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This study introduces natural occurring magnetic pyrrhotite (NP) as an environmentally friendly, easy
available, and cost-effective alternative catalyst to activate persulfate (PS) of controlling microbial water
contaminants. The E. coli K-12 inactivation kinetics observed in batch experiments was well described
with ﬁrst-order reaction. The optimum inactivation rate (k ¼ 0.47 log/min) attained at a NP dose of 1 g/L
and a PS dose of 1 mM, corresponding to total inactivation of 7 log10 cfu/mL cells within 15 min.
Measured k increased > 2-fold when temperature increased from 20 to 50  C; and > 4-fold when pH
decreased from 9 to 3. Aerobic conditions were more beneﬁcial to cell inactivation than anaerobic
conditions due to more reactive oxygen species (ROS) generated. ROS responsible for the inactivation

were identiﬁed to be SO
4 > OH > H2O2 based on a positive scavenging test and in situ ROS determination. In situ characterization suggested that PS effectively bind to NP surface was likely to form charge
transfer complex (≡Fe(II)/O3SOeOSO-3), which mediated ROS generation and E. coli K-12 oxidation. The
increased cell-envelope lesions consequently aggravated intracellular protein depletion and genome
damage to cause deﬁnite bacterial death. The NP still maintained good physiochemical structure and
stable activity even after 4 cycle. Moreover, NP/PS system also exhibited good E. coli K-12 inactivation
efﬁciency in authentic water matrices like surface water and efﬂuents of secondary wastewater.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
With increasing populations and uncertain global climate
changes, the shortages of fresh and sanitary water require
increased water recycle and reuse (Rietveld et al., 2011; Haaken
et al., 2014). Biohazards such as bacteria, viruses, and fungi are
widely presented in wastewater, which can cause a variety of
water-borne diseases to humans and animals (Dobrowsky et al.,
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2014; Soller et al., 2014). Unfortunately, conventional water disinfection technologies, including chlorination, ozone, and ultraviolet
(UV), have some disadvantages during application. For instance, a
number of biohazards are naturally resistant to UV and chlorination
(Eischeid et al., 2011; Rizzo et al., 2013a,b); the toxic and corrosive
characteristics of ozone limit its practical application (Anastasi
et al., 2013); the formation of disinfection byproducts (DBPs) by
chlorination and ozonation are with potential carcinogenicity or
toxicity (Parker et al., 2014; Sharma et al., 2014). Therefore, effectively removing biohazards from water is a challenge that has
received great attention (Sun et al., 2014; Huang et al., 2017), and
versatile new technologies are highly needed to simultaneously
inactivate biohazards and eliminate disinfection debris.
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In recent decades, sulfate radicals (SO
4 ) based advanced
oxidation process (AOP) has attracted increasing interests in water
treatment, due to their high efﬁciency in degrading a wide range of
recalcitrant micro-contaminants (Drzewicz et al., 2012; Yuan et al.,
2014) and even inactivating biohazards (Anipsitakis et al., 2008;
Tsitonaki et al., 2008; Chesney et al., 2016). For instance, MichaelKordatou et al. (2015a) evidence that the UVC/PS process can
result in rapid and complete erythromycin (ERY) degradation and
ERY-resistant Escherichia coli inactivation in secondary treated
wastewater, thus to produce a ﬁnal treated efﬂuent with lower
phytotoxicity (<10%) compared to the untreated wastewater. The
good performance of SO
4 based AOP in wastewater is mainly
attributed to the large formation of highly reactive species, such as
SO (2.5e3.1 eV) and its derived OH (2.7 eV) occurring in natural
4
conditions (Michael-Kordatou et al., 2015a). Moreover, Ahn et al.
(2013) use zero valent iron (ZVI) to activate persulfate (PS, S2O2
8 )
for disinfecting ballast water and achieve a result that the marine
phytoplankton could be totally inactivated and mineralized
without formation of harmful byproducts. In analogy, SO
4 based
AOP may hold promise to be more effective than conventional
water disinfection processes in inactivating biohazards due to their
more powerful oxidation capabilities and lower tendency to form
DBPs.
Generally, SO
4 can be produced by the activation of PS and PMS
(Wang et al., 2015; Zhong et al., 2015; Feng et al., 2016). Approaches
of PS/PMS activation mainly include heat, microwave, UV, and
addition of transition metals or carbon materials (Waldemer et al.,
2007; Johnson et al., 2008; Guan et al., 2011; Matzek and Carter,
2016). Especially, the utilization of transition metal (zero valent
iron, Co3O4, CuO/Fe3O4, etc.) has received particular attention to
heterogeneously activate PS/PMS, because they are not consumed
during the activation and no additional energy is required (Guan
et al., 2013; Zhang et al., 2013; Zeng et al., 2015; Oh et al., 2016).
However, many limitations for the wide-span application of these
synthetic catalysts still exist: (1) the complex fabrication procedure
and expensive massive production of these catalysts (Wang et al.,
2014); (2) the potential leaching of heavy metals in the synthetic
catalysts like Co2þ or Cu2þ are hazardous to environment (Hu et al.,
2012; Ren et al., 2015); (3) the recycle and reuse of these nano-size
catalyst is difﬁcult. Therefore, developing new catalysts for further
decreasing the cost of synthesis, potential secondary pollution, and
easy recycle is necessary.
Naturally occurring minerals enriched in transition metals may
provide an economical alternative for practical water treatment, as
which can be readily supplied in large quantities at low cost (Teel
et al., 2011; Yan et al., 2015). In this work, natural pyrrhotite (NP,
Fe1-xS) is suggested to be a good catalyst to effectively activate PS/
PMS for water treatment: the great involvement of Fe2þ in NP is
beneﬁcial for PS activation and the leached Fe ions are environmental friendly, as well as the speciﬁc ferromagnetic properties can
facilitate its separation and recycling after utilization (Xia et al.,
2015a). In fact, NP is widely dispersed in natural settings and always discarded as a waste due to its over-supply in the sulfuric acid
market (Yang et al., 2014). Therefore, it is beneﬁcial to investigate
the PS/PMS activation ability of reusing NP waste for both water
treatment and mine tailing remediation. Moreover, there still exists
contradictory interpretations with respect to the identity of the
reactive species and the PS/PMS activation mechanisms (i.e., radical
vs non-radical mechanisms, Zhang et al., 2014), which also need to
be analyze when NP was involved for PS/PMS activation.
In this work, natural pyrrhotite was ﬁrst utilized to activate PS
for E. coli K-12 inactivation, a model bacterial strains in water (Xia
et al., 2015b). To test the activity and applicability of NP/PS system, the inactivation kinetics of E. coli K-12 were measured at
varying cell density, NP/PS dose, temperature, pH, bicarbonate,
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authentic wastewater matrix, etc. Meanwhile, its efﬁciency in
terms of radical type and yield, as well as in situ ATR-FTIR characterization and chronoamperometric measurements, were collectively applied to analyze the PS activation process occurring on the
NP surface. Moreover, microscope was applied to assess damage to
cell envelope, and biomolecule assay was utilized to monitor the
destruction of cytoplasmic proteins and chromosomal DNA during
treatment. Furthermore, the reusability and structural stability of
recycled NP were also analyzed. This work may provide a costeffective method for biohazards inactivation in water-scarce regions, where the wastewater reuse schemes was implemented like
agricultural irrigation (Michael-Kordatou et al., 2015a,b).
2. Materials and methods
2.1. Chemicals
Pristine natural pyrrhotite (NP) mineral was collected from a
mining site in Inner Mongolia province, China. Chemical scavengers
included methanol (Sigma-Aldrich, USA), tert-butanol alcohol
(TBA, Sigma-Aldrich, USA), Fe(II)-EDTA (prepared with FeSO4 and
Na2EDTA, Ajax Chemicals, Australia) and TEMPOL (Fuchen, China).
Sodium persulfate (PS), 5,5-dimethyl-1-pyrrolidine N-oxide
(DMPO) were purchased from Aladdin, China. All reagents used
were at least analytical grade and prepared in ultrapure water
(Millipore, Molsheim France).
2.2. Characterization
The X-ray powder diffraction (XRD) spectra of the NP was
recorded on a Bruker D8 Advance X-ray powder diffractometer
(Bruker Co., Ltd.). The surface morphology of NP was characterized
with a Hitachi S-4800 ﬁeld emission scanning electron microscope
(SEM). The valence states of Fe in NP were examined with an
ESCALAB 250XI X-ray photoelectron spectroscopy (XPS, Thermo).
The magnetic properties of NP were determined by vibrating
sample magnetometer (VSM-7300, Quantum design, Lakeshore,
USA) at 25  C. The in situ ATR-FTIR spectra of the NP was recorded
on a Nicolet Fourier transform infrared spectrometer (Magna-IR
750) equipped with a Universal ATR accessory. Puriﬁed water was
used to identify background noise. The spectra of the NP catalysts
were calibrated by subtracting the spectrum of puriﬁed water
during the scanning processes. Details are listed as follows: First,
50 mg of NP was mixed with 10 mL puriﬁed water or PS solution
(0.5 mM). After a reaction time of 5 min, the solid particles from the
suspensions were scanned in the wavenumber range of 800e4000
1/cm at a resolution of 4 1/cm. The leached metal ions were
quantiﬁed by inductively coupled plasma-optical emission spectrometer (ICP-OES, ULTIMA 2000, HORIDA). The chemical compositions of several randomly selected mineral particles were
characterized by electron microprobe analyses (EMPA, JEOL JCXA
733) at China University of Geosciences (Beijing).
2.3. Experimental procedure
Escherichia coli K-12 (Gram -ve, E. coli K-12) and Staphylococcus
aureus (Gram þ ve, S. aureus) were chosen as model bacterium to
evaluate the inactivation ability of NP/PS system. The bacterial cells
were cultured in nutrient broth (BioLife, Milano, Italy) at 37  C with
shaking, then harvested in the late exponential phase of growth.
The harvested bacteria were centrifuged at 1000 rpm for 1 min, and
the pellets were resuspended in ultrapure water and recentrifuged
at 1000 rpm for 1 min to remove the growth medium, then the ﬁnal
pellets were resuspended in ultrapure water for experiment. A
50 mL suspension including NP of 50 mg and E. coli K-12 of
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2  107 cfu (colony forming unit)/mL in a ﬂask was vigorously
dispersed by a magnetic stirrer, followed by adding PS (0e2 mM) to
start the reaction. Aliquot samples were collected at different time
intervals and diluted serially with sterilized saline solution, then
immediately spread on the nutrient agar (Lab M, Lancashire, UK)
plate. All the plates were incubated at 37  C for 24 h. Control experiments with NP or PS alone were also conducted in triplicate,
and the detection limit of spread plate was 1 cfu/mL. To analyze the
inﬂuence of pH, appropriate amounts of H2SO4 (0.1 M) or NaOH
(0.1 M) was added to adjust the initial pH. Bacterial inactivation was
also conducted in authentic water matrix, including surface water
and efﬂuents of secondary wastewater, the detailed water parameters were shown in Table S1 (Supporting Information). Prior to
use, the water samples were ﬁltered by glass ﬁber ﬁlters.
2.4. Analyses
(i) Electron paramagnetic resonance (EPR) analysis: A solution
containing 10 mM DMPO, 0.5 mM PS was prepared, and then 50 mg
NP was added to initiate the reaction. After 0, 5, 10 min of reaction,
samples were taken and analyzed on a JEOL FA200 EPR spectrometer; (ii) O
2 was quantitatively analyzed by detecting the decrease
in the concentration of nitro blue tetrazolium (NBT,
k ¼ 5.88  104 M-1 s-1) at a wavelength of 259 nm with a UVevis
spectrophotometer (LabTech); (iii) H2O2 was analyzed on a Hitachi
F-4500 ﬂuorescence spectrophotometer based on the reaction of
H2O2 with courmarin to form a high ﬂuorescent compound (7hydroxylcoumarin, 456 nm); (iv) Cell viability assay: E. coli K12 cells treated at various times were tested using a LIVE/DEAD®BacLight Bacterial Viability Kit (Molecular Probes, USA) with a
ﬂuorescence microscope; (v) Determination of cellular ATP levels:
E. coli K-12 cells treated at various times were assayed for adenosine
triphosphate (ATP) by a luciferin/luciferase test (Bac-Titer-Glo Microbial Cell Viability Assay Kit, Promega), and the luminescence
signals were measured in a microplate reader (Biotek Synergy 2);
(vi) Leakage of cytoplasmic contents: The residual protein concentration in the captured sample can be measured with the
Bradford assay (SK3041, Sangon Biotech, China); Chromosomal
DNA was extracted using an Ezup Column Bacteria Genomic DNA
Puriﬁcation Kit (SK8255, Sangon Biotech), then veriﬁed by DNA
agarose gel electrophoresis (0.6% agarose gel at 100 V for 30 min in
1  TAE buffer); (vii) Concentration of persulfate was determined
using a UVeVis spectrophotometer (Lambda 25, Perkin Elmer Inc.,
USA) with a cuvette providing a light path of 10 mm. At each time
interval, 1 mL sample was transferred to a 10 mL glass vial containing 9 mL distilled water, followed by adding 0.05 g NaHCO3 and
1 g KI powder (Liang et al., 2008). The mixture was then hand
shaken and set for equilibrium for 15 min before measuring the
absorbance at 400 nm. The concentration of persulfate was calculated according to the calibration curve.
2.5. Chronoamperometry
NP (5 mg) were ﬁrst dispersed in 20 mL of naﬁon perﬂuorinated
resin solution (5 wt %, Aldrich) and 50 mL ethanol (99.9%, Aldrich).
The mixture (5 mL) was dropped onto a ITO electrode and dried for
10 min; this procedure was repeated three times. The reactor
contained a glassy carbon electrode, a coiled Pt wire, and an Ag/
AgCl/KCl (sat) electrode as a working, counter, and reference electrode, respectively and 0.1 M phosphate buffer (pH z 7) as an
electrolyte. Chronoamperometries were carried out with an open
circuit, and electrochemical measurements were subsequently
added into the electrochemical working station at stated intervals
with ﬁnal concentrations of 0.5 mM PS and 7 log10 cfu/mL E. coli K12 cells, respectively.

3. Results and discussions
3.1. Characterization of natural pyrrhotite
XRD pattern in Fig. 1a indicates the pristine natural pyrrhotite
(NP) is composed of mixed phases of pyrrhotite-6T (Fe1xS, PDF 290725) and pyrite (FeS2, PDF 42-1340) (Xia et al., 2015a), as NP always occurs with impurity mineral phases. SEM image in Fig. 1b
indicates NP powders are in a heterogeneous size ranged from 10 to
30 mm and many mechanically ground fractures are observed on NP
surface. The surface elements of NP were also analyzed by SEMEDX (inset of Fig. 1b) and XPS (Fig. 1c). Both results conﬁrmed the
main existence of Fe, S and O of NP, and the estimated chemical
formula of NP can be expressed as FeS0.6O0.52. The nonstoichiometric Fe to S ratio revealed vacancies were at the S sites in
the crystal structure, mainly due to the oxidation of NP surface.
Importantly, the 53.2% of Fe(II) on pristine NP surface (Fig. 1c) indicates its great potential for catalyzing PS to generate reactive
species. Apart from Fe and S, Si, Al, K, Ca, Mg, Zn are also existed,
based on the results of EMPA in Table S2. As shown in Fig. 1d, the
magnetic loop indicates pristine NP possesses a saturation
magnetization of 6 emu/g, with little coercivity (16 Oe) and
remanence (0.056 emu/g). The soft magnetic property indicates NP
can be magnetically recycling without great aggregation (Xia et al.,
2016). As shown in Fig. S1, the NP powders can be immediately
drawn to one side of the beaker when an external magnet was
placed nearby, indicating its great potential for application.
3.2. E. coli inactivation by NP/PS system
3.2.1. Reactivity of natural pyrrhotite
The adsorption and inactivation proﬁles of E. coli K-12 against
the reaction time in various situations are shown in Fig. 2a. The NP
alone had no obvious adsorption toward E. coli K-12, as no cells' loss
occurred within 30 min. Meanwhile, less than 0.2 log10 cfu/mL of
cells’ loss was noticed with PS alone, suggesting that the production
of oxidizing radicals from PS alone was limited within 30 min.
Impressively, a rapid decrease of the E. coli K-12 concentration was
observed once the NP was involved, which exhibited a pseudoﬁrst-order kinetics over exposure time with a rate constant of
0.34 1/min. Similarly, the Gram-positive bacteria of S. aureus with
thicker cell envelope was found to exhibit similar inactivation kinetics with E. coli K-12 (Ng et al., 2016). This result evidenced that
the combination of NP with PS can efﬁciently inactivate both types
of cells.
In contrast with NP, the synthesized ZVI of nano-size was also
utilized to catalyze PS for E. coli inactivation. Attributed to its large
speciﬁc area, ZVI exhibited a better performance than NP, which
can totally inactive 7 log10 cfu/mL of E. coli within 15 min (0.44 1/
min, Fig. 2a). The results indicate the catalytic activity of NP is still
not comparable with commercial ZVI. However, NP may still can
work as an alternative material for PS activation, attributed to its
merits like earth abundant and well enough catalytic activity.
To further evaluate the catalytic activity from leached ions of NP,
the ions leaching in the NP/PS system was also monitored (Fig. S2).
In the NP solution, which releases Fe2þ slowly and the observed
aqueous concentration of total dissolved iron (9.96 mg/L) is comparable to the Fe2þ concentration (9.66 mg/L). In the NP/PS system,
the total dissolved iron concentration gradually increases to
4.99 mg/L while Fe2þ are maintained at relatively low concentrations (0.4 mg/L). This suggests that the released Fe2þ could react
with PS instantly and form Fe3þ. Notably, due to the fact that some
of the Fe3þ could form Fe(OH)2 or Fe(OH)3 and precipitate, thereby
the concentration of total soluble Fe amount was halved in the
presence of PS. Similar observation was also obtained in other study
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Fig. 1. (a) XRD, (b) SEM-EDX, (c) XPS spectra and (d) magnetic loops of pristine and recycled NP.

(Liang et al., 2010). It would be worthwhile observing that leached
Fe (especially Fe2þ) might be problematic for some applications like
wastewater treatment. Therefore, a further precipitation step may
be needed to eliminate the dissolved Fe, which can be obtained by
the addition of base like NaOH to form Fe(OH)3. Meanwhile,
equivalent amount of leaked Fe2þ (10 mg/L) or Fe3þ (10 mg/L) was
respectively added to catalyze PS for E. coli K-12 inactivation. As
shown in Fig. 2a, due to the low concentration of Fe2þ, the Fe2þ was
consumed quickly and can't trigger enough ROS to attack E. coli,
thereby only a slight decrease of cell density was noticed. This
result also suggests that the bacterial inactivation due to the Fe2þ
ion-leaching induced homogeneous catalytic reactions was negligible when NP was used as catalysts.
The decomposition of PS by NP was also studied through
measuring the residual persulfate anion (S2O28 ). The added PS
(0.5 mg/L) was sharply decomposed (60%) in the presence of NP,
which followed a ﬁrst-order kinetics’ model (k ¼ 0.021 1/min,
Fig. 2b). Moreover, a notable observation was that the PS decay by
NP was further enhanced by E. coli, indicating E. coli can accelerate
the PS activation by NP. In contrast, no noticeable PS decomposition
occurred when only E. coli added under the same conditions. Thus,
it is concluded that the NP is efﬁcient to activate the PS for inactivating E. coli.
3.2.2. Effect of initial NP, E. coli K-12 and PS concentration
First, E. coli K-12 inactivation was carried out to explore the

effects of NP loading in the NP/PS system (Fig. 2c). An increase in NP
loading had an obvious positive effect on E. coli inactivation when
NP loading increased from 0.25 g/L to 1 g/L, with k value increased
from 0.21 1/min to 0.34 1/min, respectively. When NP loading
further increased to 1.25 g/L, a slight decline (0.32 1/min) in the
E. coli inactivation efﬁciency was noticed, suggesting that the NP
dose was the controlling factor of radicals’ generation. This inhibition effect at 1.25 g/L of NP can be related to the scavenging effect
of the NP, because radicals (SO
4 ) would be mainly generated by NP
activation but they can also react with surface ≡Fe(II) on NP in a
heterogeneous system. Similar results were also obtained in other
work (Yan et al., 2011; Guan et al., 2013).
Insigniﬁcant difference in inactivation kinetics was observed for
different initial E. coli K-12 concentrations ranging from 5 to 8
log10 cfu/mL (Fig. 2d), and the measured k value from three batch
experiments can be described reasonably well by a similar k value
(0.36, 0.34, 0.35 1/min, one way ANOVA, p > 0.05). The observed
insensitivity to initial cell density is consistent with other disinfection processes like chlorine or ferrate (Luh and Marinas, 2007;
Hu et al., 2012).
Fig. 2e presents the inactivation efﬁciencies of E. coli K-12 at a
varying dosage of PS. The E. coli K-12 removal was enhanced with
the PS concentration increased from 0.25 mM (0.12 1/min) to 1 mM
(0.47 1/min), respectively. This increased inactivation efﬁciency
was mainly resulted from the accelerated generation of radicals
that occurred with higher doses of PS. Further increasing the PS

240

D. Xia et al. / Water Research 112 (2017) 236e247

Fig. 2. (a) Sulfate radical-mediated bacterial inactivation in NP/PS system; (b) PS decomposition by NP with and without E. coli K-12; Inﬂuences of c) NP dose; d) cell density; e) PS
concentration on bacterial inactivation by NP/PS system. Experimental conditions: [E. coli K-12] ¼ 5-7 log10 cfu/mL, [S. aureus] ¼ 7 log10 cfu/mL, [NP] ¼ 0.5e1.25 g/L,
[PS] ¼ 0.5e2 mM.

concentration to 2 mM (0.36 1/min) did not enhance the inactivation efﬁciency but resulted in a slight inhibition, perhaps due to the
quenching of SO
4 by surface Fe(II) of NP (Guan et al., 2013).
3.3. Reactive species and possible mechanism
Obviously, the good E. coli inactivation performance of NP/PS

system was mainly attributed to the NP activated PS and its great
generation of various reactive species. To analyze the presence and
contributions of the speciﬁc reactive species, E. coli inactivation
performance was thus examined by adding various scavengers in
the NP/PS system, including methanol for SO
4 , tert-butyl alcohol
(TBA) for OH, Fe(II)-EDTA for H2O2, TEMPOL for O
2 (Xia et al.,
2013; Xia and Lo, 2016; Liu et al., 2014). In the control
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experiment without PS, no signiﬁcant cells’ loss was observed by
adding 2 mM of each scavenger, indicating no toxicity of these
chemical scavengers to the E. coli within test time period (Fig. S3).
First, the inhibition of E. coli K-12 inactivation was not accompanied
by adding 2 mM TEMPOL, indicating the weak bactericidal contribution of O
2 (Fig. 3a). The is mainly due to the limited formation of
 
O2 in the NP/PS system, consistent with the result in Fig. S4a.
Although O2 is known to readily accept electron from transition
metal to produce O
2 , which is unstable and may readily converse
into H2O2 or SO
4 , thereby limited detection occurs in the present
condition (Zhang et al., 2017). Second, the involvement of H2O2 was
afﬁrmed by the moderate decrease in the inactivation kinetics after
adding 2 mM Fe(II)-EDTA (1.9 log10 cfu/mL of cells survived, Fig. 3a).
Generally, when Fe1-xS is exposed to the air, H2O2 can be thermodynamically generated by either two electron reduction of surfaceadsorbed O2 from Fe(II) or disproportionate reaction of two OH
(Liu et al., 2015; Fang et al., 2016). As show Fig. S4b, the great
generation of H2O2 was accumulated to almost 5 mM without O2
purging. Third, methanol and TBA were used to differentiate SO
4
from OH, because TBA without an alpha hydrogen was also readily
reactive toward OH, but their reaction with SO
4 was over 1000fold slower than methanol (Gao et al., 2016). Obviously, SO
4
played the leading role rather than OH was virtually observed,
based on the more remarkable inhibition when 2 mM methanol
added (5.5 log10 cfu/mL of cells survived, Fig. 3a) than that of 2 mM
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TBA (3.2 log10 cfu/mL of cells survived, Fig. 3a). Therefore, it can
infer that SO
4 is mainly responsible for bacterial inactivation in the
NP/PS system. Moreover, EPR results in Fig. 3b shows the obvious
signals of both DMPO-OH (1:2:2:1) and DMPO-SO
4 (1:1:1:1:1:1),
indicating large quantities of both OH and SO
4 radicals were
generated immediately in the NP/PS system (Xiong et al., 2014). As

identiﬁed above, all of the extracellular radicals SO
4 , OH and H2O2
work collectively for the inactivation of E. coli K-12.
To analyze the interaction occurred on NP surface of NP/PS
system, the in situ ATR-FTIR characterization was conducted and
results were shown in Fig. 3c. After addition of PS, the FTIR spectrum of pristine NP showed an increased absorption at around 1273
1/min and 1046 1/min (the symmetric and asymmetric vibrations
of S]O]S of sulfonate group), indicating the adsorptive interaction of PS occurred on NP surface (Lee et al., 2016). Meanwhile, the
small band occurred at 1057 1/cm of pristine NP was blue shifted to
1079 1/cm after PS addition, suggesting the formation of a complex
at NP surface. It is thus inferred that the interaction between Fe(II)
and PS leads to the formation of a weak bond at the surface of NP
like ≡Fe(II)/O3SOeOSO3 (eq (1)), based on Lei et al.’s work (2015).
The weak bond of ≡Fe(II)/O3SOeOSO3 could trigger the broken of
OeO bond, accompanied by the generation of ≡Fe(III) and SO
4 (eq
(2)) (Duan et al., 2015, 2016). Meanwhile, the NP surface H2O/eOH
bond at 3100 1/cm became relatively invisible after PS addition,
suggesting the complex and generated SO
4 may promote absorbed

Fig. 3. (a) Scavenger quenching on bacterial inactivation by NP/PS system; (b) ESR spectra of DMPO spin-trapping adducts (asterisk represent DMPO-OH, and circle represent
DMPO-SO24 ); (c) ATR-FTIR spectra of the PS solution alone, the NP in water, and the NP in PS solution; (d) Chronoamperometric measurements of NP electrode after adding PS and
E. coli K-12 in turn. Experimental conditions: [E. coli K-12] ¼ 7 log10 cfu/mL, [NP] ¼ 1 g/L, [PS] ¼ 0.5 mM.
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H2O/eOH to transform into OH through eq (3), because SO
4
possesses higher oxidative potential (2.5e3.1 V) than OH (Gao
et al., 2016). This was conﬁrmed by the observation in Fig. 3b, the
DMPO-SO
4 signals diminished a little, accompanied by a slight
increase in the DMPO-OH signals from 1 min to 5 min in NP/PS
system, indicating the DMPO-SO
4 adduct can converse into
DMPO-OH adduct over time (Zhong et al., 2015). Subsequently, OH
may also thermodynamically form into H2O2 through disproportionated reaction (eq (4)) (Avetta et al., 2015; Liu et al., 2015).

≡FeðIIÞ þ Ο3 SO  OSO
3 /≡FeðIIIÞ…O3 SO  OSO3

(1)


2

≡FeðIIÞ…Ο3 SO  OSO
3 /≡FeðIIIÞ þ SO4 þ SO4

(2)



2

SO
4 þ H2 O=OH / OH þ SO4

(3)



OH þ OH/H2 O2

(4)

To further analyze the complex and electron transfer, the current change toward the NP electrode was detected in the chronoamperometric measurements when PS and E. coli K-12 were
added in turn (Fig. 3d). After the injection of PS, a small negative
current peak was detected due to the instant electron movement
from the NP electrode to PS, most likely through the formation of
charge transfer complex (≡Fe(II)/O3SOeOSO-3). Subsequently,
upon the addition of E. coli K-12, a slight positive current ﬂow forms
indicated electrons were transferred from E. coli K-12 to the NP/PS
complex, likely due to the oxidation of bacterial cells occurred. In
contrast, no current change occurred when E. coli K-12 was directly
added on NP (Fig. S5), suggesting no electron transfer reaction
happened without PS. Therefore, the PS activation by NP involved
electron transfer from NP to PS, and E. coli inactivation involved
electron transfer from E. coli to NP/PS complex, in which NP/PS
complex engagement as a facile electron mediation was essential.
3.4. Inﬂuences of several factors to NP/PS system
3.4.1. Effect of temperature, pH, dissolved oxygen
Reaction temperature is a key operating factor in AOPs. Generally, increasing temperature can accelerate the decomposition rate
of PS, thus increase the concentration of SO
4 , which also in turn
facilitates the AOP reaction (Ji et al., 2015). Therefore, E. coli inactivation was examined within a temperature range of 20  Ce50  C
in NP/PS system. First, the results of control experiment at different
temperature in Fig. S6a exhibited negligible loss of cells within
30 min, indicating the contribution to cells’ loss from thermal
activation of PS is limited within this time period. Although the
thermal activation of PS to generate sulfate radicals was really
occurred at higher temperature like 50  C (Ji et al., 2015, 2016),
some injured cells still can survive after cultivation because of the
limited reaction time, thereby no signiﬁcant loss of E. coli density
can be observed. In fact, elevated temperature may still favor
oxidative reactions based on thermodynamic law. As shown in
Fig. 4a, the inactivation kinetics in NP/PS system are similar with
the general trend, indicating higher temperature resulting in higher
inactivation efﬁciency. The measured rate constant increased
roughly 2-fold when temperature was increased from 20  C (0.34 1/
min) to 50  C (0.69 1/min). On the basis of this trend, it might be
deduced that PS activation process by NP is endothermic: higher
temperature would shift the equilibrium to produce more reactive
species and thus improve the bacterial inactivation efﬁciency (Feng
et al., 2016).
Inactivation kinetics (Fig. 4b) in NP/PS system was found to be
highly dependent on pH, lower pH can obtain a higher inactivation

performance. The control experiments with PS alone at different
pH was also conducted, and no signiﬁcant E. coli’ loss occurred
within 20 min, indicating the pH has no obvious effect on cells'
viability (Fig. S6b). In general, SO
4 based AOP can achieve a higher
oxidative activity at higher pH, due to the SO
4 could provoke an
accelerated PS decomposition and transformation reactions
generating additional OH under alkaline condition (Lei et al., 2015;
Neta et al., 1988). However, PS solution with a pH 3.0 (0.68 1/min)
demonstrated the best inactivation performance, and a >1.5-fold
decline was observed at pH 5.0 (0.45 1/min). When pH was
increased from 7 (0.30 1/min) to 9 (0.17 1/min), the inactivation
kinetics were observed to decrease roughly 1.7-fold. To analyze the
pH effect, the surface charge of NP and E. coli have been detected at
different pH conditions. As shown in Fig. S7, the zero charge of NP is
4.6, while E. coli exists predominantly in its deprotonated form at
pH 3.0e11.0. Therefore, the high inactivation efﬁciency at acidic
condition (pH 3, 5) can be attributed to the electrostatic adsorption,
while the low inactivation at pH 9, 11 was probably in part due to
the electrostatic repulsion between the deprotonated E. coli and NP,
because almost all of the cells had a negative charge under such
conditions (Fig. S7). Moreover, at alkaline condition, the oxidized
Fe3þ ions may form oxyhydroxides like FeOH2þ/Fe2(OH)þ
2 /Fe(OH)3
to precipitate on the surface of NP, which covered the surface
reactive sites of NP and caused inhibition for activating PS to form
SO (Zhang et al., 2017). Notably, the pH variation in NP/PS system
4
was also monitored at ﬁve initial pH, all the pH values were
decreased a little and rapidly to a speciﬁc pH value (Fig. S8), this is
mainly due to the partial dissolution of Fe1-xS in the water (Liu et al.,
2015). Since the pH was rapidly attained to an equilibrium, and no
signiﬁcant cells’ loss was observed with NP alone/PS alone and even
in the pH controlled solution, it is reasonable to indicate that the
E. coli inactivation by dissolved NP induced pH interference may not
that signiﬁcant. Therefore, the inactivation kinetics revealed that
the bacterial inactivation process was more favorable in acidic and
mild alkaline conditions.
Dissolved O2 has an impact on PS activation as O2 is an electron
acceptor. As shown in Fig. 4c, the total inactivation of 7 log10 cfu/mL
of E. coli was obtained at 15 min with air purging (0.46 1/min) and
20 min without air purging (0.34 1/min), while only 4.6 log10 cfu/
mL of E. coli was obtained at 20 min under N2 purging (0.23 1/min).
When Fe(II) is exposed to the air, molecular O2 could be reduced to
 
O2 or H2O2 directly by Fe(II) via single- or two-electron transfer
routes (Harrington et al., 2012; Jones et al., 2013), which would
accelerate the PS activation to produce SO
4 (Zhang et al., 2017)
(eqs. (5)e(8)). To test the effects of dissolved O2, the generated O
2
and H2O2 concentrations were determined. Results in Fig. S4a
present the little formation of O
2 (no NBT transformation
occurred at three conditions), while H2O2 concentration increased
in the order of N2 purging-pyrite system (3 mM) > no purging pyrite
system (4.995 mM) > air purging-pyrite system (5.65 mM) (Fig. S4b).
Therefore, increasing O2 concentration could lead to the generation
of more H2O2, thus to trigger more generation of SO
4 , collectively
resulting in a higher inactivation efﬁciency.

FeðIIÞ þ O2 /O
2 þ FeðIIIÞ

(5)

2FeðIIÞ þ O2 þ 2Hþ /H2 O2 þ 2FeðIIIÞ

(6)


2
 

S2 O2
8 þ O2 / SO4 þ SO4 þ O2

(7)



S2 O2
8 þ 2H2 O2 /2 SO4 þ 2H2 O þ O2

(8)
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Fig. 4. Inﬂuence of a) temperature; b) initial pH; c) dissolved O2; d) NaHCO3; e) natural organic matter on bacterial inactivation by NP/PS system. Experimental conditions: [E. coli K12] ¼ 7 log10 cfu/mL, [NP] ¼ 1 g/L, [PS] ¼ 0.5 mM.

3.4.2. Effect of bicarbonate, NOM
Bicarbonate was the representative of inorganic carbon existed
in natural water at the range of 0.1e50 mg/L, which can quench
radicals to inhibit oxidation process (Wu et al., 2015). As shown in
Fig. 4d, a NaHCO3 concentration to 1 mg/L (0.34 1/min) exhibited
similar inactivation kinetics with that of no NaHCO3 addition (0.34
1/min); with further addition of NaHCO3, the inactivation efﬁciency

decreased signiﬁcantly (one way ANOVA, p < 0.05) in the presence
of 5 mg/L NaHCO3 (0.29 1/min) and almost totally inhibited when
20 mg/L NaHCO3 (0.055 1/min) were added. Wu et al. (2015) suggested that bicarbonate could form complexes on catalyst surface


and even quench the SO2
4 to generate the CO3 . The great consumption of SO2
and
the
relative
lower
reactivity
of CO
4
3
2

(2.09 eV) than SO4 (2.5e3.1 eV, Zhao et al., 2010) would cause the
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detrimental effect to NP/PS system, thus to greatly inhibit E. coli K12 inactivation.
Similarly, natural organic matter (NOM) is usually present in the
aquatic environment, which can act as radical scavenger via
competing for OH and SO
4 . As shown in Fig. 4e, E. coli inactivation
rate was ﬁrstly promoted to 0.36 1/min with the addition of 1 mg/L
NOM, in contrast with free NOM (0.34 1/min). In fact, hydroquinones, quinones and phenols in NOM can form into semiquinone
radicals, which might stimulate the decomposition of PS into OH

and SO
4 , similar to the way of reducing H2O2 to OH, thus to
accelerate the AOP process (De Laat et al., 2011). However, the E. coli
inactivation rate then decreased signiﬁcantly from 0.23 1/min to
0.055 1/min when NOM further increased from 5 mg/L to 20 mg/L,
indicating the stimulated effect of NOM was overwhelmed by its
detrimental effect. Michael-Kordatou et al. (2015b) suggested that
NOM contains many phenolic hydroxyl and carboxyl groups, which
can be adsorbed onto catalyst surface and block reactive sites, thus
to inhibit the oxidation process.

3.5. Cell destruction process
The bacterial envelope, composed of outer membrane, peptidoglycan layer, and cytoplasmic membrane, always worked as the
ﬁrst target of being exposed to ROS attack (Xia et al., 2016). First, the
BacLight kit ﬂuorescent microscopic method was utilized to
directly observe the permeability changes of cell envelop in the NP/
PS system. As shown in Fig. 5a, the viable cells were with intense
green ﬂuorescence. After being treated for 10 min, most cells
turned to red ﬂuorescence, indicating most cells were disrupted
and intracellular components were stained. With prolonged
treatment to 20 min, all the images were in red, indicating cells’
envelope were all broken with more red stained intracellular
components. Similarly, compared with the SEM image of initial
intact E. coli K-12 cells (0 min) in Fig. 5b, the treated cell envelope
was deformed after 20 min treatment. Actually, the cell envelope
contains essential protein components such as respiratory chain,
which generate energy (ATP) with functionalized electron chains,
playing a vital role in bacterial metabolism (Bosshard et al., 2010).

Fig. 5. (a) Fluorescence microscopic images of E. coli K-12; (b) SEM images of E. coli K-12; (c) ATP content in cells (note: RLU denotes the relative luminescence unit); (d) Detection of
protein concentration in 100 mL concentrated cell lysate from 10 mL bacterial suspension (e) leakage and destruction of bacterial genomic DNA extracted from harvested cells during
treatment by NP/PS system. Experimental conditions: [E. coli K-12] ¼ 7 log10 cfu/mL, [NP] ¼ 1 g/L, [PS] ¼ 0.5 mM.
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Associated with the damaged envelope, the cells were almost
instantaneously inactivated by metabolic arrest as a consequence of
a drastic drop in the ATP level within initial 10 min treatment
(Fig. 5c). Generally, ROS has been found to inhibit ATP formation
either by behaving like a protonophore or by inhibiting enzymes in
the respiratory chain to dissipate the proton motive force (Parker
et al., 2014).
After the penetration of cell envelope, the ROS can subsequently
injure the cells by reacting with various biomolecules, such as
cytoplasmic protein and genome (Sun et al., 2014). As shown in
Fig. 5d, the protein content of treated cells (10 mL) in Bradford assay
was maintained at around 142 mg/mL within the initial 10 min but
then decreased a little to 136.7 mg/mL at 20 min, assumed to be
indicative of starting peroxidation of protein during treatment. The
destruction of genomic DNA could be observed in Fig. 5e because
the ﬂuorescent intensity of the DNA bands started to fade around
20 min and then totally disappeared with prolonged to 1 h. Damage
to E. coli's genome is lethal to the cells, which could efﬁciently
disrupt events instrumental to the bacterial life cycle. Or else cells
in a viable but non-culturable state may still survive to cause the
health risks in water (Zhang et al., 2015). These results revealed that
the cell envelope of E. coli K-12 was ﬁrstly decomposed, then
cytoplasmic components leaked and degraded, ﬁnally resulting in
the cells' mineralization.
3.6. Stability and recycle of NP
The stability of NP was investigated by repeating E. coli inactivation experiments with recycled NP. After each experiment, NP
was magnetically captured on the bottom of ﬂask and the supernatant was poured out, then E. coli K-12 cells and PS solution were
added to start the next run. After four times' recycling, the E. coli K12 inactivation efﬁciency decreased with about 4 log10 cfu/mL cells'
inactivation (Fig. 6a), which was likely due to the loss of active sites
on the NP surfaces, including oxidation of surface Fe(II) and
adsorption of E. coli oxidation products. XPS results (Fig. 1c)
conﬁrmed that the atomic ratio of ≡Fe(II)/≡Fe(III) was decreased
from 1.14 (53.2%/46.8%) for pristine NP to 0.93 (48.1%/51.9%) for
used NP, thus resulting in a decreased performance. Meanwhile,
FTIR analysis (Fig. S9) also show that out-of-plane was bend of
amide A (3274 1/min) and amide B (3060 1/min) groups of E. coli
after treatment, which inhibit the surface Fe(II) to contact with PS
(Xia et al., 2013). The semi-quantitative analysis of XRD pattern
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(Fig. 1a) showed that the ratio of py/ph decreased from 745/370
(2.01) to 405/318 (1.27), which may suggest the partial crystalline
change from py to ph after reaction. However, no signiﬁcant difference was observed in the saturated magnetism between fresh
and recycled NP (Fig. 1a, d), indicating the magnetism of NP were
still maintained even after 4 runs’ test. After the fourth run, the
recovered NP was washed by ultrapure water and dried for the ﬁfth
run. The E. coli inactivation efﬁciency almost recovered to that of
initial run (Fig. 6a). This is mainly due to the cellular debris were
removed from NP after wash treatment, as the characteristic peaks
of organic functional groups greatly weakened (Fig. S9).
3.7. Environmental implications for authentic water treatments
As a preliminary step in investigating the potential application
of NP/PS system, the inactivation experiments were thus conducted
under authentic matrices of surface water (SW) and secondary
wastewater efﬂuents (WW). In contrast with that of ultrapure
water (UPW), the inactivation kinetics in SW and WW decreased
signiﬁcantly, with the order of: UPW > SW > WW (Fig. S10). Based
on the water parameters in Table S1, it can conclude that the slowed
performances in SW and WW, were mainly caused by the natural
water components like natural organic matter (TOC represents
NOM) and inorganic ions (bicarbonate). SO
4 can react selectively
against the prevailed nitrogen-containing organics in NOM through
an electron transfer oxidation mechanism, thus the SW
(TOC ¼ 0.72 mg C/L) and WW (TOC ¼ 5.4 mg C/L) are suspected to
have a high SO
4 reactivity hindering the bacterial inactivation
(Avetta et al., 2015). Meanwhile, part of SO
4 may complex or react
with CO23 present in the SW (bicarbonate ¼ 6 mg/L) and WW
(bicarbonate ¼ 12 mg/L), also can greatly inhibit bacterial inactivation (Michael-Kordatou et al., 2015b). Moreover, both water
matrices are at alkaline conditions (pH 8.3 of SW and pH 7.64 of
WW) may also inhibit the inactivation efﬁciency to some content,
based on the study of pH effect in Fig. 4b.
When the PS amount increased to 1 mM, NP/PS can totally
inactivate the cells within 25 min in SW; while 3.5 log10 cfu/mL of
E. coli still survive within 30 min in WW (Fig. S10). Further increase
the PS amount to 2 mM, there are 2 log10 cfu/mL of E. coli still
survive in WW (Fig. S10). Obviously, the inactivation efﬁciency was
greatly enhanced with the increase amount of PS in both water
matrices. The higher the concentration of PS, the more PS anions
can be activated by NP, together with more sulfate radicals and

Fig. 6. a) repetitive use of recycled NP for E. coli K-12 inactivation; b) inactivation performance in different water matrix with NP/PS and ZVI/PS system. Experimental conditions:
[E. coli K-12] ¼ 7 log10 cfu/mL, [NP] ¼ 1 g/L, [PS] ¼ 0.5 mM.
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derived ROS to inactivate cells (Feng et al., 2016). Based on the results, the selected suitable amount of PS was 1 mM for SW and
2 mM for WW, respectively.
In contrast, ZVI was also utilized to activate the selected amount
of PS for E. coli inactivation, which exhibiting a slightly higher
performance than that of NP/PS system in both UPW and authentic
water matrices (Fig. 6b). This is probably occurred, because ZVI can
accelerate the Fe(III)eFe(II) cycle, thus to accelerate the PS activation (Liang et al., 2010). Meanwhile, ZVI also can react with dissolved oxygen to generate O
2 and a series of other ROS to further
enhance the inactivation efﬁciency (Zhong et al., 2015). Although
the catalytic activity of NP is still not comparable with commercial
ZVI in different water matrices, NP still can be utilized as a costeffective alternative material for application, attributed to its
merits like earth abundant, good catalytic activity, and easy recyclable. In the framework of implementing safe wastewater reuse
schemes, other technological parameters like reactor size, stirring
velocity, etc., should be further optimized to meet the current
challenges associated with hazardous bacteria spread into the
environment.
4. Conclusions
Natural occurring pyrrhotite exhibited a notable catalytic activity to PS for E. coli inactivation. E. coli inactivation by NP/PS was
enhanced with the increase of PS and NP doses at respective range
of 0.2e1.0 mM and 0.15e1.0 g/L. It showed an independence on
initial cell density, but greatly dependent on acidic pH and dissolved O2. NOM stimulated E. coli inactivation at the concentration
of 1 mM but inhibited at 5e20 mg/L. Bicarbonate inhibited the
E. coli inactivation at the range of 0.1e2.0 mg/L. The bactericidal role

of generated ROS was identiﬁed to be SO
4 > OH > H2O2. The
surface complex of NP played an important role in the generation of
radicals from NP/PS. Catalytic oxidation of E. coli by NP/PS was also
effective under the backgrounds of investigated actual waters,
which provide a reference for application.
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