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In this report, eco-friendly and low-cost pyrite tailings are utilized as

denitrification materials, while pyrite and magnetite are used as the control

experimental groups to explore the denitrification performance of pyrite

tailings. The results show that the removal effect of pyrite tailings on NO3
− is

slightly lower than that of pyrite. However, the concentration of NH4
+

decreased, and the effluent SO4
2- concentration was lower than that of

pyrite. In addition, pyrite with different particle sizes is prepared by the ball

milling method, and the effect of particle size on the denitrification

performance of pyrite is studied. The results show that with the decrease in

particle size, microorganisms are more likely to use S in tailings as electron

donors, the denitrification rate is faster, and the denitrification effect was better

at the same time.
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Introduction

Lake eutrophication is a global water ecological environment problem (Hans W.

Paerl, et al., 2015), and it is also one of the main challenges to water ecological

environment governance and protection in China (Chen and Li. 2006). In recent

years, lake eutrophication caused by excessive input of nitrogen and phosphorus has

become increasingly prominent, seriously threatening the ecological security and

drinking water security of lake basins (Farshad Shafiei. 2021). At present, although

domestic sewage treatment has reached the drainage standard, there is no nitrogen
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and phosphorus environmental capacity for the eutrophic

water (Chen. 2020). Therefore, with the development of

cheap and efficient denitrification and dephosphorization

materials and technology (Song. 2021), the municipal

sewage treatment plant secondary effluent more strict

denitrification and dephosphorization processes can

ensure the ecological environment of water (Cao, et al.,

2020).

Secondary effluent of municipal wastewater treatment plants

is typical low C/Nwastewater (Sun et al., 2019). The conventional

heterotrophic denitrification process requires the addition of

external carbon sources, which increases the treatment cost

and complexity of operation (Fu, 2022). However, autotrophic

denitrification does not require organic carbon sources and can

use inorganic carbon and reducing sulfur compounds as

electronic donors, which can reduce the operating cost of

municipal wastewater treatment plants and effectively remove

NO3
− in secondary effluent with low treatment cost. According to

different electron donors, autotrophic denitrification can be

divided into hydrogen autotrophic denitrification, iron

autotrophic denitrification, and sulfur autotrophic

denitrification (Zhou et al., 2022). Sulfur autotrophic

denitrification with elemental sulfur as the electron donor has

a fast denitrification rate, but a large amount of reaction by-

product SO4
2- will be produced during the reaction process,

which affects its promotion in practical application (Jiaoyang,

2014). In recent years, pyrite (FeS2) has also been found to be an

electron donor for chemical autotrophic denitrification (Pang,

et al., 2020). Garcia-Gil et al. (Garcia-Gil, et al., 1993) found that

adding FeS to the sediments of the Rhone Delta in France could

change the denitrification rate and monitor the oxidation process

of S2- in FeS. Haaijer et al. (Haaijer et al., 2007) reported that

autotrophic denitrification based on iron sulfide can remove

nitrate in freshwater system and compared the denitrification of

two different iron sulfides (pyrite and ferrous sulfide) as

substrates, proving that ferrous sulfide can remove nitrate

more effectively under the action of denitrifying bacteria.

Bosch et al. (Bosch et al., 2012) proposed that while

thiobacillus denitrificans use sulfur in iron sulfide as an

electron donor, they may also use iron in iron sulfide as an

electron donor to reduce nitrate. Yang et al. (Zhang et al., 2020)

also found that synthetic or natural pyrrhotite (FeS) autotrophic

denitrification (PAD) had excellent simultaneous nitrogen and

phosphorus removal performance. At present, many scholars

have turned their attention toward the autotrophic

denitrification technology using pyrite as the electron donor

to remove NO3
− in water (Kong, et al., 2015), or the

autotrophic denitrification and heterotrophic denitrification

combined with pyrite and elemental sulfur or other mineral

materials to remove nitrogen and phosphorus in sewage (Wang,

et al., 2019). However, pyrite is an important mineral resource,

and if directly used in a large amount of water treatment, there is

also a large economic cost. Mine tailings have become the most

produced and stored solid waste in China. The total amount of

metal mine tailings accounts for 34% of general industrial solid

waste and is a major hazard and pollution source (Kong, et al.,

2016). A large number of tailings are piled up in the tailings pond

and cannot be used, resulting in a large amount of waste of

resources. The accumulation of these wastes also seriously affects

the ecological environment and threatens people’s health (Theo.

2021). Pyrite tailings, by-products after mining, contain the same

effective components as pyrite, which can provide electrons for

autotrophic denitrification, while tailings, as substrates for

denitrification reaction, provide a new way for waste

utilization of tailings (Tong, et al., 2021). Therefore, in this

study, pyrite tailings were selected as autotrophic denitrifying

electron donors, and pyrite and magnetite were used as control

groups to explore the feasibility of removing nitrogen and

phosphorus substances from secondary effluent from tailings.

At the same time, this study obtained pyrite tailings with different

particle size scales using the ball milling method and discussed

the influence of particle size scales on their nitrogen and

phosphorus removal performance.

Materials and methods

Materials

Raw pyrite and pyrite tailings were obtained from

Longqiao Mine in Tongling, Anhui province, China, while

magnetite tailings were collected from Zhangzhuang Mine in

Huqiu, Anhui Province, China. Then, the tailings were

grounded into particles with a size of 0.10–0.15 mm using a

high-speed blender, washed in deionized water several times

to clarify the supernatant, followed by ultrasonic shock for 1 h,

and washed in deionized water again. Finally, the mineral

particles were dried at 70°C for 6 h in the oven. Nitrogen

removal reaction system with pyrite, pyrite tailings, and

magnetite tailings as the substrate was denoted by PM, PT,

and MT, respectively.

Preparation of materials

Preparation of pyrite tailings
The pyrite tailings were mixed with water at the mass ratio

of 1:1, and the mixed solution was poured into the planetary

ball mill and mixed with large beads (3 mm) and small beads

(2 mm) at a ratio of 1:1. Three kinds of pyrite tailings with

different particle sizes were prepared by different operation

settings of the ball mill. The mixture was transferred into the

beaker after the ball grinding and made to stand for half an

hour, then the supernatant was collected and washed in

deionized water several times to clarify, and then, the

mineral particles were dried at 70°C.
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TABLE 1 Water quality analysis methods.

Analysis indicator Analysis method Analytical instrument Instrument model

NO3
--N UV spectrophotometry Ultraviolet-visible spectrophotometer UV-5100

NO2
--N N-1-Naphthylethylenediamine dihydrochloride spectrophotometry

NH4
+-N Nessler reagent spectrophotometry

PO4
3--P Molybdenum antimony resistance spectrophotometry

SO4
2- Ion chromatography Ion chromatography ICS-900DionexIonPac

FIGURE 1
SEM images and elemental mappings of pyrite (A), pyrite tailings (B), and magnetite tailings (C).
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Simulation of sewage quality
The secondary effluent of the laboratory simulated sewage

plant was prepared with deionized water. The simulated

sewage quality was configured according to the actual

secondary effluent concentration of the sewage plant. The

concentration of nitrate–nitrogen in the experimental sewage

prepared by potassium nitrate was 15 mg/L; and the

concentration of ammonia nitrogen prepared by

ammonium chloride was 10 mg/L. Sodium bicarbonate was

used as an autotrophic denitrification carbon source with a

concentration of 90 mg/L.

Methods

A total of 800 ml synthetic sewage was added to a 1000 ml

conical flask, and 30 g mineral particles and 5 ml cleaned

sludge were added to the flask, respectively. After the rubber

plug was fastened, the flask was placed in a constant

temperature shaker, which continued to run at 150 r/min

and 30°C. Samples were taken at 0, 12, 24, 36, 48, 60, 84, 108,

and 132 h, respectively, and the concentrations of NO3
−-N,

NH4
+-N, NO2

−-N, and SO4
2− in the water were measured.

Three parallel experiments were set up for each group.

Thirty grams of mineral particles with different particle

sizes were weighed and placed in a 1000 ml conical flask,

800 ml simulated secondary effluent was added, and then 5 ml

cleaned sludge was added. After the rubber plug was fastened,

the particles were placed in a constant temperature shaker,

which continued to run at 150 r/min and 30°C. Samples were

taken at 0, 12, 24, 36, 48, 60, 84, 108, and 132 h, respectively,

and the concentrations of NO3
−-N, NH4

+-N, NO2
−-N, and

SO4
2− in the water were measured. Three parallel experiments

were set up.

Characterization

To analyze the structure and element composition of the

three minerals, the micromorphology and the element

composition of the three mineral particles were observed

using scanning electron microscopy equipped with an energy

dispersive spectrometer (SEM-EDS). The mineral particles

mixed with water after drying were collected, and the mixed

solution was slowly added to the laser particle size analyzer at a

speed of 2200 r/min. The dried mineral particles were placed in

an X-ray powder diffractometer (XRD) for crystal structure

analysis, and the angle of diffraction (2θ) was set in the range

of 10–80°. The dried mineral particles were mixed with deionized

water, and the mineral surface potential was determined using

the Zeta potential analyzer.

Water sample analysis was performed according to Water and

WaterMonitoring Analysis Method 4th Edition (2002). The specific

indicators and analysis methods are shown in Table 1.

Results and discussions

Study on nitrogen removal from the
secondary effluent by autotrophic
denitrification of three minerals

Characterization of three minerals
SEM images and elemental mappings of PM, PT, and MT

are shown in Figure 1. SEM images clearly indicated that PM

has a smooth, crystalline surface with large particles, while

PT has a rough, granular surface with small particles.

Meanwhile, elemental mappings verified that the areas of

S in PM and PT were significantly larger than that of Fe,

further confirming the pyrite structure. In addition, the

surface of MT was rough, granular, and larger, and the

mineral contained less Fe, which was due to the fact that

the tailings contained less Fe2O3.

XRD analysis of PT, PM, and MT was conducted for crystal

structure analysis, and it can be seen from Figure 2 that all of the

three minerals have obvious crystal structures. The diffraction

peaks (2θ) of PT and PM at 28.6°, 33.1°, 37.2°, 40.9°, 47.6°, and

56.4° are assigned to the (111), (200), (210), (211), (220), and

(311) crystal planes of FeS2 (JCPDS card no. 01-1295),

respectively. Moreover, the diffraction peak position (2θ) of

MT is 15.2°, 24.8°, 26.7°, 26.8°, 28.7°, 47.0°, 57.6°, and 50.4°,

corresponding to the orthorhombic crystal structure; all the

diffraction peaks were well matched with JCPDS card no: 89-

2810.

Variation of effluent nitrogen and sulfate
concentration

In order to explore the denitrification effect of pyrite

tailings, we conducted a comparative study on the NO3
−-N,

FIGURE 2
XRD spectrum of pyrite, pyrite tailings, and magnetite.
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NO2
−-N, and NH4

+-N removal performance of simulated

sewage by three reaction systems of PM, MT, and PT. It

can be seen from Figure 3A that the concentration of

NO3
−-N in PT, PM, and MT reaction systems first

increased and then decreased at the initial stage of

microbial growth and adaptation. During the 24–36 h

period, the concentration of NO3
−-N in the three systems

reduced rapidly for a short time, which is probably due to the

heterotrophic denitrification caused by the sewage with a low

content of organic carbon. Subsequently, the concentration of

NO3
−-N in PT and PM shows a stable downward trend, while

the concentration of NO3
−-N in MT shows no significant

change. After 132 h of reaction, the NO3
−-N removal rates of

PT, PM, and MT were 60.0, 69.0, and 36.94%, respectively.

Figure 3B reveals the variation of effluent NH4
+-N

concentration over time in the reaction system. The

effluent NH4
+-N concentration of the three reaction

systems shows a great difference. During the 24–36 h stage,

the concentration of NH4
+-N in PT, PM, and MT decreased

from 3.10, 2.20, and 4.80 mg/L to 0.96, 0.76, and 3.50 mg/L,

respectively. After 36h, the concentration of NH4
+-N in the

three reaction systems increased, which may result from the

increase in NH4
+ concentration caused by the death of

heterotrophic microorganisms after the completion of

heterotrophic denitrification. Furthermore, the autotrophic

denitrification of PT and PM requires partial utilization of

NH4
+; so, the concentration of NH4

+ in PT and PM gradually

descended at the later stage of the reaction. Moreover,

compared with PT, PM has a high content of FeS2 and

more electron donors, and its demand for NH4
+ is lower.

Therefore, it can be seen from Figure 3B that PT has higher

removal efficiency for NH4
+-N. We simultaneously recorded

the NO2
−-N changes of three reaction systems. It can be

observed from Figure 3C that NO2
− was first accumulated

and then reduced in all three systems, mainly because

microorganisms reduced NO3
− preferentially, and NO3

−

had an inhibitory effect on the synthesis and activity of

NO2
− reductase. However, at the end of the reaction, the

FIGURE 3
Variation of NO3

−-N concentration (A), NH4
+-N concentration (B), NO2

−-N concentration (C), and SO4
2−concentration (D) in denitrification

system of three minerals.
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accumulation of NO2
−-N in PT and PM was 1.02 mg/L and

1.50 mg/L, respectively. The concentration of NO2
−-N in MT

was reduced to below the detection limit, and MT had the best

removal effect on NO2
−-N. Figure 3D reveals the

concentration of SO4
2-- in the three systems. As one of the

products in the process of sulfur autotrophic denitrification,

the massive accumulation of SO4
2- is the limitation for the

application of elemental sulfur autotrophic denitrification. In

consequence, we monitored the concentration of SO4
2- in the

three reaction systems, and the experimental results implied

that the concentration of SO4
2- in MT did not change

significantly over time, which was attributed to the fact that

MT contained no sulfur element and could not undergo

autotrophic denitrification of sulfur. On the contrary, the

concentration of SO4
2- in PT and PM ascended gradually

along with time, but the formation of SO4
2- in PT declined

relatively, indicating that the use of pyrite tailings as nitrogen

and phosphorus removal materials can reduce the amount of

SO4
2-, without changing the water quality significantly.

Influence of particle size on nitrogen
removal

Characterization of three tailings with different
particle sizes

Based on the fact that pyrite tailings have a certain

nitrogen removal effect, we were then interested in

FIGURE 4
Particle size distribution spectrum (A) and XRD spectrum (B), Zeta potential (C) of pyrite tailings with different sizes.
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studying the effect of particle size of tailings on nitrogen

removal from effluent. By grinding the mineral for 30, 25,

and 20 min, three tailing samples with different particle sizes

were obtained (denoted as PT-1, PT-2, and PT-3,

respectively). The particle size distribution is shown in

Figure 4A, and the particle sizes (D50) of three kinds of

minerals are 3.80, 7.59, and 2.89 μm, respectively. As the

ball milling process is accompanied by high temperature

and high pressure, the crystal structure of the minerals may

be changed; so, XRD analysis was conducted on three kinds of

minerals. It can be seen from Figure 4B that all of the minerals

had obvious crystal structure, and the diffraction peaks (2θ) at
28.6°, 33.1°, 37.2°, 40.9°, 47.6°, and 56.4° correspond to the

(111), (200), (210), (211), (220), and (311) crystal planes of

FeS2, respectively. XRD results indicated that particle size had

no influence on the crystal structure of the minerals. However,

Zeta data (Figure 4C) demonstrated that the surface potential

of the three groups of minerals was 4.34 mV, −0.12 mV,

and −0.72 mV, respectively, indicating that the surface

charge distribution of minerals would be changed during

the mechanical stripping process of minerals by ball milling.

Variation of effluent nitrogen and sulfate
concentration

According to the XRD results, we confirmed that the

change in particle size had no effect on the crystal

structure of pyrite tailings. Therefore, we further

investigated the feasibility and difference of NO3
−-N, NO2

−-

N, and NH4
+-N removal from secondary effluent of tailings

with three different particle sizes. Variations in NO3
−-N

concentration of the three systems are shown in Figure 5A.

At the initial stage of microbial growth and adaptation, the

reaction rates of the three systems are relatively low. During

36–84 h period, the concentrations of NO3
−-N in the three

systems show a stable decreasing trend, and the reduction

rates are 1.95, 2.40, and 2.43 mg/(L*d), respectively. The

NO3
−-N reduction rate decreased with the increase in

pyrite particle size. At this stage, a heterotrophic

FIGURE 5
Variation of NO3

−-N concentration (A), NH4
+-N concentration (B), NO2

−-Nconcentration (C), and SO4
2−concentration (D) in three granular

denitrification systems of pyrite tailings.
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denitrification reaction mainly occurred. The results indicate

that the larger the pyrite tailing particles are, the more difficult

it is to be utilized by autotrophic microorganisms, which leads

to the slowdown of autotrophic denitrification rate and affects

the NO3
−-N removal in the water. As the reaction progressed,

the death of some heterotrophic microorganisms was due to

the inadaptability to the solution, releasing nitrate nitrogen

and slightly increasing the concentration of NO3
−-N in the

solution. According to these results, we consider that particle

size has no significant impact on the NO3
−-N removal ability

of pyrite tailing particles. Figure 5B displays that the change in

NH4
+-N concentration in the three systems is similar, and it

rises at the initial stage of the reaction. Subsequently, the

concentrations of NH4
+-N in the three systems decrease

because a part of NH4
+ is consumed in the heterotrophic

denitrification stage, while a part of NH4
+ is also consumed by

the growth of microorganisms themselves. At the end of the

reaction, the concentrations of NH4
+-N in the three systems

rise, which is attributed to the fact that the dissimilatory

nitrate reduction to ammonium (DNRA) process occurs in

the autotrophic denitrification stage, which transforms NO3
−

into NH4
+. In the system, the processes affecting the

concentration of NH4
+ mainly include the synthesis and

utilization of microorganisms and the DNRA. It can be

seen that the particle size of pyrite has no significant

influence on the abovementioned processes. The

accumulation amount of NO2
−-N is shown in Figure 5C.

All of the concentrations of NO2
−-N in the three systems

reach the maximum accumulation amount at 72 h, and there

is little difference in NO3
−-N concentration in the three

systems at this time, indicating that the particle size of

pyrite tailings did not affect the concentration of NO3
−-N,

which may inhibit the synthesis and activity of NO2
− reductase

in the denitrification system. As can be seen from Figure 5D,

the accumulation amounts of SO4
2- in the three systems within

12–132 h are 93.46, 97.64, and 96.52 mg/L, respectively. With

the decrease in particle size, the larger the contact surface

between particles and air, the more easily S on the surface is

oxidized into SO4
2-, leading to the higher concentration of

SO4
2- in the initial reaction. Therefore, at the end of the

experiment, more SO4
2- particles were produced.

Conclusion

In conclusion, we compare the denitrification effects of three

kinds of mineral materials. The results show that magnetite had a

limited ability to remove nitrogen in water and mainly depended

on heterotrophic denitrification. Pyrite has the best effect on

NO3
− removal in water, but there is still a certain amount of NO2

−

in water after the reaction, and the concentration of NH4
+ in

water fluctuates within a certain range, which is almost the same

as the initial value. However, the NO3
− removal effect of pyrite

tailings is slightly worse than that of pyrite, but the overall NH4
+

concentration in the reaction process shows a downward trend,

and the effluent SO4
2- concentration is lower than that of the

pyrite experimental group. Therefore, in view of the economic

benefits of pyrite tailings, it has greater potential in the

application of denitrification and nitrogen removal in

wastewater. In addition, pyrite tailings with different particle

sizes are prepared using the ball milling method to study the

effect of particle sizes on nitrogen removal. Through XRD and

Zeta potential analysis, it can be seen that the main composition

of the pyrite tailings after ball milling process does not change

except particle size. With the decrease in particle size,

microorganisms are more likely to use S in tailings as electron

donors, and the denitrification rate will be faster and the

denitrification effect will be better at the same time.
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