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Abstract: A pyrrhotite and sulfur-circulating packed bed reactor (PS-CPBR) was constructed to
study the removal process and mechanism of NO3

−-N and PO4
3−-P with different electron donors.

The results showed that the NO3
−-N and PO4

3−-P removal performance of mixed electron donors
(pyrrhotite and sulfur) was superior to the single electron donor (pyrrhotite). The optimum conditions
of NO3

−-N and PO4
3−-P removal in the PS-CPBR were a hydraulic retention time (HRT) of 12 h

and a C/N of 0, and the average removal efficiency was 100% and 86.39%. The sulfur in mixed
electron donors was able to promote the dissolution of pyrrhotite and the formation of polysulfide
to increase the effectiveness of electron donors, promoting the removal of NO3

−-N, while the
PO4

3−-P was removed in the form of FePO4 precipitation. Microbial and functional gene analyses
demonstrated that different electron donors were able to influence the abundance of microbial
communities and denitrification functional genes. Meanwhile, mixed electron donors were able
to increase the protein content of biofilms and reduce the resistance of electron transfer between
microorganisms and electrons.

Keywords: pyrrhotite; sulfur; circulating packed bed reactor; nitrate; phosphate

1. Introduction

Due to the widespread public concern about water environment protection and per-
sonal health issues, higher requirements have been placed on the discharge of nitrogen (N)
and phosphorus (P) from wastewater treatment plants (WWTPs) [1,2]. It is necessary to add
additional organic carbon sources or inorganic electron donors for biological denitrification.
To meet higher P discharge standards, WWTPs need to use additional chemical reagents
because their N and P removal efficiency is low, and the cost of the existing technology is
high. Therefore, the development of efficient and economical technology to achieve dual
control of N and P is the key to the discharge of nutrients in WWTPs.

Sulfur autotrophic denitrification (SAD) is regarded as an advanced technology for
denitrification due to its advantages of having no additional organic carbon sources, a
low sludge yield, and low operating costs [3–5]. Elemental sulfur is non-toxic, chemically
stable, and the most commonly used electron for sulfur-based denitrification (Equation (1)).
However, its low solubility (5 µg/L at 25 ◦C) leads to an insufficient electron supply and
a low N removal rate (<1000 g·N/m3·d) [6], so its practical application in N removal in
WWTPs is limited. When sulfur is used in the reactor, limestone is frequently used as a
source of inorganic carbon and as a buffering agent to achieve N and P removal, but the

Water 2023, 15, 2158. https://doi.org/10.3390/w15122158 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15122158
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w15122158
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15122158?type=check_update&version=1


Water 2023, 15, 2158 2 of 13

slow dissolution of limestone results in an insufficient alkalinity supply and a high effluent
hardness in the system [7]. Therefore, more and more scholars have chosen to add NaHCO3
to maintain alkalinity and improve water quality [8,9], but this change is not conducive to
P removal. More effective measures are needed to achieve the goal of simultaneous N and
P removal.

Pyrrhotite, which is easy to obtain and low in cost, is the main source of sulfur and
iron in nature. It can be used as an electron for pyrrhotite autotrophic denitrification
(PAD) (Equation (2)), formation of FePO4 precipitation (Equation (3)), and adsorption of
PO4

3−-P (Equation (4)) to achieve N and P removal simultaneously [4,10,11]. In a range
of aquatic environments, up to a third of NO3

−-N removal is due to the PAD process [12].
However, the poor solubility of pyrrhotite makes the release of electron donors and iron
ions unstable, so the efficiency of N and P removal is low. It limits the practical application
of this technology in WWTPs that require rapid N and P removal. Thus, some scholars
have improved the simultaneous N and P removal efficiency of the system by reducing
the particle size and using mixed electron donors. Reducing the particle size increases
the specific surface area (SSA) of pyrrhotite and enhances the contact of microorganisms
with electron donors. For example, the scholars of [11] developed SSA (250–425 µm) nano
pyrrhotite NPyr to achieve a high N removal rate (165 g·N/m3·d), and the effluent was able
to meet strict N and P discharge standards. However, the complex operation of making
nanomaterials also increases the cost of use. Mixed electron donors can compensate for the
lack of the single electron donor. The scholars of [13] used sulfur, pyrite, and fixed organic
carbon sources to construct a reactor, which increased the electron donor supply and iron
ion content and improved the stability of the reactor. The N and P removal efficiency
was over 90% and 83%, respectively. This method is easy to implement and has more
application value and economic benefits.

1.11S0 + 0.3CO2 + 1.06NO3
− + 0.785H2O→ 0.06C5H7O2N + 1.11SO4

2−

+ 1.16H+ + 0.5N2
(1)

10FeS + 18NO3
− + 16H2O→ 9N2 + 10Fe(OH)3 + 10SO4

2− + 2H+ (2)

Fe3+ +PO4
3− → FePO4↓ (3)

Fe(OH)3 + PO4
3− → FePO4↓ + 3OH− (4)

To further improve the electron donor and iron ion supply capacities of the system,
some scholars have improved the efficiency of simultaneous N and P removal through
reactor design. A pyrrhotite-limestone autotrophic denitrification biofilter (PADB) was
constructed under the condition of the HRT of 12 h, and the removal efficiency of NO3

−-N
and PO4

3−-P was 21.12% and 42.79% (the influent TON (NO3
−-N + NO2

−-N) and PO4
3−-P

were about 26.70 and 6.10 mg/L) [10]. This can be compared with the scholars of [4], who
constructed pyrrhotite-sulfur-limestone autotrophic denitrification (PSLAD). When the
HRT was 3 h, the NO3

−-N and PO4
3−-P removal efficiency was 98.44% and 100% (the

influent TON and PO4
3−-P were about 18.00 and 0.50 mg/L). Through comparison, it is

not difficult to find that after the addition of sulfur, the removal efficiency of NO3
−-N was

significantly increased, and the HRT was greatly reduced. This is because the SAD process
generates H+, promotes the dissolution of pyrrhotite (Equation (1)), improves the defect of
an insufficient electron supply of pyrrhotite, and provides more available electron donors
for microorganisms. Some scholars have adopted the circular operation method to improve
the mass transfer rate of the reactor [3,8,14]. Some scholars have also adopted the layered
filling method to reduce the packing compaction and maintain the high efficiency of N and
P removal [7,15]. However, little information is available on sulfur and pyrrhotite as mixed
electron donors to construct the reactor for NO3

−-N and PO4
3−-P removal simultaneously.
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The main objectives of this work were: (1) construct a pyrrhotite and sulfur-circulating
packed bed reactor (PS-CPBR) and explore the ability and efficiency of the PS-CPBR for
NO3

−-N and PO4
3−-P removal; (2) evaluate the removal capability of NO3

−-N and PO4
3−-

P under different HRT and C/N ratios in the PS-CPBR; (3) clarify the electron transfer
mechanism and denitrification mechanism via electrochemical, microbial community struc-
tures, and denitrification functional gene analysis; (4) elucidate the PO4

3−-P removal
mechanism by SEM and XPS analysis. This work provides a basis for the removal of
NO3

−-N and PO4
3−-P by the PS-CPBR.

2. Materials and Methods
2.1. Materials
2.1.1. Pyrrhotite and Sulfur

Pyrrhotite and sulfur were obtained from the Inner Mongolia Autonomous Region
and Chengdu, Sichuan Province, respectively, in China. Pyrrhotite and sulfur were sieved
into 3–5 mm particles and then stored in sealed plastic bags filled with N2 to prevent
oxidation. As analyzed by the X-ray diffractometer (Empyrean, PANalytical, Almelo, The
Netherlands), the pyrrhotite was composed of the pyrrhotite mineral phase (Figure S1).
The sulfur was of analytical grade with a purity ≥99.99%.

2.1.2. Inoculation Sludge and Culture Medium

Anaerobic sludge (AS) was taken from a WWTP in Guangzhou, Guangdong Province,
China. A total of 20% (v/v) of the AS was seeded into the reactors to enrich the sulfur
autotrophic denitrifying bacteria. The composition of the medium was consistent with the
literature [10]. During the acclimatization period, the medium was replaced every 7 days,
and the NO3

−-N concentration changes were measured each cycle. The acclimatization
and enrichment of sulfur autotrophic denitrifying bacteria were completed with a NO3

−-N
removal efficiency of 90%. Residual NO3

−-N and SO4
2− were removed before inoculation

using the method in the literature [16].

2.1.3. Synthetic Wastewater

The components of the synthetic wastewater (SW) were shown in Table 1. KNO3,
KH2PO4, and NaHCO3 were used as the nitrogen source, phosphorus source, and alkalinity,
respectively. The influent NO3

−-N and PO4
3−-P concentrations were 30 and 3 mg/L. In

phases I-V, 800 mg/L NaHCO3 was added to the influent and reduced to 400 mg/L in phase
VI. In phases IV-VI, sodium acetate was used as the organic carbon source, and the C/N
(W/W) ratios were 1.0, 2.0, and 2.4, respectively. The trace element solution concentration
was 2 mL/L. The initial pH of the influent was adjusted to 7.00 ± 0.20 with 1 mol/L HCl
and 1 mol/L NaOH. The prepared fresh synthetic wastewater was deoxygenated with N2
for 30 min.

Table 1. Synthetic wastewater.

Phases I II III IV V VI

Days 1–14 15–28 29–42 43–56 57–70 71–84
HRT 12 8 4 4 4 4

NO3
−-N (mg/L) 30 30 30 30 30 30

PO4
3−-P (mg/L) 3 3 3 3 3 3

Influent alkalinity (mg/L CaCO3) 476 476 476 476 476 238
COD (provided by sodium acetate)

/NO3
−-N – – – 1.0 2.0 2.4

2.1.4. Reactor Setup

Two parallel circulating packed bed reactors were constructed with an internal diame-
ter of 7 cm, an effective height of 48 cm, and an effective volume of 1.7 L. The PS-CPBR
fillers were pyrrhotite and sulfur (the volume ratio of pyrrhotite and sulfur was 3: 2), and
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the P-CPBR filler was pyrrhotite. The filling ratio was 45%, and it was filled in three layers;
the height of each layer was 12 cm with an operating volume of 2 L. The external circulation
system consisted of a water tank with a peristaltic pump (Figure 1), and the circulation
flow rate was 320 mL/min.
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Figure 1. Configuration of pyrrhotite and sulfur-circulating packed bed reactor.

2.2. Methods
2.2.1. Reactor Start-Up and Operation Method

A total of 170 mL of acclimated AS was inoculated into the reactors, and the biofilm
was attached to the carriers after 20 days (HRT was 24 h). In the operation phase, each
reactor ran six phases of experiments. During the first three phases (I-III), the C/N was
kept at 0 and the HRT was decreased from 12 h (phase I) to 4 h (phase III), exploring the
influence of HRT on the removal of NO3

−-N and PO4
3−-P. In phases IV-VI, the HRT was

kept at 4 h, and the C/N ratio was increased from 1.0 (phase IV) to 2.4 (phase VI), exploring
the influence of the C/N ratio on the removal of NO3

−-N and PO4
3−-P. Each phase was

tested for 14 days. The concentrations of NO3
−-N, NO2

−-N, TN, PO4
3−-P, SO4

2−, pH, and
alkalinity were measured each cycle during the 84 days of continuous operation. All the
samples were filtered through a 0.45 µm filter before measuring.

2.2.2. Conventional Index Determination Method

All detection methods referred to the Standard Methods [17].

2.2.3. Precipitation Substance Analysis Method

The filler samples were randomly collected from each reactor at phase VI to obtain
the precipitation substance on each filler surface. The morphology of the precipitation
substance was determined using scanning electron microscopy (Merlin, Zeiss, Oberkochen,
Germany). The phase composition and atomic valence state of the precipitation sub-
stances were analyzed using X-ray photoelectron spectroscopy (Escalab Xi+, ThermoFisher,
Oxford, UK).

2.2.4. Analyses of Biofilm

Extracellular polymeric substances (EPS) affect the cell surface charge, hydrophilic-
ity, and hydrophobicity, and have certain effects on the metabolic activity of cells [18].
The biofilm samples were randomly collected from each reactor during phase III, and
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the ultrasonic–thermal extraction method of EPS in the biofilm was referred to [19]. The
concentrations of protein (PN) and polysaccharide (PS) in the EPS were determined using
the Bradford method and the phenol–sulfuric acid method [20,21]. Cyclic voltammetry
(CV) was able to identify the redox reaction between microorganisms and electron donors.
Electrochemical impedance spectroscopy (EIS) was able to determine the system’s inter-
nal resistance, which indicated the speed of electron transfer. The CV and EIS between
the pyrrhotite, sulfur, and microorganisms were determined using an electrochemical
workstation (CHI 660D, CH Instrument Company, Beijing, China) [22].

2.2.5. The Detection Methods of Community Structure and Functional Gene

The evolutions of microbial community structures in the two reactors were analyzed
through high-throughput amplicon sequencing. Biofilm samples were collected from the
PS-CPBR and the P-CPBR at the start-up phase (CK1–CK2), and phase VI (VI1–VI2). The
amplified products were purified and sequenced by Shanghai Passino Biotechnology Co.,
Ltd., using the Illumina MiSeq high-throughput sequencer (Illumina, San Diego, CA, USA).
The MiSeq data were classified and analyzed on the Genescloud platform. Biofilm samples
were randomly collected from the two reactors after the end of phase VI, and the abundance
of functional genes related to denitrification (NapA, NarG, NirK, NirS, NorB, Nor, and
NosZ) were analyzed using the absolute quantitative PCR (AQ-PCR) technique.

2.2.6. Data Processing Method

The calculation method of the pollutant removal efficiency is introduced in detail in
the Text S1.

3. Results
3.1. Performance of the PS-CPBR

3.1.1. The Removal Efficiency of NO3
−-N and PO4

3−-P

The effects of HRT (phases I-III) and C/N (phases IV-VI) on the NO3
−-N and PO4

3−-P
removal efficiency in the two reactors (PS-CPBR and P-CPBR) were shown in Figure 2a,b,
and concentration changes in NO3

−-N and PO4
3−-P were shown in Figure 2c,d. In phases

I-III, the C/N was kept at 0, and the HRT was decreased from 12 h (phase I) to 4 h (phase
III). With the decrease in HRT (from 12 h to 4 h), the removal efficiency of NO3

−-N and
PO4

3−-P showed a decreasing trend in the two reactors. This result was possibly due to the
insoluble character of the solid electron donor, the short HRT resulted in less dissolution
of electron donors and iron ions and further reduced the removal efficiency of NO3

−-
N and PO4

3−-P. It was consistent with the research result that prolonging HRT is more
conducive to NO3

−-N and PO4
3−-P removal [23]. When the HRT decreased to 4 h (phase

III), the removal efficiency of NO3
−-N and PO4

3−-P was maintained at 67.47% and 45.81%
in the PS-CPBR, but only 18.13% and 14.89% in the P-CPBR. This might be because the
SAD process produced H+, which promoted the dissolution of pyrrhotite and increased
the supply of electron donors and iron ions in the PS-CPBR. The NO3

−-N and PO4
3−-P

removal efficiency of this research was superior to previous research [10]. In phases IV-VI,
the HRT was kept at 4 h, and the C/N ratio was decreased from 1.0 (phase IV) to 2.4
(phase VI). The NO3

−-N removal efficiency in the two reactors increased. NO3
−-N was

able to be removed completely when the C/N ratio was 2.0 in the PS-CPBR, while the C/N
ratio needed to be adjusted to 2.4 in the P-CPBR to achieve the same NO3

−-N removal
effect. This result further proved that the PS-CPBR provided richer electron donors than
the P-CPBR and achieved higher NO3

−-N removal performance. Although the PO4
3−-

P removal efficiency in the P-CPBR was higher than the P-CPBR, the PO4
3−-P removal

efficiency in the two reactors was under a downward trend with the increased ratio of C/N.
The result might be caused by the increase in the carbon source promoting the growth
of bacteria, and a large number of microorganisms were attached to the surface of the
pyrrhotite, hindering the release of iron ions. Meanwhile, the presence of sulfur in the
PS-CPBR promoted the dissolution of pyrrhotite and increased the concentration of soluble
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iron ions. Thus, it improved the removal efficiency of PO4
3−-P. Under the condition of HRT

of 12 h and C/N of 0 (phase I), the average removal efficiency of NO3
−-N and PO4

3−-P
was 100.00% and 86.39%. This showed that prolonging the HRT was more beneficial to the
PS-CPBR to maintain the efficient removal of NO3

−-N and PO4
3−-P. Through the above

comparison, it was not difficult to find that the removal effects of NO3
−-N and PO4

3−-P by
the pyrrhotite and sulfur as mixed electron donors (PS-CPBR) was better than the single
pyrrhotite electron donor (P-CPBR).
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The TN concentration changes were shown in Figure 3a. It could be seen that the
TN removal performance in the PS-CPBR was better than the P-CPBR. The TN removal
efficiency was under a downward trend, which was consistent with the trend of NO3

−-N
(phases I-VI). The difference in TN removal efficiency between the two reactors was mainly
reflected in the NO2

−-N accumulation. Except for phases II-III, the NO2
−-N concentration

in the PS-CPBR was lower than that in the P-CPBR in other phases (Figure 3b). In phase I,
the TN removal efficiency of the PS-CPBR was 2.93 times higher than the P-CPBR, while
the NO2

−-N concentration in the PS-CPBR was only 36.7% of that in the P-CPBR. In phase
V, the TN removal efficiency of the PS-CPBR was 1.33 times higher than the P-CPBR. At
this time, there was no NO2

−-N accumulation in the PS-CPBR, while 2.54 mg/L NO2
−-N

was accumulated in the P-CPBR. This indicated that the PS-CPBR system had a lower
NO2

−-N accumulation and a higher TN removal efficiency. This might be because the
mixed electron donors provided more effective electron donors, which were able to reduce
the accumulation of NO2

−-N and increase the removal efficiency of TN.
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3.1.2. Sulfate Generation and Alkalinity Consumption

As shown in Figure 3c, SO4
2− was produced in the PS-CPBR and the P-CPBR during

the denitrification process. When single sulfur and pyrrhotite were used as electron
donors to remove NO3

−-N, the theoretical yield of SO4
2− was 7.54 mg SO4

2−/mg NO3
−-

N and 3.80 mg SO4
2−/mg NO3

−-N, respectively (Equations (1) and (2)). During the
whole operation phase, the effluent concentrations of SO4

2− in the PS-CPBR and the
P-CPBR gradually decreased (phases I-VI), and the effluent concentration of SO4

2− in
the PS-CPBR was higher than in the P-CPBR. This might be because the mixed electron
donors were able to increase the supply of electron donors and promote the autotrophic
denitrification process, so the SO4

2− yield was higher than the single electron donor. The
yield of SO4

2− in the PS-CPBR was lower than the theoretical value, this situation might
be because shortening the HRT led to incomplete denitrification. Meanwhile, the addition
of the organic carbon source promoted the growth of heterotrophic microorganisms, and
the microorganisms used organic matter for denitrification rather than inorganic electron
donors (pyrrhotite and sulfur). Overall, mixotrophic denitrification was able to significantly
improve denitrification efficiency and reduce SO4

2− concentration in the effluent.
The changes in alkalinity in the two reactors were shown in Figure 3d. During all

of the operation phase, the alkalinity consumption in the P-CPBR was lower than that in
the PS-CPBR. This might be because the SAD process produced a large amount of H+,
which consumed more alkalinity (4.57 g CaCO3/g NO3

−-N). After the addition of organic
carbon sources (phases V-VI), the consumption of alkalinity in the PS-CPBR was reduced
significantly, indicating that no additional alkalinity supplement was needed when the
C/N ratio was greater than 2.0. Overall, adding an appropriate amount of organic carbon
source to the PS-CPBR was able to improve NO3

−-N removal efficiency and reduce the
consumption of alkalinity [24].
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3.2. Mechanism of NO3
−-N Removal

3.2.1. Electron Transfer Mechanism

Figure 4a showed the variation in the EPS content in the two reactors. The total
content of EPS in the PS-CPBR was higher than that in the P-CPBR, indicating that the
microorganisms in the PS-CPBR had better tolerance to external environmental changes [25].
The increase in PN in the EPS was able to promote the stability and aggregation of the
biofilm structure [18]. The content of PN in the PS-CPBR was higher than that in the P-CPBR,
which indicated that the biofilm structure was more stable to maintain the stability of the PS-
CPBR during the operation phase. Overall, the variation in the EPS was mainly attributed
to the difference in electron donors. Mixed electron donors were more conducive to the
microorganisms generating more EPS and improved the stability and electron transfer rate
of the system. Meanwhile, the system improved its adaptability to adverse environments.
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The CV curve showed that reduction and oxidation peaks appeared in the two reactors
(Figure 4b). The intensity of the redox peaks reflected the magnitude of the current inten-
sity [26], so it could be concluded that the current intensity in the PS-CPBR was greater
than that in the P-CPBR. Compared to the EIS curve in Figure 4c, it could be concluded
that the charge transfer resistance in the PS-CPBR was smaller than that in the P-CPBR. The
scholars of [27] concluded that reducing the resistance was able to speed up the electron
transfer rate, which meant that the electron transfer rate in the PS-CPBR was higher than
that in the P-CPBR. This was consistent with Section 3.1.1 in that the PS-CPBR performed
higher NO3

−-N efficiency than the P-CPBR. Combined with the EPS and electrochemical
analysis results, it could be concluded that the mixed electron donors (pyrrhotite and
sulfur) promoted the generation of more PN by the microorganisms to promote the electron
transfer between microorganisms and electrons and promoted the electron transfer rate by
reducing the resistance.

3.2.2. Evolution of Microbial Community Structures and Functional Bacteria

Biofilms were collected from the two reactors at the start-up and the final phase. To
compare differences in microbial communities with different electron donors, the changes
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in microbial community structures were analyzed at the phylum and genus levels. In
the microbial community structure at the phylum level, there was not a significant differ-
ence between CK1, CK2, VI1, and VI2 (Figure 5a). The main phyla in the four samples
were Proteobacteria and Bacteroidetes, and these phyla widely existed in various wastew-
ater treatment processes. Proteobacteria played a dominant role in biological anoxic and
anaerobic denitrification [28,29]. Bacteroidetes mainly participated in biological anoxic deni-
trification [30]. Meanwhile, the abundance of the dominant phylum in the PS-CPBR was
relatively stable, and these results indicated that the mixed electron donors in the PS-CPBR
acted as a carrier to support the growth of biofilm, which was more conducive to the
retention of biomass. The genus level distributions of the microbial communities were
shown in Figure 5b. Thiobacillus was the dominant genus in CK1 and CK2. Thiobacillus
was a facultative anaerobic and obligate chemoautotrophic sulfur-oxidizing bacterium.
The high abundance of Thiobacillus was consistent with previous studies in sulfur-based
bioreactors [31–33]. Thiobacillus had a strong NAFO ability and oxidized minerals func-
tion under anaerobic conditions, which was able to promote denitrification efficiency [34].
The dominant bacterial genera in the two reactors changed greatly in VI1 and VI2. The
dominant bacterial genera in the PS-CPBR (VI1) were Dechloromonas (25.93%), Thiomonas
(12.99%), and Geobacter (13.66%). The main dominant genera in the P-CPBR (VI2) were
Zoogloea (37.77%), Alicycliphilus (7.81%), and Thauera (6.06%). These results demonstrated
that the diversity of the microbial communities in the PS-CPBR was significantly higher
than that in the P-CPBR. New dominant bacteria appeared through adding organic carbon
to the reactors. Among them, Dechloromonas was able to oxidize Fe2+ to Fe3+ and provided
electrons for denitrification. Geobacter was able to reduce sulfur to sulfide [35], which
played a crucial role in sulfide generation and the denitrification process in the PS-CPBR
system. The above results indicated that the composition of the electron donors lead to a
large difference in the diversity of the microbial communities.
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3.2.3. Denitrification Functional Genes and Denitrification Pathways

The absolute abundance of functional genes related to denitrification was determined
by the AQ-PCR technique (as shown in Table S1). The results showed that both reactors
contained functional genes related to denitrification (NapA/NarG, NirK/NirS, NorB/Nor,
and NosZ). The NarG gene was mainly expressed in anaerobic conditions, while the NapA
gene was mainly expressed in hypoxic conditions [36]. The NarG gene abundance in the
two reactors was significantly higher than the NapA gene because the reactor was placed
in an anaerobic environment after the deoxygenation of the influent. The NirS/NirK genes
were a group of key coding genes that catalyzed reductive NO2

−-N to NO [37]. The NirS
gene abundance in the PS-CPBR was up to 8.21 × 106 copy/g, which realized the process
of reducing NO2

−-N to NO. The abundance of the NO reductase NosZ was higher than
the NO reductase NorB/Nor, indicating that the N2O could be quickly reduced to N2, and
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there was no N2O accumulation during denitrification. Therefore, the application of the
PS-CPBR for N removal was able to control the emission of the greenhouse gas N2O [38]. In
this study, the two reactors contained genes that encoded enzymes involved in converting
NO3

−-N into N2. However, the abundance of genes related to the NO3
−-N reduction in the

PS-CPBR was higher than that in the P-CPBR (NapA/NarG, NirK/NirS, NorB, and NosZ)
(Table S1). It was consistent with the results (Section 3.1.1) that the PS-CPBR achieved a
higher NO3

−-N removal efficiency.
The autotrophic denitrifying bacteria were able to use a variety of reducible sulfur and

iron sulfides as electron donors for denitrification. Polysulfide was formed from the abiotic
reaction between sulfur and sulfide under neutral or alkaline conditions [8]. The presence
of polysulfide increased the sulfur bioavailability and N removal efficiency [14,39]. The
XPS spectrum of S (Figure 6) revealed a dominant peak of the S 2p spectrum at 163.5 eV,
which was identified as Sn

2− 2p3/2 [8,14,40]. This might be because the HS− generated
by pyrrhotite dissolution under anaerobic conditions [41] reacted with sulfur to form a
polysulfide (Equation (5)), which was more effective than pyrrhotite and sulfur. So, it was
more suitable as an electron donor for the denitrification process (Equation (6)) [8]. The
production of polysulfide might be one of the important reasons why the performance
of the PS-CPBR in removing NO3

−-N was better than the P-CPBR. At the same time, the
SAD process produced H+ to promote the dissolution of pyrrhotite, so the PS-CPBR system
was able to provide microorganisms with a variety of electron donors (HS−, S0, Sn

2−). It
was also able to extend the reaction zone from the solid surface to the liquid phase, which
improved the effectiveness of solid electrons significantly [33]. Finally, the effective removal
of NO3

−-N was achieved.

HS− + 0.125(n−1)S8
0 ↔ Sn

2− + H+ (5)

Sn
2− + 6NO3

− + 2H2O→ Sn-5
2− + 5SO4

2− + 3N2 + 4H+ (6)
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3.3. PO4
3−-P Removal Mechanism

The two reactors operated in an anaerobic environment, and phosphorus-accumulating
bacteria were not detected in the reactors (Section 3.2.2), indicating that biological phos-
phorus removal did not play a dominant role in the PO4

3−-P removal process. The precipi-
tation substances in the PS-CPBR were secondary minerals and formed spherical crystals
(Figure 7a). The XPS spectrum of Fe (Figure 7b) showed that a dominant peak of the Fe 2p
spectrum, located at 707.4 eV, corresponded to FeS2 2p3/2 [42]. Two other peaks, at 710.6 eV
and 713.5 eV, were identified as Fe3+ 2p3/2 [43,44]. There was also a peak at 724.0 eV, which
was identified as Fe2+ 2p1/2 [44]. Fe3+ and Fe2+ were detected simultaneously in the sedi-
ment, and the solubility product constant (Ksp) of ferrous phosphate was much lower than
that of ferric phosphate. The mechanisms of the PO4

3−-P removal in the PS-CPBR were as
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follows: First, there was the dissolution of pyrrhotite to release soluble Fe2+, and part of the
Fe2+ combined with PO4

3−-P to form Fe3(PO4)2. Secondly, the Fe3(PO4)2 precipitation was
able to be further oxidized by Dechloromonas and Ferritrophicum to form FePO4 [45,46]. This
study confirmed that PO4

3−-P was removed in the form of FePO4 precipitation. The above
results were consistent with the other researchs [4,10].
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4. Conclusions

This study showed that the PS-CPBR was able to remove NO3
--N and PO4

3−-P. When
the HRT was 12 h and the C/N was 0, the average removal efficiency of NO3

−-N and
PO4

3−-P was 100% and 86.39%. Sulfur promoted the dissolution of pyrrhotite and the
formation of polysulfide, which increased the effectiveness of the electrons. Mixed electrons
were able to increase the diversity of the microbial communities and the abundance of
denitrification functional genes. Meanwhile, mixed electrons were able to increase the PN
and reduce the resistance to accelerating the electron transfer rate. PO4

3−-P was removed
by forming FePO4. The next phase should focus on increasing the effectiveness of pyrrhotite
and sulfur.
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