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Pyrite (FeS2) catalyzed conversion of H2O2 into oxidants is increasingly recognized as a promising Fenton-

like process for treating recalcitrant contaminants. However, the underlying mechanism remains unclear,

especially for nano-pyrite. The present study explored the potential of a nano-pyrite Fenton system for

p-nitrophenol oxidation using high energy ball milled nano-pyrite. The enhancement in cOH production,

with 3 times faster p-nitrophenol degradation than the conventional Fenton system, is ascribed to the

reduction of pyrite size to the nanoscale, which alters the Fe2+ regeneration pathway, favoring faster and

very efficient production of cOH during H2O2 decomposition. The amount of H2O2 required was

reduced due to the increased conversion efficiency of H2O2 to cOH from 13.90% (conventional Fenton)

to 67.55%, in which surface S2
2� species served as an electron source. An interpretation of the

degradation intermediates and mineralization pathway of p-nitrophenol was then made using gas

chromatography-mass spectrometry. This study bridges the knowledge gap between p-nitrophenol

removal and the nano-pyrite catalyzed oxidant generation process.
1. Introduction

Advanced oxidation processes (AOPs) are widely regarded as
a potential approach to treat various refractory contaminants.1

High redox potential radicals produced in AOPs (such as
hydroxyl radicals, sulfate radicals, and superoxide radicals) can
attack pollutants unselectively.2,3 Among all AOPs, the Fenton
reaction, employing H2O2 and Fe2+ to produce cOH, has been
studied extensively and is considered promising for organic
wastewater treatment owing to its high efficiency, simplicity,
non-toxicity, and cost-effectiveness.4 However, there are some
inherent drawbacks of the conventional Fenton reaction, such
as narrow operating pH range, a large volume of iron sludge
produced, an excessive amount of Fe2+ required, and possible
corrosion of the equipment.5,6 These disadvantages, along with
poor cost-effectiveness under high pollution load, still impair
the widespread application of the Fenton reaction.7

In the past decades, continuous efforts have been made to
optimize the overall efficiency of Fenton reaction, for example,
by employing heterogeneous catalysts instead of soluble iron
salts.4 Using heterogeneous catalysts has many advantages
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including wide operating pH range, extended catalyst life, and
easy separation.8 In heterogeneous Fenton reaction, natural
minerals with special crystal properties have been studied as
promising alternative catalysts.9 And the most catalysts used
were iron-bearing minerals, such as schorl, goethite, hematite,
pyrite, and magnetite.10

Among these minerals, pyrite (FeS2), one of the most abun-
dant iron sulde mineral in earth's crust and a common
industrial waste,11 showed high catalytic activities because of its
high iron content, specic surface area (SSA), and porosity.12

Using micro-pyrite Fenton system, complete degradation of
diclofenac was achieved within 120 s,13 and an 80% removal of
nitrobenzene was accomplished.14 Other researchers have
demonstrated successful degradation of TCE,15 2,4,6-trinitro-
toluene,16 and pyrene17 using micro-pyrite Fenton system.
Nevertheless, still, some demerits limited the application of
micro-pyrite Fenton, such as a decient dispersion and a large
catalyst dosage needed due to its high density (�5 g cm�3),
which can result in augment in investment and operation cost.
The utilization of nano-pyrite in heterogeneous Fenton-like
system could resolve these two aforementioned challenging
issues and has achieved efficient removal of acid orange 7
(96.30%) with lower H2O2 concentration (5 mM) and pyrite
dosage (0.5 g L�1) compared to the use of micro-pyrite.18 The
enhancement of micro-pyrite Fenton reaction compared to
conventional Fenton reaction was ascribed to the self-
regulation of pH and continuous release of Fe2+ ion.13,15,17,19

However, limited information has been provided to explain the
observed high efficiency in nano-pyrite Fenton reaction. It is
RSC Adv., 2020, 10, 15901–15912 | 15901
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View Article Online
therefore of great economic and environmental interest to
further investigate the cOH generation mechanism in nano-
pyrite Fenton reaction.

To fulll this knowledge gap, we investigated thoroughly the
potential of nano-pyrite Fenton system for p-NP oxidation,
which was chosen as a model contaminant due to its high
toxicity and ubiquitous existence in natural water bodies.3,20,21

In this study, p-NP mineralization through a heterogeneous
Fenton-like process catalyzed by nano-pyrite was characterized.
Batch experiments were executed to investigate the degradation
kinetics of p-NP in nano-pyrite catalyzed Fenton system, to
evaluate the effects of key operating parameters (pyrite dosage,
H2O2 concentration, and initial pH) on the removal kinetics of
p-NP, and to identify the degradation mechanism.

2. Materials and methods
2.1 Chemicals and materials

p-NP (>99%), H2O2 (30 wt%) were purchased from Guangfu Fine
Chemical Co., Ltd. (Tianjin, China). HPLC grade methanol was
purchased from MREDA Co., Ltd. (Portland, US). Iso-propanol
(2-propanol) (>99%) and chloroform (>99%) were purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing,
China). N,O-Bis (trimethylsilyl) triuoro-acetamide (BSTFA,
$99.0%) was bought from Sigma-Aldrich. Deionized water
(DIW) was used to prepare solutions. Natural pyrite minerals
were collected from Qu Jing city (Yunnan, China).

2.2 Nano-pyrite preparation and characterization

Firstly, natural pyrite minerals were washed using 1 M HCl to
remove the impurity, and crushed using a grinder (ZN-04,
China) to reduce their size to mm scale. Then, the obtained
pyrite powder was milled in a high energy planetary ball mill
(QM3-SP04, China) at 400 rpm for 24 h to obtain nanosized
particles. The mass ratio of ceramic milling ball to pyrite
powder used was 10 : 1. Ethanol was selected as grinding aids (4
mL/5 g).22 The as-milled powder was transferred into ethanol
and treated with ultrasonic for 45 min to reduce the agglom-
eration.23 Finally, the sample was freeze-dried in vacuum (FD-
1A, Biocool, China). Characterization of nano-pyrite using
SEM, XRD, FT-IR, XPS, and BET analyzer was stated in detail in
the ESI.†

2.3p-NP removal experiments

Experiments to investigate the degradation of p-NP by pyrite
Fenton reaction were carried out in glass asks containing
100 mL of reaction solution (initial p-NP concentration:
100 mg L�1). For preparing reaction solution, 90 mL of pH
adjusted (using 1 M HCl or NaOH) DIW containing pyrite
particles (0.030 g) were treated with ultrasonic for 5 min to
eliminate agglomeration of pyrite particles, and then mixed
with 10.0 mL of p-NP stock solution (1.0 g L�1). Aer stirring
30 min to achieve adsorption and desorption equilibrium, the
degradation of p-NP by pyrite Fenton reaction was initiated by
adding 3% H2O2 (306 mL) into the ask with an initial concen-
tration of 3 mM. Three controls (p-NP + DIW, p-NP + DIW +
15902 | RSC Adv., 2020, 10, 15901–15912
pyrite, p-NP + DIW + H2O2) were prepared to evaluate possible
losses of p-NP by volatilization, sorption on the wall of glass
ask and pyrite surface, and oxidation by H2O2, respectively.
Degradation of p-NP by classic Fenton system was also tested
using Fe2+ solution of 10.0 mg L�1 at pH 4. All samples and
controls were performed at least in duplicate.

At predetermined time intervals, 1 mL of reaction solution
was transferred immediately into a 1.5 mL plastic centrifuge
tube that contains 0.2 mL 2-propanol. The centrifuge tube was
shaken using a Vortex (IKA MS3, Germany) to quench the
reaction rapidly, and then centrifuged at 14 000 rpm for 10 min
for pyrite particles separation. To further investigate the p-NP
removal mechanism in nano-pyrite Fenton system, several
experiments were conducted. Contribution from cOH and cO2

�

was determined using iso-propanol as cOH scavenger due to its
high reactivity with oxidants (kcOH,2-propanol ¼ 3 � 109 M�1 s�1)
but low reactivity with reductants (k ¼ 1 � 106 M�1 s�1), and
chloroform as a scavenger for cO2

� because of its high reactivity
with reductants (k ¼ 3 � 1010 M�1 s�1) but low reactivity with
oxidants (kcOH,chloroform ¼ 7 � 106 M�1 s�1).3 Besides, the
concentrations of total aqueous Fe, aqueous Fe2+, and aqueous
Fe3+ were measured.
2.4 Analytical methods

The concentration of p-NP was determined using high-
performance liquid chromatography (HPLC 1260, Agilent, US)
obeying method depicted in ESI.† To clarify the effects of
environmental parameters on p-NP degradation kinetics in the
heterogeneous Fenton reaction, the experimental data obtained
in the early stage were tted using pseudo-rst-order kinetics
(eqn (S1)†), and their rate constants were calculated and
compared. The concentrations of ferrous ion and total iron were
measured with 1,10-phenanthroline following standardmethod
at 510 nm using a UV/Vis spectrophotometer (UV-1800, Shi-
madzu, Japan). The electron spin resonance (ESR) experiment
was conducted using MS-5000 spectrometer (Magnettech, Ger-
many) and DMPO as cOH trapper with sweep width, microwave
frequency, power set at 332.5–342.5 mT, 9.46 GHz, and 10 mW,
respectively. The degradation intermediates of p-NP were
analyzed using GC-MS (GC-2014, Shimadzu, Japan).
3. Results and discussion
3.1 Characterization of pyrite nanoparticles

The XRD reection peaks for both pyrite nanoparticles before
and aer reaction at 2q of 23.46�, 34.84�, 39.76�, 47.4�, 52.32�,
60.79�, 62.65�, and 68.9� could be indexed to the cubic phase of
pyrite (JCPDS 00-042-1340), which also correspond to the crystal
planes of (111), (200), (210), (211), (220), (311), (222), and (023),
respectively24 (Fig. 1(A)). The XRD data showed pyrite particles
were of great crystallinity and structural stability during the
planetary ball milling process,18 and the average crystal size was
calculated to be 68.5 � 55.58 nm. Only peaks from pyrite were
detected for particle sample aer Fenton reaction, showing
there was no iron sludge formed. However, these peaks showed
a considerable reduction in height, implying the decrease of
This journal is © The Royal Society of Chemistry 2020
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crystallite size (58.9 nm), which was in consist with Diao et al.25

A higher decrease in (200) and (311) surfaces of nano-pyrite was
observed, these two surfaces were found to be S-rich surfaces
among the fresh surfaces exposed during crush and grind
processes.26 The S atoms tend to catch O atom from water
molecular, and sulfate was released as oxidized products under
acidic atmosphere.27 With the continuous loss of S atom, the
(200) and (311) planes, as S-rich sites, therefore showed severe
erosion than other planes of nano-pyrite.

To investigate the surface functional groups changes of
nano-pyrite, FT-IR analysis was conducted (Fig. 1(B)). The
wideband at 3410.6 cm�1 can be ascribed to the stretch vibra-
tion of the O–H group, the peaks at 1629.6 cm�1 indicated Fe–
SO4 species which was oxidized from FeS2, and the peaks at
1140.1 and 1086.8 were due to the presence of Fe–OOH.18 The
small peaks below 1000 cm�1 were assigned to the stretching
vibration of Fe–S. No new band was detected in the FT-IR
spectrum of used nano-pyrite, indicating an unchanged pyrite
surface, which further proved the catalyst stability.

The surface morphology of pyrite nanoparticles before and
aer Fenton reaction was determined by SEM. The illustrated
distribution of highly uniform pyrite particles (Fig. 1(C) and (D))
corroborated the successful transformation of pyrite
Fig. 1 Characteristics of the prepared nano-pyrite. XRD patterns (A) and
reaction. SEM pics of pyrite nanoparticles before (C and D) and after re
prepared pyrite nanoparticles (G). Optical photographs of pyrite nanopa
nanoparticles dispersed in ultrapure water (25 �C) (I). The excitation wav

This journal is © The Royal Society of Chemistry 2020
microparticles to nanoparticles using high energy planetary ball
milling process. Compared to the SEM images of fresh nano-
pyrite catalysts, the shapes of used nano-pyrite catalysts were
much sharp, which was caused by the erosion of different lattice
planes during the autocatalytic oxidation process.28 The
observed decrease of nano-pyrite particles from SEM images
(Fig. 1(E) and (F)) was consistent with crystal size reduction
calculated with XRD data. The prepared pyrite nanoparticles
can be dispersed in polar solvents (Fig. 1(H)). It was found that
the maximum uoresce intensity showed at 400–450 nm while
3–10 nm pyrite particles were tested, and the wavelength
increased with the increase of particle size.24 The as made pyrite
nanoparticles showed a maximum uoresce intensity at 600 nm
in our study, indicating a larger particle size than 10 nm
(Fig. 1(I)), which was also conrmed with a medium size of
�75 nm given by size distribution data from laser sizer data
(Fig. S1†).
3.2 Enhanced degradation of p-NP by pyrite nanoparticles
catalyzed Fenton reaction

p-NP is a highly recalcitrant molecule and the decrease of p-NP
concentrations in all controls can be neglected (Fig. 2(A)),
indicating that p-NP losses by volatilization in batch reactor,
FT-IR spectra (B) of nano-pyrite catalyst before and after pyrite Fenton
action (E and F) at different magnification. Optical photograph of the
rticles dispersed in different solvents (H). Fluoresce spectrum of pyrite
elength for the fluorescence spectrum was 300 nm.

RSC Adv., 2020, 10, 15901–15912 | 15903
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Fig. 2 (A) Comparison of ferrous iron and pyrite catalyzed Fenton reactions for the degradation of p-NP. Effects of (B) pyrite dosage, (C) H2O2

concentration, and (D) initial pH on the degradation of p-NP in the heterogeneous Fenton reaction. Environmental boundary conditions: [p-NP]0
¼ 100 mg L�1, initial pH ¼ 4, pyrite dosage ¼ 0.30 g L�1, [H2O2]0 ¼ 3.0 mM, and temperature ¼ 25 � 0.5 �C.
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sorption on pyrite surface and reactor, and direct oxidation by
H2O2 were not signicant. No p-NP degradation was observed in
micro-pyrite catalyzed Fenton, in contrast, fast p-NP removal
was achieved using nano-pyrite. This discrepancy was majorly
due to difference in specic surface area (SSA), of which the SSA
was 15.45 and 1.31 m2 g�1 for pyrite nano and microparticles,
respectively. The increase in SSA leads to an increment in
catalytic capacity due to more active sites existed on the catalyst
surface. The degradation of p-NP was tted with pseudo-rst-
order rate equation, estimated rate constants were
0.3771 min�1 (R2 ¼ 0.988) and 0.1215 min�1 (R2 ¼ 0.999) for
nano-pyrite Fenton and conventional Fenton, respectively. With
the presence of both nano-pyrite and H2O2, p-NP degradation
was progressively enhanced, of which the kinetics constant was
3 fold as great as that of conventional Fenton. Approximately,
99% of the p-NP was removed in pyrite Fenton reaction within
15 min, while 98% of p-NP was removed within 30 min in classic
Fenton reaction. The difference in degradation rates was
ascribed to the efficient regeneration of Fe2+ on the surface of
nano-pyrite. The typical classic Fenton reaction contained two
reactions (eqn (3) and (5)), the production of cOH (eqn (3), k1 ¼
76 M�1 s�1) was limited by the low rate constant of Fe2+
15904 | RSC Adv., 2020, 10, 15901–15912
regeneration (eqn (5), k2 ¼ 0.01–0.02 M�1 s�1). However, Fe2+

was generated dominantly following (eqn (1) and (4)) in pyrite
Fenton reaction. The rate expression associated with eqn (4) is
eqn (6),29 leading to a sufficient Fe2+ concentration.30 It should
also be noted that iron sludge formation (a key issue in classic
Fenton) was not observed in nano-pyrite Fenton, which was in
agreement with XRD data (Fig. 1(A)). The stoichiometric effi-
ciency, dened as the amount of p-NP decomposed per mole of
H2O2 consumed was used to compare the performance of
catalysts.31 The stoichiometric efficiency of the nano-pyrite
catalyst was calculated to be 33%, was 825, 5.4, and 3.7 times
greater than that of nano-magnetite (0.04%),3 zero-valent iron
with microwave irradiation (6.11%),32 and saponin modied
nano-magnetite (8.99%),33 respectively.

2FeS2 + 7O2 + 2H2O / 2Fe2+ + 4SO4
2� + 4H+ (1)

2FeS2 + 15H2O2 / 2Fe3+ + 14H2O + 4SO4
2� + 2H+ (2)

Fe2+ + H2O2 / Fe3+ + cOH + OH� (3)

FeS2 + 14Fe3+ + 8H2O / 15Fe2+ + 2SO4
2� + 16H+ (4)
This journal is © The Royal Society of Chemistry 2020
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Fe3+ + H2O2 / Fe2+ + cOOH + H+ (5)

Rate(Fe3+) ¼ SA(m/m0)
0.067 � 10�6.07[Fe3+]0.93[Fe2+]�0.4 (6)

Fig. 2(B) shows the degradation kinetics of p-NP in the pyrite
heterogeneous Fenton reaction using 7 different pyrite dosages
varying from 0.1 to 2.0 g L�1 at pH 4. The degradation kinetics of
p-NP at different pyrite dosages was properly tted with pseudo-
rst-order rate equation. The degradation kinetics of p-NP was
enhanced as pyrite dosage increased. The estimated rate
constant of p-NP increased by 17.9 times from 0.0489 to
0.8736 min�1 as pyrite dosage increased by 20 times from 0.1 to
2.0 g L�1. The inset of Fig. 2(B) shows a linear regression t
which was used to explain the proportional increase of kinetic
rate constants for pyrite dosage, of which slope under pyrite
dosage was calculated to be 0.4464 L g�1 min�1, implying the
degradation of p-NP was signicantly impacted by the content
of pyrite, which can be explained by the increasing accessible
active sites.3 It was reported when a mass ratio of 1000/1.11
(micro-pyrite/H2O2) was employed, chloramphenicol removal
showed a decline due to scavenging effects on cOH.34 However,
owing to a smaller mass ratio (1000/51) used, the reduction of
kinetic rate constants was not observed in our study.
Fig. 3 (A) Effects of scavengers on the degradation of p-NP. (B) Electron
Fluoresce intensity of a mixture of H2O2 (3 mM) and benzoic acid (diluted
intensity of hydroxybenzoic acid (diluted 20 times) generated in differen

This journal is © The Royal Society of Chemistry 2020
The purpose of adding H2O2 in Fenton process is to generate
cOH, while excessive H2O2 consume cOH.13 Tus the effect of
H2O2 concentrations on the degradation kinetics of p-NP is
presented in Fig. 2(C). The degradation kinetics of p-NP at an
H2O2 concentration range of 1–10 mM can be properly tted
with a pseudo-rst-order rate equation. The estimated rate
constant of p-NP increased by 14.6 times from 0.0404 to
0.5890 min�1 as H2O2 concentration increased by 10 times from
1 to 10 mM. A linear regression t, showing in the inset of
Fig. 2(C), was employed to interpret the augment of kinetic rate
constants in respect of H2O2 concentration, the slope of which
was calculated to be 0.061 L mol�1 min�1. It can be concluded
that the degradation kinetics of p-NP was highly inuenced by
H2O2 concentration. This tendency was in agreement with the
previous studies,18 which proposed once an appropriate dosage
of iron-based-catalyst was employed, the increase of H2O2

concentration could enhance the degradation of organic
pollutants due to improved cOH formation. 100 mg L�1 of p-NP
was completely degraded within 30 min while 3 mM H2O2 was
used. The degradation time was reduced to 10 min while using
10 mM H2O2. This was foreseen cause 10 mM H2O2 was slightly
exceeded the amount required for complete mineralization of
100 mg L�1 p-NP. However, the scavenging of cOH caused by the
increase of H2O2 concentration (eqn (7))13 did not seem to be
spin resonance spectra for DMPO-OH in the pyrite Fenton system. (C)
for 20 times) with the increase of time heated at 90 �C. (D) Fluoresce

t systems.

RSC Adv., 2020, 10, 15901–15912 | 15905
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a signicant step during the reaction, which could lead to the
deceleration of p-NP degradation kinetics and was due to the
low H2O2 concentration (<10 mM) employed.

H2O2 + cOH / cOOH + H2O (7)

The effect of initial pH on the degradation kinetics of p-NP in
pyrite heterogeneous Fenton reaction is shown in Fig. 2(D). As
the initial pH increased from 4 to 10, the degradation kinetics
decelerated. The best degradation of p-NP was at pH 4, the
kinetic rate constant of which (0.3771 min�1) was 2.03, 1.32,
and 1.25 (p < 0.001) times higher than that of pH 1
(0.1858 min�1), pH 7 (0.2849 min�1), and pH 10 (0.3005 min�1),
respectively. This decreasing rate constants with increasing
initial pH can be explained by the fact that more H2O2 was
decomposed through a non-radical way with the form of H2O
and O2, rather than through a radical way to generate cOH at
higher pH.3 cOH has a smaller oxidation potential at basic
environment than that of acidic condition (eqn (8) and (9)),35

leading to the observed reduction in kinetic rate constants.

cOH + e� + H+ / H2O (8)

cOH + e� / OH� (9)

In conventional Fenton, the optimal pH was reported to be
between 3 to 6, for pH lower than 3 or higher than 6, a decrease
of degradation kinetics and early termination occurred due to
the precipitation of Fe(OH)3. pH in the pyrite Fenton reaction
decreased and reached an equilibrium point by releasing iron
and hydrogen (eqn (1), (2) and (4)), providing an optimal pH for
the Fenton reaction.36 Hence, although the kinetic rate
constants varied, proximately all p-NP were degraded within
30 min, except for pH 1. The isoelectric point (IEP) value of
pyrite varies from 1.4 to 1.7,37 thus the pyrite is presumable
positively charged under a lower pH value (i.e. pH 1). The pKa

value of p-NP was reported to be 7.08 at 22 �C3 which meant that
p-NP is positively charged under acid conditions. Therefore, the
adsorption of p-NP onto the pyrite surface can be inhibited at
Fig. 4 Schematic illustration for the possible cOH generation mechanism

15906 | RSC Adv., 2020, 10, 15901–15912
pH 1 due to the electronic repulsion, which slows down the
degradation of p-NP correspondingly.

Numerous studies pointed out that the pH utilized in Fenton
cannot be increased without any limitation due to possible
hydrolysis and precipitation of metal ions.4 Because of the narrow
pH range classic Fenton required, a prior pH adjustment process
is always needed. While in nano-pyrite Fenton process, the pH
drops very quickly to around 3.5 within 10 s once nano-pyrite was
added into water (Fig. S2†), due to pyrite oxidation by dissolved
oxygen, an additional pH adjustment can therefore be eliminated.
3.3 Determination of free radicals

The predominant radicals for pollutants oxidation in pyrite
Fenton-like system were inconsistent, it was reported that cOH
is the main radical driving the oxidation of TCE, and the
degradation of carbon tetrachloride was dominated by cO2

2�.38

To determine the primary radicals responsible for p-NP degra-
dation, specic scavenging experiments were conducted
(Fig. 3(A)). The results showed that the degradation of p-NP was
signicantly inhibited by the addition of iso-propanol. The
degradation of p-NP was almost inhibited completely even when
1% (v/v) iso-propanol was employed. Although the degradation
was also suppressed when adding 1% (v/v) chloroform, this is
because chloroform could also react with cOH, though a lower
rate constant was existed compared to that of iso-propanol.
Additionally, the ESR revealed that cOH was the predominant
radicals (Fig. 3(B)). It was then conrmed that cOH was the
dominant reactive species responsible for p-NP degradation in
nano-pyrite Fenton.

The yield of cOHwasmeasured by recording the uorescence
intensity of hydroxybenzoic acid generated from the capture of
cOH by benzoic acid (Fig. 3(C) and (D)).39 Compared with classic
Fenton, nano-pyrite Fenton exhibited enhanced uorescence
signal (Fig. 3(D)). The conversion efficiency of H2O2 into cOH
was an important index to characteristic Fenton. By employing
the heating method,5 the conversion efficiency was calculated to
be 67.55% in nano-pyrite Fenton, which was much higher than
that of conventional Fenton (13.90%).
in nano-pyrite Fenton system.

This journal is © The Royal Society of Chemistry 2020
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3.4 Mechanism investigation

Fig. 4 illustrated our proposed mechanism of nano-pyrite Fen-
ton. The rst step is the oxidation of nano-pyrite by dissolved
oxygen (eqn (1)), releasing H+ and Fe2+, which resulted in an
acidic and Fe2+ rich environment. Once adding H2O2, the
reaction between released Fe2+ (eqn (2)) and H2O2 generates
massive cOH attacking pollutants (eqn (3)). The produced Fe3+

then react rapidly with nano-pyrite (eqn (4)), rather than H2O2

(eqn (5)), with the regeneration of aqueous Fe2+ as a result. By
this means a continuous cOH production through homoge-
neous Fe2+ catalyzed Fenton is promised.

To conrm the proposed mechanism, we rst examine the
role of surface catalysis by conducting experiments utilizing
1,10-phenanthroline and pH adjustment, since surface activa-
tion and continuous release of Fe2+ were regarded as the main
factors contributing to enhanced cOH generation in micro-
pyrite Fenton.15,17 1,10-Phenanthroline could reduce the
concentration of aqueous Fe2+,40 leading to a restrained
aqueous reaction, the direct activation of H2O2 by nano-pyrite
surface for cOH generation was not suppressed. Inhibition of
p-NP degradation was observed in the presence of 1 mM 1,10-
phenanthroline (Fig. 5(D)). Thus, the restraint effect by 1,10-
phenanthroline on p-NP degradation indicated that cOH was
generated more in homogeneous reaction than heterogeneous
reaction. To provide further evidence for the homogeneous
Fig. 5 The changes of Fe species in pyrite nanoparticles (A), 10mg L�1 so
and p-NP degradation under Fe2+ restricted conditions (D). Experimental
[H2O2]0 ¼ 3.0 mM, pH ¼ 4, and temperature ¼ 25 � 0.5 �C.

This journal is © The Royal Society of Chemistry 2020
process, additional experiments were conducted employing
100 mM HPO4

2� to maintain an alkaline environment. As the
consequence of low solubility of Fe3+ in basic condition, the
conversion of H2O2 into cOH by Fe2+ generated through Fe3+

reduction can be negligible. The signicant negative effect of
HPO4

2� (100mM) onmicro-pyrite Fenton reaction was observed
previously, which was explained by the strong pH adjustment
effect of HPO4

2�.25 Less than 25% of the p-NP was degraded
within 30 min (Fig. 5(D)), conrming the proposed homoge-
neous reaction pathway again.

With the importance of aqueous iron in homogeneous
Fenton, we then investigated the variation of aqueous iron
species in nano-pyrite Fenton (Fig. 5(A)). Once nano-pyrite was
added, a quick increment of aqueous total iron concentration to
5 mg L�1 was observed, it kept increase ongoingly to 6mg L�1 in
the rst 3 min aer reaction was initiated and remained very
slow (<6.5 mg L�1) as the reaction proceeded. The variation of
Fe2+ and Fe3+ concentrations seemed more complex. The
aqueous total iron was composed all by ferrous ion before H2O2

addition. Once Fenton reaction initiated, a dramatical ferrous
concentration decrease and ferric concentration increase was
observed in the early stage. Then ferric concentration arises
ongoingly and turned to decrease aer 5 min, while ferrous
concentration kept an augment trend. However, once adding
H2O2 into p-NP solutions containing FeSO4, aqueous Fe2+
luble Fe2+ (B), and 150mg L�1 soluble Fe2+ (C) catalyzed Fenton system,
boundary conditions: [p-NP]0¼ 100mg L�1, pyrite dosage¼ 0.30 g L�1,

RSC Adv., 2020, 10, 15901–15912 | 15907
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transformed into Fe3+ immediately and kept a very low level
thereaer (Fig. 5(B) and (C)).

Due to the high abundance of Fe3+ among aqueous species,
a Fe3+ catalyzed Fenton-like reaction, which produces cOOH
following (eqn (5)), became the dominant reaction in these
systems. Although the Fe3+/Fe2+ cycle was also observed in
micro-pyrite Fenton,38 the low regeneration rate was not
reasonable to improve cOH generation. It was concluded that an
enhanced Fe3+/Fe2+ cycle based on nano-pyrite promoted the
homogeneous Fenton generating cOH continuously, and sup-
ported the overall p-NP degradation.

The regeneration of Fe2+ through the reduction of Fe3+ by
H2O2 (eqn (5)) is the rate-limiting step in the Haber–Wiess cycle.
Thus, any approach promoting the regeneration of Fe2+ would
accelerate the decomposition of H2O2 and the formation of
cOH. In addition to the supplement of much more active sites,
the much higher ferric reduction efficiency observed in nano-
pyrite Fenton-like system than micro-pyrite Fenton system
may be owing to (1) reduction of Fe3+ to Fe2+ by intermediate
products of p-NP degradation41, (2) release Fe2+ through the
oxidation of nano-pyrite by Fe3+ (eqn (4)).

A larger degradation rate of p-NP by pyrite Fenton reaction
than classic Fenton reaction was observed (Fig. 2), suggesting
the reduction of Fe3+ due to the electron donor effect of inter-
mediates (i.e. the rst hypothesis) was the case. Despite a quick
rise of total aqueous iron concentration in the very early stage of
reaction, a slight increase was observed from Fig. 5(A), which
could be related to the oxidation of nano-pyrite by Fe3+ (eqn (4)).
The results obtained above suggested that the high efficiency of
Fig. 6 XPS survey of Fe (2p) before (A) and after (B) reaction and S (2p)

15908 | RSC Adv., 2020, 10, 15901–15912
nano-pyrite was mainly due to the sufficient Fe2+ supply from
the autocatalytic oxidation of nano-pyrite by Fe3+. The adsorp-
tion of Fe3+ onto nano-pyrite surface and redistribution of
regenerated Fe2+ into aqueous solution was favored due to the
poor water solubility of Fe3+ and excellent water solubility of
Fe2+,5 making this autocatalytic process perform much easier.

Owing to its signicant importance as the main contributor
to acid mine drainage problem,42 the surface oxidation and
dissolution processes of pyrite, which was controlled mainly by
Fe3+ (i.e. the autocatalytic oxidation process),43 have been
studied extensively in the past decades. Two electrochemical
processes involving electron transfer from surface Fe2+ to
aqueous Fe3+ (cathodic reaction) and sulfur oxidation (anode
reaction) present in this oxidation reaction.27 Although the
elementary steps of this redox reaction is quite complex and the
key controls of mechanisms remain poorly understood, it was
conrmed that seven electrons, generating by the oxidation of S
from S2

2� to SO4
2�, can be transferred through crystal pyrite to

reduce aqueous Fe3+.27 A wide range of reactivity was observed
using different pyrite samples.44 It was pointed out that the size
of pyrite affects the oxidation rate the most.45 Thus, it was
reasonably concluded that when the particle size comes to
nanoscale with amuch bigger SSA andmore non-stoichiometric
defect sites which was produced by the rupture of Fe–S and S–S
bonds at pyrite surface during mechanical fracture process, the
autocatalytic oxidation process was highly enhanced, suggest-
ing the regeneration of Fe2+ by the reduction of Fe3+ on pyrite
surface played a more important role in nano-pyrite Fenton-like
system compared to micro-pyrite Fenton.
before (C) and after (D) reaction of the pyrite catalyst.

This journal is © The Royal Society of Chemistry 2020
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To further investigate the transformation of Fe and S on pyrite
surface, the species of Fe and S were analyzed using XPS (Fig. 6).
The binding energy (B.E.) peaks of Fe (2p3/2) are located at 707.5,
711.0, 709.2, 713.1, and 710.2 eV, which corresponds to Fe(II)–S,
Fe(II)–SO4

2�, Fe(III)–S, Fe(III)–SO4
2�, and Fe(III)–O, respectively.46–48

The B.E. peaks of S (2p) are located at 162.8, 164, and 169.0/
170.1 eV which stand for S2

2�, Sn
2�, and SO4

2�, respectively.49–51

Fe(II)–S is the dominant Fe species with little Fe(III)–S and Fe(II)–
SO4

2�, and S2
2� is the dominant S species with little SO4

2�,
observed at the surface of pyrite before the reaction. FeS2 is the
main component of cubic pyrite, and Fe(III)–S and Fe(II)–SO4

2�

were produced during the mechanic ball milling process and in
humid air.52 Aer reaction, a signicant increase in peak intensity
near 169.0 and 170.1 eV was observed from the S (2p) spectrum,
while a slight rise in peak intensity near 711.0 and 713.1 eV was
found from the Fe (2p) spectrum simultaneously, implying no big
transformation of Fe happened during the reaction, while S
species transformed from S(�I) to S(VI).
Fig. 7 Possible p-NP mineralization pathway in nano-pyrite Fenton syst

This journal is © The Royal Society of Chemistry 2020
Despite the low catalytic efficiency caused by the slow reduction
of Fe3+ to Fe2+ (eqn (5)), the catalytic capacity of classic Fenton
reaction was also limited by this reduction process.53 H2O2 acts as
electron donor and was oxidized to O2, thus a large amount of
H2O2 was thus wasted. However, in pyrite Fenton system, this
bottleneck of classic Fenton system was eliminated through the
autocatalytic oxidation reaction of pyrite (eqn (4)). During this
process, S atoms in pyrite were employed, replacing H2O2, as an
electron donor. One electron can be transferred for Fe2+ regener-
ation consuming one H2O2 which was originally used for
producing cOH in classic Fenton system, during the trans-
formation from S2

2� to SO4
2�, however, seven electrons could be

provided to reduce Fe3+.27 By replacing H2O2 with S on pyrite
surface as electron source, H2O2 was not consumed in Fe2+

regeneration but was usedmainly for cOH production, resulting in
a highly increased stoichiometric efficiency (33%) compared to
that of other catalysts (0.04–8.99%).3,33
em.
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3.5 Mineralization pathway of p-NP

The mineralization products were identied by GC-MS. Nitro-
benzene ([M/H]� m/z 123), hydroquinone ([M/H]� m/z 109), p-
benzoquinone ([M/H]� m/z 107), o-benzoquinone ([M/H]� m/z
107), and 1,2,4-trihydroxybenzene ([M/H]� m/z 126) were
detected. Based on the identied compounds, a plausible
mineralization pathway of p-NP by pyrite Fenton process was
proposed (Fig. 7) and interpreted detailly in ESI.†
3.6 Catalyst durability and scale-up experiment

To highlight the potential of nano-pyrite Fenton for industrial
applications, catalyst durability, and scale-up experiments were
designed. The durability test over 4 cycles was conducted for
both nano-pyrite Fenton and classic Fenton system by adding
100 mg L�1 p-NP and 3 mM H2O2 continuously (Fig. S6†). And
the experiment system was scaled up from 100 mL to 1.0 L.
Although the degradation intermediates accumulated in the
reaction solution due to the rather low H2O2 addition, it still
showed a high p-NP removal efficiency (>80%) over 4 cycles. In
the enlarged experiment system, nano-pyrite still showed an
excellent catalytic reactivity, 100% p-NP removal was achieved
within 5 min (Fig. S7†), which could be attributed to higher
ferrous concentration in aqueous form.
4. Conclusion

The successful p-NP degradation under neutral initial pH was
achieved by Fenton utilizing nano-pyrite produced by high
energy planet ball milling as catalyst. The results showed that p-
NP can be removed within 20 min at an initial p-NP concen-
tration of 100 mg L�1, nano-pyrite dosage of 0.30 g L�1, and
H2O2 concentration of 3 mM. Using nano-pyrite increased the
cOH conversion efficiency from 13.90% (conventional Fenton)
to 67.55% by the high Fe2+ regeneration rate nano-pyrite
supplied, leading to less H2O2 required. The major trans-
formation products were generated through the attack of cOH to
the nitro-group and aromatic ring of p-NP. The limitations of
classic Fenton, such as high cost and maintenance of the acidic
environment, can be overcome by nano-pyrite Fenton. There-
fore, this process can be considered as a promising technology
for the remediation of p-NP and other refractory compounds
contaminated water.
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