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A B S T R A C T

Heterotrophic nitrification-aerobic denitrification bacteria (HN-AD) have been demonstrated to possess deni
trification potential. The limited effectiveness of HN-AD in remediating nitrogen-polluted surface waters is 
attributed to its low C/N ratio. In this study, a magnetite photogenerated electrons coupled HN-AD bacteria 
system was constructed and its nitrogen removal mechanisms were revealed. The results demonstrated the 
electrons photo-generated by magnetite can effectively stimulate the growth of the HN-AD (Delftia sp., Y19).The 
coupled system of the ammonium and nitrate reached removal rates of 80.1 % and 71.3 %, which were 4 times 
higher than the strain Y19 alone (20.3 %, 15.2 %). Compared with dark conditions, the activity of enzymes 
(AMO, HAO, NAR and NIR) related to nitrogen removal in Y19 was increased by 4.81, 4.75, 6.45 and 4.78 times 
under sunlight irradiation, respectively. This suggests that the electrons photo-generated from magnetite can 
enhance the metabolic activities of the Y19 strain. Furthermore, the concentration of ferric ions dissolved from 
magnetite has been detected as equaling 0.13 mg/L, which plays a crucial role in the reduction of nitrate. The 
denitrification mechanisms of the coupled system can be incorporated: heterotrophic nitrification and aerobic 
denitrification by strain Y19, photogenerated electrons reduction of magnetite, the reduction of ferric ions, and 
the adsorption of magnetite. After 9 days of running the simulator, the magnetite-Y19 coupled system achieved 
removal rates of 100 % for nitrate and chemical oxygen demand, and 36 % for ammonium. This study offers 
novel insights into the utilization of photogenerated electrons by microorganisms for remediating the low C/N 
ratio wastewater.

1. Introduction

Nitrogen pollution primarily arises from the excessive utilization of 
nitrogenous fertilizers and the discharge of both industrial wastewater 

and domestic sewage [1,3].The inherent self-purification capacity of 
water bodies is insufficient to effectively eliminate the surplus of 
nitrogenous contaminants, resulting in their accumulation in waste
water and posing a threat to ecological and environmental health [2]. It 
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is therefore imperative to remediate nitrogenous contaminants from 
aqueous system.

Physicochemical and biological methods are the primary approaches 
employed for the removal of nitrogen-containing pollutants [4]. 
Nevertheless, physicochemical technologies exhibit several drawbacks 
including limited efficacy, high costs, restricted operational conditions, 
and potential secondary pollution. Biological nitrogen removal tech
nology has gained widespread recognition as a cost-effective and envi
ronmentally friendly strategy for eliminating nitrogen [1,5,6]. In 
comparison to traditional biological denitrification technologies, het
erotrophic nitrification - aerobic denitrification (HN-AD) bacteria can 
achieve the integration of both nitrification and denitrification processes 
[7]. The HN-AD bacteria contribute to the stability of the system pH 
value and enhance overall system stability. Furthermore, these bacteria 
exhibit rapid growth and metabolism, facilitating simultaneous degra
dation of chemical oxygen demand (COD) and ammonium (NH4

+) while 
working in conjunction with aerobic denitrification to improve COD 
removal efficiency.

Recent studies have demonstrated that inoculating wastewater 
treatment facilities with HN-AD bacteria can enhance nitrogen removal 
by up to 50 % [8]. Therefore, HN-AD bacteria show promising potential 
for treating nitrogen pollution. However, this process requires sufficient 
extracellular organic carbon as an electron donor [9], which is crucial 
for ensuring optimal nitrogen removal performance of HN-AD bacteria. 
Additionally, the low carbon to nitrogen (C/N) ratio limits the effec
tiveness of HN-AD bacteria in remediating surface water bodies such as 
rivers and lakes [10]. Currently, it is necessary to explore additional 
organic carbon sources under oligotrophic conditions in order to study 
the denitrification capabilities of HN-AD bacteria without external car
bon sources. Thus, identifying suitable electron donors becomes pivotal 
for advancing the development of HN-AD bacterial technology.

Due to the inherent advantages of biological denitrification, exten
sive research efforts have been dedicated towards enhancing its effi
ciency through environmentally compatible and non-polluting means. 
Exploring the utilization of extracellular electrons to augment microbial 
denitrification efficiency represents a promising avenue for further 
investigation. Notably, the introduction of nano-zero-valent iron has 
been found to enhance microorganism-mediated extracellular electron 
transfer (EET), resulting in accelerated nitrate and ammonia removal 
within low C/N ratio wastewater systems [11]. Additionally, graphene 
has demonstrated an ability to improve microbial EET processes and 
increase NO3

− removal rates by 17 % even at low temperatures [12]. 
Therefore, whether involving the provision of additional extracellular 
electrons or facilitation of electronic dielectric conduction, these stra
tegies possess the potential to enable microorganisms to efficiently carry 
out biological denitrification under conditions characterized by limited 
organic substrates or extreme circumstances [13].

Natural soils and sediments harbor a wide variety of semiconductor 
minerals, which can provide exogenous electrons for the growth and 
metabolism of microorganisms [14,15]. Among these, magnetite is 
abundant in nature and can facilitate microbial functions by generating 
electrons through photoexcitation or by enhancing extracellular elec
tron transfer. The incorporation of magnetite can enhance the anaerobic 
microorganism-mediated degradation of benzoic acid and concurrently 
stimulate methane production by syntrophic microorganisms [16]. 
Moreover, magnetite possesses excellent conductive properties, 
enabling it to function as an effective “bridge” for the transmission of 
electronic signals between symbiotic bacteria. It is hypothesized that the 
widely existing magnetite in nature promotes the metabolism of deni
trifying microorganisms by generating electrons, thereby enhancing 
their denitrification function.

In this study, the highly efficient denitrifying strain of HN-AD bac
teria, Delftia sp. Y19, was isolated and characterized. Subsequently, the 
utilization of magnetite photogenerated electrons by strain Y19 and its 
photoelectrochemical response were investigated through electro
chemical analysis, leading to the construction of a magnetite-Y19 

coupled system. Additionally, the denitrification efficacy of this inte
grated system was assessed by investigating the impacts of magnetite 
and microbial dosage on the removal efficiency of ammonia nitrogen 
and nitrate nitrogen as target contaminants. Changes in denitrification 
related enzyme activity including microbial ammonia monooxygenase 
(AMO), microbial hydroxylamine oxidoreductase (HAO), microbial ni
trite reductase (NIR) and microbial nitrate reductase (NAR) among 
different systems were determined to gain insights into the underlying 
denitrification mechanism. Finally, simulating an actual water envi
ronment enabled the evaluation of nitrogen removal efficiency in low C/ 
N ratio wastewater using the developed integrated system, while 
simultaneously analyzing patterns of pollutant elimination. The micro
bial community structure within the device was investigated using high- 
throughput sequencing, enabling assessment of both diversity and 
relative abundance of microbial populations. This research provides 
theoretical references and data support for harnessing semiconductor 
mineral photogenerated electrons by microorganisms in treating low C/ 
N ratio wastewater.

2. Materials and methods

2.1. Chemicals

Magnetite was prepared from natural magnetite in Zhengzhou City, 
Henan Province, China. The magnet ore was washed several times with 
tap water, and then washed with deionized water. After removing the 
surface impurities, it was dried in a 60 ◦C oven and ground to 200 mesh, 
sealed and stored. Other chemical reagents, including glucose, potas
sium dihydrogen phosphate, dipotassium phosphate, were purchased 
from the Chengdu Kelong Chemical Reagent Factory in Chengdu City, 
Sichuan Province, China.

2.2. Screening and culturing of strains

The heterotrophic nitrification-aerobic denitrification bacteria (HN- 
AD) were screened from the Yuexi River in Anyue County, Ziyang City, 
Sichuan Province, China. The medium type and formula used in the 
screening process are provided in the supporting information (Table S1). 
HN-AD bacteria with denitrification ability (strain Y19) were obtained 
after enrichment, preliminary screening, re-screening and domestication 
[5,17]. The screening process of HN-AD and phylogenetic tree of Y19 is 
described and visualized in Text S1 and Fig. S1, respectively.

2.3. Ability of HN-AD bacteria to utilize the photogenerated electrons of 
magnetite

2.3.1. Electrochemical testing
Thirty milligram of magnetite was grinded to 200 mesh sieve and 

mixed with 100 μL of 5 % nafion reagent. The mixture was smeared on a 
20 mm × 20 mm × 1.1 mm FTO electrode with a glass rod. The fluorine- 
doped tin oxide (FTO) electrode was ultrasonically cleaned twice with 
anhydrous ethanol and deionized water to remove surface impurities 
and dried at 60 ◦C for later use. The conductive surface was measured 
with a multimeter, and the magnetite was evenly applied to the 
conductive surface. The magnetite-coated FTO electrode served as the 
working electrode, the Ag/AgCl electrode was used as the reference 
electrode, and the platinum wire electrode was the counter electrode. 
The electrolyte was an luria-bertani (LB) medium solution with 0.1 mol/ 
L KH2PO4 added. Take 5 mL of the bacterial suspension diluted with 
phosphate buffered saline (PBS), add it to 100 mL of the culture medium 
solution. The test begins after 2 h of reaction in the dark. Experimental 
schematic diagram is visualized Fig. S2.

2.3.2. Measurement of the growth curve
Collect 5 mL of the bacterial suspension that has been cultured to the 

logarithmic phase (after 12 h) into a centrifuge tube, and centrifuge at 

G. Liu et al.                                                                                                                                                                                                                                      Journal of Water Process Engineering 70 (2025) 106942 

2 



8000 rpm for 5 min. The bacterial suspension was diluted with PBS 
buffer to optical density at 600 nm (OD600) at 0.5. Then, it was added to 
a quartz single-chamber reactor containing 100 mL denitrification me
dium, placed in a constant temperature shaker at 30 ◦C and 120 r/min, 
irradiated with a 300 W xenon lamp (DY300G, Guangzhou Xingchuang 
Electronics Co., Ltd., China) and cultured for 96 h. Due to its relatively 
high light power density and spectrum, 300 W xenon lamp is often 
adopted as a light source for simulating sunlight irradiation. Further
more, direct exposure to outdoor sunlight introduces additional influ
encing factors, including humidity and temperature, which may lead to 
inconsistencies and a lack of reproducibility in experimental results 
[18–20]. The growth curve was recorded. The control group was a de
vice wrapped with tin foil paper under the same conditions. The 
experimental schematic diagram is visualized in Fig. S3.

2.4. Performance and denitrification mechanism

2.4.1. Influences of the dosage of magnetite and the dosage of the strain
The effects of the magnetite (g/L) and the Y19 dosage (v/v) on ni

trogen removal of the magnetite-Y19 coupled system were investigated 
using single factor experiments. Based on the magnetite dosage range in 
wastewater, three levels of magnetite dosage (1, 2 and 5 g/L) were 
designed to investigate their effect on nitrogen removal in the coupled 
system, as well as using a Y19 dosage of 1 %, respectively. Dosages of 
magnetite (g/L) and the Y19 (v/v) on nitrogen removal in the coupled 
system are shown in Table S2. The experimental wastewater volume of 
each experimental group was 300 mL and the dosage of the trace ele
ments was 1 mL/L. Then, the pH value of the reactors was adjusted to 7. 
The experimental schematic diagram is visualized in Fig. S4.

2.4.2. Denitrification performance of the coupled system
To verify the ability of strain Y19 to utilize magnetite, samples 

comprising magnetite-Y19 (light), Y19 (light), and magnetite-Y19 
(dark) were prepared. Y19 (dark) was not set because light will affect 
the removal of nitrate and COD in the system. The concentrations of 
nitrate (NO3

− -N), NH4
+-N and COD in the simulated wastewater were set 

at 20 mg/L, 20 mg/L and 40 mg/L, respectively. Each experimental 
group was placed in a 120 r/min device and the irradiation of the reactor 
was performed using a 300 W xenon lamp. All experiments were per
formed at 30 ◦C and each experiment had three replicates. Samples were 
collected every 24 h during the experiment and the obtained samples 
were filtered through a 0.45 μm filter membrane. Finally, the changes of 
pH value in each group were recorded. The experimental schematic 
diagram is visualized in Fig. S5.

2.4.3. Enzymes assay
The activities of denitrification enzymes in different systems were 

determined during denitrification. Water samples of the above three 
systems were taken at different time periods. Enzyme activity was 
determined by enzyme assay kits. The enzyme kit was adopted 
comprising microbial ammonia monooxygenase (AMO) ELISA kit, mi
crobial hydroxylamine oxidoreductase (HAO) ELISA kit, microbial ni
trite reductase (NIR) ELISA kit, and microbial nitrate reductase (NAR) 
ELISA kit. The specific operation was carried out according to the 
manufacturer’s instructions (Shanghai Enzyme-Linked Biotechnology 
Co., Ltd., China).

2.4.4. Redox analysis
To study the redox characteristics of the magnetite-Y19 system in 

simulated wastewater under simulated sunlight, the cyclic voltammetry 
(CV) curve, differential pulse voltammetry (DPV) and the linear sweep 
voltammetry (LSV) curve were measured by means of an electro
chemical workstation. Take 3 mL of the bacterial suspension diluted 
with PBS in Section 2.3 and add it to 100 mL of the simulated waste
water. The device is placed on an oscillator at 120 r/min for a reaction 
lasting 72 h.

2.5. Application of magnetite-Y19 coupled system

2.5.1. Denitrification performance
To investigate the remediation performance of the coupled system in 

actual wastewater, we designed an experimental device with a material 
of organic glass cylinder, a height of 35 cm and a diameter of 5 cm 
(Fig. S6). To enable more microorganisms in the device, a 0.1 m thick 
layer of sediment from Yuxi River in Anyue County, Ziyang City, China, 
was placed at the bottom of the device. The volume of the wastewater is 
350 mL. Two experimental groups, namely the Y19 system group and 
the coupled system group, were established to investigate the denitri
fication performance of the coupled system. One gram of magnetite was 
added to the coupled system group and 10 mL strain Y19 were added to 
both two groups. All of the experiments were conducted with indoor 
illumination at temperatures ranging from 15 to 25 ◦C. The experiments 
lasted 9 days, and samples were collected at 11 a.m. every day. The 
water samples were filtered using a 0.45 μm filter to determine the 
concentrations of NH4

+-N, NO3
− -N, NO2

− -N (nitrite), COD and pH value. 
The experimental wastewater was prepared using substances such as 
NH4Cl, KNO3, and C6H12O6. The wastewater primarily contains 20 mg/L 
NH4

+-N, 20 mg/L NO3
− -N and 400 mg/L COD.

2.5.2. Microbial metagenomic sequencing analysis
Metagenomic microbial taxonomic high-throughput sequencing and 

analyses were performed on the microbial community structure before 
and after the reaction. Firstly, the bacterial liquid sample was pretreated 
to extract genomic deoxyribonucleic acid (DNA) in the sample, and the 
DNA integrity of the extracted sample was detected by agarose gel 
electrophoresis. The primers used were 515F (5’-GTGY
CAGCMGCCGCGGTAA-3′) and 806R (5’-GGACTACNNGGGTATCTAAT- 
3′) for polymerase chain reaction (PCR) amplification. Target fragments 
were detected by 2 % agarose gel electrophoresis. And the paired-end 
250 (PE250) sequencing method was used. The sequencing reagents 
were provided by Illumina, using the Hiseq Rapid SBS Kit v2 (FC-402- 
4023 500 Cycle). All samples were treated and sent to Chengdu Luoning 
Biotechnology Technology Company in Chengdu City, Sichuan Prov
ince, China, for high-throughput sequencing. The initial Y19 group of 
water samples was designated as D0, the Y19 group after the reaction 
was labeled as Y19, and the magnetite-Y19 group was identified as DYM.

2.6. Analytical method

The concentrations of NO3
− -N, NO2

− -N, NH4
+-N and COD were 

measured according to the standard methods for the examination of 
water and wastewater (Table S3).

3. Results and discussion

3.1. HN-AD utilizes photogenerated electrons for growth

To illustrate the capability of strain Y19 to grow by utilizing pho
togenerated electrons from magnetite, a series of control experiments 
were designed. The Y19 (light) condition was omitted due to the pres
ence of ultraviolet bands in the simulated sunlight, which could inhibit 
the growth of strain Y19. As shown in Fig. 1a, the maximum OD600 as 
observed in magnetite-Y19(light) was 0.237, which was higher than the 
OD600 in the other controls after 72 h of cultivation. This finding in
dicates that the photogenerated electrons generated by magnetite under 
light excitation can effectively stimulate and promote the growth of 
strain Y19 [21].

After 72 h of cultivation, the OD600 of strain Y19 decreased. This can 
be attributed to the attachment of microorganisms to the surface of 
magnetite, which affects the conversion of light energy by the magne
tite. The covering of minerals by microbial species leads to a reduction in 
the generation of photogenerated electrons. And the nutrients in the 
culture medium have been exhausted, restricting the growth of 
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microorganisms. Furthermore, the adhesion of strain Y19 results in a 
lower concentration of microorganisms in the suspension. In comparison 
to the end of the experiment, the distribution of magnetite was relatively 
dispersed prior to the experiment (Fig. S7). The strain Y19 may form a 
biofilm on the surface of magnetite, suggesting that magnetite could 
provide attachment sites for the strain Y19 [22].

Subsequently, the FTO electrode coated with magnetite was 
employed as the working electrode to investigate the electrochemical 
activity between magnetite and strain Y19. In comparison to other 
systems, the current intensity of the magnetite-Y19 (light) system ex
hibits a significant increase. This indicates that under the influence of 
light, the extracellular electron transfer capabilities of microorganisms 

are enhanced, allowing for rapid electron transfer to the magnetite 
electrode. Furthermore, light itself cannot significantly induce a shift in 
the reduction peak (Fig. 1b). Thus, the direct influence of simulated 
sunlight on magnetite can be excluded.

Before 0.5 V, all systems exhibited a lower current intensity due to 
the rapid recombination of photogenerated electrons and holes (Fig. 1c) 
[23]. However, after 0.5 V, the magnetite-Y19 system demonstrated a 
significant increase in photocurrent intensity, reaching a maximum 
value of 250 μA⋅cm− 2 (Fig. S8). These results indicate that the extra
cellular electrons generated by strain Y19, along with the photo
generated charges produced by magnetite, are effectively driven by the 
external circuit. This facilitates the rapid separation and transfer of 
photogenerated electrons [24,25]. In addition, both strain Y19 and 
magnetite exhibit photo-responsive properties (Fig. 1d). However, the 
photocurrent intensity of the coupled system increases significantly, 
suggesting that the coupled system generates a greater number of 
charges under illumination, allowing for the effective separation of e−

and holes h+ [26].

3.2. Effects of the key parameters of magnetite-Y19 coupled system

Generally, the removal rates of NO3
− -N, NH4

+-N and COD exhibited a 
gradual upward trend (Fig. 2). The removal rates of NO3

− -N, NH4
+-N and 

COD did not increase proportionally with the increasing dosage of 
magnetite. However, the concentration of NO2

− -N exhibited an upward 
trend (Fig. 2c) with varying degrees of NO2

− -N accumulation observed 
across each gradient. This phenomenon may be associated with the 
denitrification pathway of strain Y19. When the dosage of magnetite 
was 5 g/L, the concentration of NO2

− -N reached 8.7 mg/L. This indicates 
that the dosage of magnetite was excessive, leading to its agglomeration 
and to a decrease in both e− and h+ [27].

The removal rates of NO3
− -N, NH4

+-N and COD exhibited an 
increasing trend upon increasing dosage of strain Y19 (Fig. 3). When the 
dosage of strain Y19 reached 7 %, the removal rate of NO3

− -N peaked at 
24 h. Concurrently, COD was rapidly eliminated, leading to a depletion 

Fig. 1. (a) Growth curve of strain Y19 under light. (b) Cyclic voltammetry 
curve. (c) Linear sweep voltammetry curve. (d) Change curve of current 
with time.

Fig. 2. Nitrogen removal capacity of the system under different magnetite dosage conditions.
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of organic carbon sources in strain Y19. Due to the excessive addition of 
strain Y19, a biofilm rapidly formed on the surface of magnetite. This 
phenomenon leads to a reduction in electron production by magnetite 
and an incomplete conversion of nitrogen. When the dosage of strain 
Y19 was 3 %, the removal rates for NO3

− -N, NH4
+-N and COD were 

observed to be 77.3 %, 93.2 % and 96 %, respectively. The accumulation 

of NO2
− -N reached a concentration of 3.4 mg/L. As the dosage of strain 

Y19 was further increased, no further enhancement in removal rates was 
noted. Therefore, a dosage of 3 % for strain Y19 is deemed the most 
effective for promoting denitrification within the coupled system.

Fig. 3. Denitrification capacity of the system under different strain dosage conditions.

Fig. 4. Denitrification performance of different systems.
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3.3. Denitrification performance of magnetite-Y19 coupled system

The denitrification capacity of the magnetite-Y19 (light) system was 
significantly superior to that of the other systems (Fig. 4). The removal 
rates of NH4

+-N, NO3
− -N and COD by the magnetite-Y19 (light) system 

were 71.3 %, 80.1 % and 97.9 %, respectively. These results demon
strate that in the case of insufficient organic carbon sources, strain Y19 
can utilize the photogenerated electrons generated by magnetite to carry 
out growth metabolic activities and denitrification. The removal rate of 
NH4

+-N was found to be increasing up to 48 h (Fig. 4b), suggesting that 
there is no microbial death resulting in the release of intracellular ni
trogen during this process [28]. Under illumination, h+ was produced 
extracellularly. In contrast to the single microbial system, the ferric ions 
(Fe2+) and Fe3+ cycles within the magnetite of the coupled system can 
utilize the generated h+. This interaction helps maintain a weakly 
alkaline pH value in the system, which is advantageous for denitrifica
tion processes.

The removal rates of NO3
− -N and NH4

+-N plateaued after 72 h, while 
the concentration of NO2

− -N reached approximately 6 mg/L. This sug
gests that NO3

− -N was not completely eliminated. When the organic 
carbon source is lacking, nitrite reductase is at a disadvantage in 
competing for electron acceptors and its enzymatic activity is inhibited 
(Fig. S10), while nitrate reductase remains active. The rate of nitrate 
reduction to nitrite is greater than that of nitrite reduction to nitrogen 
gas, resulting in the accumulation of NO2

− [29,30]. When the reduction 
of NO3

− -N is greater, there tends to be a relatively higher accumulation of 
NO2

− -N [31].

3.4. Changes in microbial enzyme activity

Microorganisms, when confronted with external environmental 
stimuli, maintain the redox balance between their intracellular and 
extracellular environments by modulating the expression patterns of 
cytochromes, secreting extracellular polymeric substances (EPSs), and 
employing enzymatic metabolic processes [32]. The activities of the 
enzymes AMO, HAO, NAR, and NIR were found to be elevated in the 
coupled system (Fig. S10). Compared with dark conditions, the activity 
of enzymes (AMO, HAO, NAR and NIR) related to nitrogen removal in 
Y19 was increased by 4.81, 4.75, 6.45 and 4.78 times under sunlight 
irradiation, respectively. The findings indicated that in conditions where 
the organic carbon source was insufficient, the photogenerated electrons 
from magnetite positively influenced the metabolic activity of 
microorganisms.

NAR and NIR are two key enzymes that play crucial roles in the 
denitrification process. NAR is responsible for catalyzing the conversion 
of NO3

− -N to NO2
− -N, while NIR facilitates the transformation of NO2

− -N 
into nitrogen-containing gases. In the coupled system, the expression 
levels of both enzyme activities are notably elevated. This aligns with 
the nitrogen transformation observed during the previously mentioned 
denitrification process. Due to the necessity for NIR to reside in an 
anaerobic environment, the relatively high expression of NIR does not 
translate into the effective conversion of NO2

− -N to N2 for removal. This 
inefficiency is exacerbated by the persistent aerobic conditions, leading 
to accumulation of NO2

− -N.
Microelement iron is one of the important elements for microbial 

growth and can promote extracellular electron transfer in microorgan
isms [33]. Based on the results of nitrogen removal and changes in 
enzyme activity, it was found that the coupled system also had a certain 
degree of nitrogen removal under dark conditions, so the changes in Fe 
(II) concentration in the coupled system under light and dark conditions 
were explored (Fig. S11a). The pH value of the coupled system will 
initially decrease (Fig. S9), promoting the dissolution of magnetite and 
resulting in an increase in the concentration of Fe(II) ions [34]. Under 
light conditions, the concentration of Fe(II) generated in the system was 
0.13 mg/L, which may have been oxidized by the hydrogen ions pro
duced by magnetite. In the dark system, the concentration of Fe(II) was 

0.44 mg/L at the end of the experiment. The removal rates of NO3
− -N and 

NH4
+-N by the coupled system were 34.5 % and 67.1 %, respectively. 

Meanwhile, Fe(II) participates in the enzyme synthesis process of 
denitrifying microorganisms, which can upregulate the expression of 
denitrification genes [35]. Therefore, in the dark conditions, all enzymes 
related to denitrification in the system showed certain activity.

3.5. Oxidation-reduction analysis

When the electrolyte was a simulated wastewater containing NO3
− -N 

and NH4
+-N, significant oxidation-reduction peaks were observed at 

0.51 V and − 0.22 V, indicating that oxidation and reduction reactions 
occurred in the coupled system. Magnetite-induced photocatalytic e- 
reduction of NO3

− -N occurs, while microorganisms utilize organic 
matter-derived organic acids to consume h+. The portion of Fe2+ that is 
dissolved from magnetite can be oxidized to Fe3+ by NO3

− , and strain 
Y19 converts NO3

− -N and NH4
+-N through oxidation-reduction reactions.

The DPV curve shows a distinct peak intensity, and it varies signifi
cantly at different potentials (Fig. S11c). The photocatalytically gener
ated electrons can be transferred and separated effectively. After 0.7 V, 
the system showed a higher light current intensity, indicating that the 
photogenerated electrons generated by the system and the extracellular 
electrons produced by the microorganisms had rapidly passed to the 
surface of the magnetic iron oxide electrode (Fig. S11d). The strain Y19 
was able to transfer extracellular electrons between the magnetic iron 
oxide electrode and itself, indicating strong catalytic oxidation- 
reduction reactions.

3.6. Mechanism and denitrification pathways

After conducting a thorough analysis, we propose a potential 
mechanism by which the coupled system influences nitrate reduction. 
This mechanism is illustrated in Fig. 5. The mechanism primarily en
compasses four key aspects: the heterotrophic nitrification and aerobic 
denitrification of Y19, the photogenerated electrons reduction of 
magnetite, the reduction of Fe (II) and the adsorption of magnetite.

Magnetite can generate e− and h+ under light conditions, allowing 
for their effective separation. The generated electrons are capable of 
reducing NO3

− to NO2
− , NH4

+ and N2 with NO3
− serving as the substrate. 

The organic acid generated through nitrification can be oxidized by h+

to facilitate the removal of e− (Eq. (7)). The dissolved portion of Fe2+

from magnetite was 0.13 mg/L which was involved in the reduction of 
nitrate ions. (Eq. (8)) [36]. In the coupled system, magnetite can func
tion as an electron mediator or acceptor for microorganisms. Addition
ally, it may adsorb anions such as NO3

− and NO2
− prior to electron 

transfer, forming complexes at the surface of magnetite. This interaction 
can lead to a reduction in the concentration of NO3

− in aqueous solutions 
[37]. 

NH4
+ +2 O2→NO3

− +2H+ +2H2O (1) 

NO3
− +2 e− +2H+→NO2

− +H2O (2) 

NO3
− +8 e− +10H+→NH4

+ +3 H2O (3) 

2 NO3
− +10 e− +12H+→N2 +6 H2O (4) 

NO2
− +6 e− +8H+→NH4

+ +2 H2O (5) 

2 NO2
− +6 e− +8H+→N2 +4 H2O (6) 

HCOO− + h+→H+ + ⋅CO2
− (7) 

Fe2+ +2 NO3
− +24 H2O→10 Fe(OH)3 +N2 +18H+ (8) 

HN-AD bacteria played a crucial role in the removal of NH4
+ and NO3

−

in the coupled system. The majority of NH4
+, NO3

− , and COD were 
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effectively eliminated by microbial activity. The metabolic pathways of 
ammonia nitrogen in HN-AD are currently believed to involve two 
predominant mechanisms [34]: (1) NH4

+ → NH2OH → NO2
− → NO3

− ; (2) 
NH4

+ → NH2OH → NO. However, there was NO2
− accumulation in the 

system. Therefore, the metabolic pathway of HN-AD bacteria is most 
likely NH4

+ → NH2OH → NO2
− → NO3

− , and the aerobic denitrification 
pathway is NO3

− → NO2
− → NO→N2O → N2 (Fig. 5). The substrates 

examined in this study are NH4
+ and NO3

− . The presence of mixed pol
lutants exerts a selective effect on the substrate removal process carried 
out by strain Y19 [38], which leads to the accumulation of NO2

− .

3.7. Application in actual wastewater

3.7.1. Denitrification performance
The experimental simulation device operates as a closed system 

without the continuous addition of a carbon source. After 9 days of 
operation, the COD and nitrate degradation rates within the system 
achieved 100 %. As illustrated in Fig. S9, the pH value levels of both 
systems initially decreased before subsequently increasing. Neverthe
less, the coupled system exhibits more stable pH value levels. In the first 

four days, the strain Y19 system achieved a NO3
− -N removal rate of 87.9 

%, while the removal rate of the magnetite-Y19 system was 80.8 % 
(Fig. 6a). These results indicate that strain Y19 exhibits a strong 
adaptability to its environment and can effectively mobilize indigenous 
microorganisms to facilitate denitrification. Compared to the magnetite- 
Y19 system, the concentration of NH4

+-N in the strain Y19 system 
showed an increasing trend (Fig. 6b). This may be due to the release of 
ammonia nitrogen from the sediment, which is inhibited by magnetite. 
Additionally, there may be bacteria in the sediment that reduce nitrate 
to ammonia [39], and Liu et al. found that magnetite can inhibits the 
reduction function of this bacterium [34].

The accumulation of NO2
− -N in the strain Y19 system peaked on the 

5th day, reaching approximately 10.8 mg/L (Fig. 6c). As the reaction 
progressed, the denitrifying bacteria within the system gradually 
became dominant and initiated denitrification using NO2

− -N as the pri
mary substrate. Ultimately, NO2

− -N was completely eliminated. The 
accumulation trend of NO2

− -N in the magnetite-Y19 system was similar 
to the trend in the Y19 system. However, the maximum accumulation 
was lower than that recorded in the Y19 system. This discrepancy may 
be attributed to a portion of the photogenerated electrons produced by 
magnetite being utilized for the reduction of NO2

− -N. The COD in the 
magnetite-Y19 system can be effectively reduced within approximately 
three days (Fig. 6d). It is plausible that the photogenerated electrons 
produced by magnetite facilitate interspecies electron transfer among 
various microorganisms present [40].

3.7.2. Analysis of microbial community structure succession
To investigate the impact of simulated light on the evolution of the 

microbial community structure in aquatic environments, water samples 
were collected for high-throughput sequencing. The richness and di
versity of bacterial communities in these water samples, collected at 
various time points, are detailed in Table S4. At the end of the experi
ment there was a significant decrease in community richness. According 
to the Shannon and Simpson indices of species richness, the Shannon 
index for DYM was lower (high richness), while the Simpson index was 
higher. These findings indicate that the species richness in the 
magnetite-Y19 system is greater than that in the strain Y19 system. 
Therefore, under illumination, both the introduction of microorganisms 
and the addition of magnetite to the existing system will alter species 
richness and diversity. However, when magnetite is present, species 
richness tends to be relatively higher. It is evident that the most abun
dant operational taxonomic unit (OTU) across the three samples is 
Proteobacteria (Fig. 7a). Proteobacteria are Gram-negative bacteria that 

Fig. 5. Denitrification mechanism of magnetite-Y19 system under simulated sunlight irradiation.

Fig. 6. Change of three nitrogen concentration and COD removal rate with 
time in the system.
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play a significant role in the nitrogen transformation pathways involved 
in nitrification and denitrification processes [41–43]. In addition, all 
three samples contain Firmicutes. These bacteria play a crucial role in 
the denitrification process and possess the capability to degrade COD 
[44,45].

The microbial community in D0 exhibited a higher abundance 
compared to other samples, with Gammaproteobacteria γ identified as 
the predominant component. In both Y19 and DYM, Gammaproteo
bacteria γ was the dominant class, followed by Clostridia. Notably, 
Clostridia possess the capability to degrade COD [46]. There was min
imal variation in the distribution of biological levels between the single 
strain and the coupled system, and the species structure remained 
relatively simple (Fig. 8a). A significant number of genera with a relative 
abundance of less than 0.1 % and several unidentified genera were 
observed in D0, which were categorized as Others. The number of these 
genera in the group of Y19 and DYM exhibited a significant decrease, 
with Malikia being the predominant genus (80.6 %, 87.5 %), followed 
by Zoogloea (11.1 %, 3.6 %) and Rhodoferax (1.4 %, 1.3 %).

Malikia and Rhodoferax are capable of eliminating nitrates in 
wastewater with a low C/N ratio [47,48]. The evolutionary position of 

Malikia on the phylogenetic tree is closely aligned with that of hydrogen 
phage. This relationship is beneficial for the removal of nitrate and the 
degradation of COD [49–51]. Zoogloea can utilize Fe2+ as an electron 
donor for denitrification [52]. Rhodoferax is a cold-tolerant facultative 
bacterium capable of utilizing NO3

− -N as both an electron acceptor and a 
nitrogen source at low temperatures [53,54]. Considering the competi
tive effect of the indigenous microorganisms and no continuous addi
tional of organic carbon source and strain Y19, the Y19 strain failed to 
form a dominant bacterium during operation. However, it facilitated the 
initiation of the nitrogen cycling process. There exists a substantial va
riety of semiconductor minerals in nature. When lake sediment is uti
lized as the source for indigenous microorganisms, the inherent 
semiconductor minerals present in the sediment, under light conditions, 
stimulate electroactive microorganisms to become the predominant 
bacterial population.

4. Conclusions

The photoreactive properties of heterotrophic nitrification aerobic 
denitrifying bacteria (HN-AD) have been experimentally confirmed. The 

Fig. 7. Distribution of microorganisms at phylum (a) and class (b) levels.

Fig. 8. Distribution of microorganisms at the genus level (a) and heat map (b).
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results demonstrated that photogenerated electrons produced by 
magnetite can effectively stimulate and enhance the growth of strain 
Y19. The removal rates achieved by the coupled system of the NH4

+-N 
and NO3

− -N are 4 times higher than the removal rates in the Y19 alone 
system. Furthermore, the photogenerated electrons generated from 
magnetite can enhance the metabolic activities of strain Y19 when the 
organic carbon source is insufficient. Notably, Fe2+ plays a crucial role 
in the reduction of NO3

− . The denitrification mechanisms of the coupled 
system most likely encompass: heterotrophic nitrification and aerobic 
denitrification by strain Y19, photogenerated electrons reduction of 
magnetite, the reduction of Fe2+, and the adsorption of magnetite. After 
9 days of running the simulator, the magnetite-Y19 coupled system 
achieved removal rates of 100 % for NO3

− -N and COD, and 36 % for NH4
+- 

N. This study provides innovative insights into the utilization of pho
togenerated electrons from semiconductor minerals by microorganisms 
for the treatment of wastewater with a low C/N ratio.
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[48] B. Braun, J. Schröder, H. Knecht, U. Szewzyk, Unraveling the microbial community 
of a cold groundwater catchment system, Water Res. 107 (2016) 113–126, https:// 
doi.org/10.1016/j.watres.2016.10.040.

[49] W. Li, C.W. Xiao, Y. Zhao, Q.Q. Zhao, R. Fan, J.J. Xue, Electrochemical reduction of 
high-concentrated nitrate using Ti/TiO2 nanotube Array anode and Fe cathode in 
dual-chamber cell, Catal. Lett. 146 (12) (2016) 2585–2595, https://doi.org/ 
10.1007/s10562-016-1894-3.

[50] L.H. Su, K. Li, H.B. Zhang, M.H. Fan, D.W. Ying, T.H. Sun, et al., Electrochemical 
nitrate reduction by using a novel Co3O4/Ti cathode, Water Res. 120 (2017) 1–11, 
https://doi.org/10.1016/j.watres.2017.04.069.

[51] J.L. Duan, J.W. Sun, M.M. Ji, Y. Ma, Z.T. Cui, R.K. Tian, et al., Indicatory bacteria 
and chemical composition related to sulfur distribution in the river-lake systems, 
Microbiol. Res. 236 (2020) 9, https://doi.org/10.1016/j.micres.2020.126453.

[52] Y.Z. Yang, A. Ali, J.F. Su, L. Xu, X.M. Wang, E.L. Liang, Simultaneous removal of 
nitrate, tetracycline, and Pb(II) by iron oxidizing strain Zoogloea sp. FY6: 
performance and mechanism, Bioresour. Technol. 360 (2022) 10, https://doi.org/ 
10.1016/j.biortech.2022.127569.

[53] S. Yao, J.R. Ni, Q. Chen, A.G.L. Borthwick, Enrichment and characterization of a 
bacteria consortium capable of heterotrophic nitrification and aerobic 
denitrification at low temperature, Bioresour. Technol. 127 (2013) 151–157, 
https://doi.org/10.1016/j.biortech.2012.09.098.

[54] K. Kosek, A. Luczkiewicz, K. Kozioł, K. Jankowska, M. Ruman, Ż. Polkowska, 
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