position of Fe2 O3 is more positive compared with the CB of
FeS2 and is also more negative than the VB electrochemical
potential of FeS2 (Naz et al., 2019). This band structure allows

photoexcited e− in FeS2 to transfer to the CB of Fe2 O3 . Thus, a
Z-scheme photocatalyst system could be constructed, which
could significantly enhance the separation of photogenerated
carrier to improve the degradation efficiency of CBZ. The improved photodegradation efficiency could be attributed to the
synergistic-effects between FeS2 and Fe2 O3 .
To further verify the Z-scheme mechanism, the oxidation
and reduction potential of FeS2 and FeS2 /Fe2 O3 samples were
recorded via cyclic voltammetry (CV). As illustrated in Fig. 10,
FeS2 /Fe2 O3 has a stronger oxidation and reduction potential
than the FeS2 samples, implying an increased redox capability for the composite catalyst. The maintenance of the oxidizability and reducibility of the e− and h+ in the composite
photocatalyst is aided by the successful construction of the Zscheme pathway. Hence, the Z-scheme system in FeS2 /Fe2 O3
was also further demonstrated by the CV results.
According to the aforementioned analysis, a Z-scheme
photocatalytic mechanism for the FeS2 /Fe2 O3 composite was
proposed in Fig. 11. The e− produced in the CB of Fe2 O3 can
transfer to the VB of FeS2 , leaving h+ on the VB of Fe2 O3 . In
this way, the recombination of e− -h+ pairs could be reduced,
thus improving the separation efficiency of photogenerated
charges and increasing the redox ability of the FeS2 /Fe2 O3
photocatalyst. At the same time, under simulated solar light,
the h+ on the VB of Fe2 O3 could react with H2 O to generate •OH radicals. In addition, the e− that remain on the CB of
FeS2 could reduce O2 to produce •O2 − radicals. Subsequently,
the •OH, h+ and •O2 − species participate in the photocatalytic

Fig. 11 – Proposed photocatalytic mechanism scheme of FeS2 /Fe2 O3 composite photocatalyst under the simulated solar light
irradiation. NHE: normal hydrogen electron; e− : electrons; h+ : holes; CB: conduction band; VB: valence band.
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degradation of CBZ. Moreover, the Cr(Ⅵ) could be reduced to
Cr(Ⅲ) by the e− and •O2 − . Meanwhile, the addition of Cr(Ⅵ)
could capture e− to promote the separation of e− -h+ pairs,
thus the degradation process of CBZ was enhanced in the
mixed system.

3.

Conclusions

In summary, a Z-scheme FeS2 /Fe2 O3 composite photocatalyst
was successfully constructed via the structural transformation of pyrite through a heat treatment method. Compared
with pure pyrite, FeS2 /Fe2 O3 displayed enhanced photocatalytic performance for the degradation of CBZ and the reduction of Cr(Ⅵ). The addition of Cr(Ⅵ) significantly promote
the degradation of CBZ. The degradation efficiency of CBZ
reached 65% within 30 min at the added Cr(Ⅵ) concentration of 20 mg/L. At the same time, the Cr(Ⅵ) was nearly completely reduced in the co-existed system. The enhanced photocatalytic activity of FeS2 /Fe2 O3 could be explained by the
synergistic-effects between FeS2 and Fe2 O3 , which remarkably
promoted the separation and transfer of photoinduced e− -h+
pairs. During the photocatalytic reaction of CBZ, the •OH, h+
and •O2 − were the main active species in the FeS2 /Fe2 O3 system. According to data on the active species and electric properties, a Z-scheme electron transfer pathway was proposed for
the FeS2 /Fe2 O3 composite photocatalyst. This work broadens
the use of pyrite for the photocatalytic removal of pharmaceuticals and heavy metals in the environment. Because of
the abundance and low-cost of pyrite, the prepared FeS2 /Fe2 O3
composite photocatalyst can be expected to be widely applied
for environmental remediation applications.
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