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Improving the relative abundance of bacteria and their activity is still the basis for

the efficient operation of anammox process. Here, biomagnetic effect was used

to promote anammox granules. Batch test results show that the application of

an electromagnetic field (EMF) with a strength of 0.09 μT increased the nitrogen

removal performance of anammox by 32.44% while higher strength EMF of

0.20 and 0.25 μT inhibited the activity of anammox bacteria. Long-term

experiment indicated that the addition of EMF with a strength of 0.09 μT

greatly improved nitrogen removal performance of the granular sludge,

especially the total nitrogen removal performance increased by 15.3%. After

120 days of reactor operation, the nitrogen loading rate was increased to

6.4 kg N/m3/d, and the total nitrogen removal rate of the reactors with and

without EMF addition reached 4.92 kg N/m3/d and 4.25 kg N/m3/d, respectively.

Throughout the experiment, the removal rate of NH4
+-N and NO2

−-N of

anammox reactor with 0.09 μT EMT addition was always higher than that

without EMF addition. The high-throughput sequencing analysis showed that

the proportion of Candidatus Brocadia in reactors with and without EMF

addition were 21.3% and 15.8%, respectively. The application of EMF with an

intensity of 0.09 μT increased the relative abundance of the main anammox

bacteria. 70 kos were enriched under EMF conditions, including ko00780

(Biotin metabolism), ko00540 (Lipopolysaccharide biosynthesis), ko00590

(Arachidonic acid metabolism). 51 kos like ko03030 (DNA replication)

decreased after EMF addition. This study demonstrates the feasibility of EMF

to promote anammox and expands the application of EMF in wastewater

treatment.
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Introduction

Anammox is a new type of biological nitrogen removal

process and the potential core technology of mainstream

wastewater treatment processes in the future. Due to its huge

economic benefits, relevant scholars conducted comprehensive

researches to speed up the application of this emerging

technology in actual engineering wastewater treatment (Li

et al., 2018; Du et al., 2019; Trinh et al., 2021). However,

improving the relative abundance of bacteria and their activity

is still the basis for the efficient operation of anammox process.

Many physiochemical methods were used to promote the

activity of anammox and increase anammox bacteria purity, for

example, the anaerobic sludge was activated in an external

electric and magnetic field (Qu et al., 2020; Madondo et al.,

2022). Anammox activity was increased and anammox start-up

time has been shortened with electric field addition (Zhang et al.,

2019a; Li et al., 2022) or static magnetic field addition (Yavuz and

Çelebi, 2003). Intermediate frequency of pulsed electric field

could dramatically enhance anammox activity and granule

sludge stability via stimulating the secretion of extracellular

polymeric substances (Zhang et al., 2019b). After the exposure

to suspended MnO2 nanoparticles, specific anammox activity

(SAA) was enhanced (Xu et al., 2019). Graphene oxide

concentration in the range of 0.05–0.1 g/L can increase the

activity of anammox bacteria and the secretion of extracellular

polymers (Wang et al., 2013).

The biomagnetic effect refers to the weak biomagnetic

field generated by all life activities of organisms (including

humans), such as growth, reproduction, and metabolism

(Paksy et al., 2000; Cifra et al., 2011; Redlarski et al., 2015).

In recent years, biomagnetic effect has been introduced into

the field of environmental wastewater treatment. Applying

infrared electromagnetic field (EMF) shortened the process

startup time by 37%, greatly saved the time cost of

domestication, and showed better stability (Wang et al.,

2021a). Especially, low-frequency EMFs may affect

numerous cell functions at cellular level, such as RNA

transcription, DNA synthesis, protein expression, hormone

production and metabolic activity (Goodman et al., 1983;

Goodman and Henderson, 1988; Litovitz et al., 1994).

Certain strength of EMF can stimulate the reproduction

and activity of bacteria. For example, static EMFs could

improve the NH4
+-N removal rate of partial nitrification by

promote the growth activity of ammonium oxidizing bacteria,

and the impact is immediate, reversible, and lasting (Wang

et al., 2017; Beretta et al., 2019).

In general, to solve the obstacle of long start-up time of

anammox process, this paper adopted EMF to stimulate the

enrichment of anammox granules. The rapid enrichment of

anammox bacteria was realized; process performance and the

stability of the reactor were improved after the addition of

electromagnetic waves. This study may provide technical

guidance for the feasibility of anammox promotion via EMF

strategy and expand its application in wastewater treatment.

Materials and methods

Seed sludge and synthetic wastewater

Reactor’s inoculation sludge was anammox granules from an

UASB that has been operated for 2 years in the laboratory.

Particle size of the granular sludge was around 2.0–2.4 mm.

The inoculation biomass occupied up to one-third of the

reactor’s working volume, leading to an initial MLVSS

concentration of 8,000 ± 20 mg/L. The medium used in the

study contained: (NH4)2SO4, NaNO2, KHCO3 (0.5 g/L),

KH2PO4, MgSO4
.7H2O, CaCl2

.2H2O and trace element

solution (Wang et al., 2021b). The synthetic low-strength

wastewater was fed into the reactor at the pH of 7.5 ± 0.2.

The temperature of each reactor was maintained at

approximately 28.0 ± 1.0°C. Aeration with high purity

nitrogen gas was used 10 min every day to ensure an

anaerobic environment. The DO concentration in the reactor

was controlled below 0.2 mg/L.

Batch experiment

In order to determine the appropriate EMF strength for

anammox granular sludge, six UASB reactors with a working

volume of 450 ml were used for anammox culture. The six

reactors were treated with 0, 0.06, 0.09, 0.12, 0.20, and 0.25 μT

EMF, which were described as r0, r0.06, r0.09, r0.12, r0 .20, and r0.25,

respectively. EMF was provided by a modified specific therapy

device with a wavelength of 2–25 μm and a frequency of 50 Hz,

which was purchased from Chongqing Aerospace Rocket

Electronic Technology Co., Ltd. The concentration of NH4
+-N

and NO2
−-N were 100 mg/L and 130 mg/L, respectively.

Long-term experiment and operational
strategy

Long-term experiments were conducted in two parallel

laboratory-scale fluidized bed biofilm reactors. R1 was the

control reactor, and R2 was treated with 0.09 μT EMF. The

maximum working volume of each reactor is 1.2 L. At first,

the concentration of NH4
+-N and NO2

−-N were 50 mg/L and

65 mg/L, respectively. The concentration of NH4
+-N and NO2

−-

N were increased to 100 mg/L and 130 mg/L, respectively at the

60th day. The nitrogen loading rate (NLR) was increased by

reducing the hydraulic retention time (HRT) from 3 days to

1.5 and 0.75 days. R2 was irradiated with EMF device for 2 h per

day to provide an intensity of 0.09 μT EMF.
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Analytical methods

The concentration of nitrogen compounds (including NH4
+-

N, NO2
−-N and NO3

−-N) and volatile suspended solids (VSS) of

the sludge were measured according to the standard methods

(Apha Awwa, 2005). The pH and DO were measured using a

digital portable pH meter and a digital portable DO instrument

(HQ40d, United States). The EMW intensity was measured by an

electromagnetic radiation tester (LZT-1160, China).

DNA extraction, high-throughput
sequencing and data analysis

In order to verify the long-term effect of low-frequency EMF

on anammox process, seed sludge (R0), sludge in reactor with

and without additional EMF (described as R1 and R2) were

sampled for DNA extraction. Total DNA was extracted from

1 ml of reactor sludge using Power Soil DNA Isolation Kit (MO

BIO Laboratories, United States) according to the manufacturer’s

recommendations. The primers (forward primer: GCCGTAAAC

GATGGGCACT, reverse primer: AACGTCTCACGACACGAG

CTG) were used to PCR amplify V4 of 16S rRNA from microbial

genomic DNA (Tsushima et al., 2007). High-throughput

sequencing of samples was performed on the Illumina Miseq

platform. The closest bacterial communities (similarities > 97%)

were gathered into sequencing reads to form operational

taxonomies (OTU).

Results

Determination of preferable
electromagnetic field strength for
anammox consortia

Six different intensities of EMF were used in the short-term

test to determine the optimal EMF intensity for anammox

process. As shown in Figure 1, low-intensity EMF could

significantly enhance the activity of anammox bacteria.

Especially, with 0.09 μT EMF addition, the removal

efficiencies of NH4
+-N and NO2

−-N were significantly

increased. When EMF intensity was below 0.12 μT, EMF

addition showed higher nitrogen removal performance than

the control group and 0.09 μT was the best. However, EMF

with intensity of 0.2 and 0.25 μT has negative effect on anammox

reaction. This trend was clearer with respect to the SAA analysis.

This is similar to Coey’s theory of a magnetized water treatment

mechanism based on the gradient of the magnetic field intensity

rather than the absolute intensity (Fox, 2011).

FIGURE 1
Relationships of intensity of EMF and nitrogen concentration during reactor start-up. (A–C) Nitrogen concentration detected under different
EMF intensity. The dots represent the nine detection values within 18 days, the stars represent the average data of the nine measured values, and the
boxes show the data range from 25% to 75%. (D) Specific anammox activity under different EMF intensity.
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Long-term effects of electromagnetic
field on anammox granules

To verify the long-term effects of EMF on granular anammox

process, two parallel laboratory-scale UASBs were operated. As

shown in Figure 2, from the third day, the concentration of

NH4
+-N and NO2

−-N in the effluent of reactors begin to decrease,

and the performance of R2 was better than the control reactor

(R1). From the 12th day, the effluent concentration of NH4
+-N

and NO2
−-N in R2 was almost 0 due to the stimulated

metabolism of anammox bacteria by EMF. R1 took another

10 days to reach similar NO2
−-N removal. On the 30th day,

the total nitrogen removal rates of the two reactors R1 and

R2 were 71.9 and 88.9 mg N/m3/d, respectively. It can be seen

that applying 0.09 μT EMF slightly shortened the start-up time

and enhanced the total nitrogen removal rate of the reactor.

After 20 days, two anammox reactors were started up

successfully. To study the stability of the reactor performance

by applying EMFs, HRT was shortened from 3 days to 1.5 days to

increase nitrogen load on day 30. Fluctuation of NO2
−-N removal

appeared immediately in both reactors and after 20 days, they

became stable again.

On the 60th day, the influent NH4
+-N and NO2

−-N

concentrations were adjusted from 50 mg N/L and 65 mg N/L

to 100 mg N/L and 130 mg N/L, respectively. Correspondingly,

the nitrogen loading rate (NLR) was increased from 1.6 kg N/m3/

d to 3.2 kg N/m3/d. The adaption performance of R2 was

superior to R1, especially NH4
+-N removal. With the

operation of the reactor, the nitrogen removal rate of the two

reactors showed a gradually increasing trend, and after the

80th day, R2 exhibited better nitrogen removal performance.

On the 90th day, HRT was adjusted from 1.5 days to

0.75 day, so that the NLR of each reactor was increased from

3.2 kg N/m3/d to 6.4 kg N/m3/d. R1 showed dramatic

fluctuations in response to the increase of nitrogen load. The

sudden increase of nitrogen loading inhibited anammox bacterial

activity. The effluent water quality of reactor R1 deteriorated

rapidly, and the effluent NH4
+-N concentration was 31.3 mg N/

L, while the effluent NH4
+-N and NO2

−-N concentration of

reactor R2 was less than 15 mg N/L. R1 took about 15 days to

fully recover, while R2 only spent 8 days to restore. The stability

of reactor R2 to nitrogen loading was better than that of R1. The

total nitrogen removal rate (TNR) of R1 and R2 on the 110th day

reached 4.25 kg N/m3/d and 4.92 kg N/m3/d, respectively.

Effect of electromagnetic field on the
content of functional bacteria

To study the effect of EMF on anammox bacteria in

anammox granular sludge, the copy number of AnAOB 16S

rRNA gene (AMX) in different stages of the two reactors was

quantitatively analyzed. The results are shown in Figure 3. As the

reactor run, the copy number of AMX gradually increased in the

first 60 days, and then stabilized or even decreased slightly. This

may be due to the competition with denitrifying bacteria. At the

beginning, the copy amount of AMX in R1 and R2 was almost the

same, 1.09 × 107 and 1.36 × 107 copies/ng DNA, respectively.

After 60 days of cultivation, the copy amount of AMX in R1 and

R2 was 2.12 × 107 and 2.87 × 107 copies/ng DNA, respectively.

Compared with R1, the copy number of AMX gene in

R2 increased by 35.4%. On day 120, the copies of AMX in

R1 and R2 were 1.67 × 107 and 1.95 × 107 copies/ng DNA,

respectively (Figure 3A). Obviously, EMF can significantly

promote the enrichment and reproduction of anammox

bacteria in granular sludge.

FIGURE 2
Long-term reactors performance. (A) NH4

+-N, (B) NO2
−-N,

(C) Nitrogen loading rate (NLR) and total nitrogen removal
rate (TNR).
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In addition, effect of EMF on the content of nitrogen

metabolic genes was studied. On the 120th day, the content of

each functional gene of amoA, norA, nirS and nirK was

quantitatively analyzed. As shown in Figure 3B, the gene

copy numbers of norA in R1 and R2 are 1.85 × 109 and

2.27 × 109 copies/ng DNA, respectively, and the norA gene

content in R2 was significantly higher than that in R1. It is

inferred that EMF may promote the reproduction of NOB to a

certain extent, and even the degree of influence is higher than

that of anammox bacteria (Liu et al., 2008; Benyoucef et al.,

2021; Ni et al., 2021).

Effect of electromagnetic field on the
bacterial community of anammox
granules

According to the Chao1 index, the bacterial species

richness of R1 and R2 were 832.93, and 801.21,

respectively. The Shannon index of diversity also indicated

that the application of EMF decreased bacterial diversity from

6.33 for R1 to 5.49 for R2. Figure 4 show the changes of

granular sludge community under different treatment

conditions at phylum and genus levels. At phylum level,

the relative abundance of Proteobacteria in R1 and R2 are

18.6% and 20.5%, respectively. The relative abundance of

Planctomycetes, where anammox bacteria are located,

increased from 21.1% in R1 to 26.1% in R2. Planctomycetes

is the dominated phylum in R2 thanks to the EMF. The

irradiation of EMF significantly increased the relative

abundance of Planctomycetes in the community. This

reveals that electromagnetic fields directly affected the

balance of microbial communities (Ratushnyak et al., 2008).

At genus level, Candidatus Brocadia dominated the

composition of anammox bacteria in two sludge samples. The

proportion of C. Brocadia in reactor R2 is 21.3%, while the

proportions in R1 is 16.4%. Obviously, the application of EMF

increased the main anammox genus C. Brocadia in R2.

The PICRUSt technique was used to predict the effect of EMF

on community function (KEGG Orthology, KO). There is a total

of 121 KOs with an average relative abundance above 1%, and

FIGURE 3
The qPCR results. (A) AMX copy numbers in different period, (B) functional gene copy numbers on day 120.

FIGURE 4
Taxonomic classification of the bacterial communities in
R1 and R2 at phylum (A) and genus (B) levels.
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70 of these 121 KO pathways were enriched under EMF

conditions, including ko00780 Biotin metabolism,

ko00540 Lipopolysaccharide biosynthesis,

ko00590 Arachidonic acid metabolism, ko00730 Thiamine

metabolism, ko02030 Bacterial chemotaxis, ko00785 Lipoic

acid metabolism, ko00020 Citrate cycle et al. The relative

abundance of 51 KOs decreased under EMF conditions,

including ko00290 Valine, leucine and isoleucine biosynthesis,

ko03030 DNA replication, ko00740 Riboflavin metabolism,

ko03430 Mismatch repair, ko00030 Pentose phosphate

pathway et al. (Supplementary Table S1).

Discussion

Electromagnetic field stimulated
anammox activities and anammox
abundance of anammox granules

Under proper strength, EMF can increase the activity of

anammox bacteria. Otherwise, the performance of anammox

bacteria may be reduced. In this study, the best EMF strength is

0.09 μT. Within a certain range, the activity of anammox

granular sludge increased with the increase of the EMF

strength, and the intensity beyond the best strength will

inhibit anammox activity.

The q-PCR experiment showed that the copy number of

AMX gene after 30 days of EMF irradiation was 35.4% higher

than that of the control. The EMF can significantly promote the

enrichment and reproduction of anammox bacteria in anammox

granular sludge. On the 120th day, the number of norA gene

copies in the two reactors reached 109, indicating that the number

of nitrite-oxidizing bacteria (NOB) was much higher than that of

anammox bacteria. It is clear that the EMF may also promote the

reproduction of NOB, even the degree of impact is higher than

that of anammox bacteria (Wang et al., 2021a).

Biological mechanism of electromagnetic
field on anammox granular sludge

The target of EMF can be water, cell plasma membrane and

genome. Under the EMF irradiation, the structure of the soft

clusters of water molecules was changed and activated, thereby

enhancing themetabolic function of the organism and improving

the function of the organism (Tekutskaya et al., 2015). The effect

of EMF on ion migration is mediated by direct or indirect effects

on cell membranes (Dihel et al., 1985). A molecular dynamics

simulation was carried out to study the influence of external EMF

on the NaCl electrolyte aqueous solution at a temperature of

25°C. When the electromagnetic wave changed at a frequency of

50, 100 or 200 GHz and the intensity of the EMF changed within

the range of 0.1–0.3 V/Å, the diffusion coefficients of water

molecules and ions increased with the increase of the

frequency and intensity of the EMF (Chang and Weng, 2008).

Studies have shown that through vertically polarized

magnetic media, surface biomagnetism can affect bacterial

adhesion and protein synthesis, thereby achieving the purpose

of improving bacterial activity (Chua and Yeo, 2005). After

15 min of exposure to EMF the specific growth rate of

Rhodobacter sphaeroides grown under anaerobic conditions

increased by 1.2 times (Soghomonyan et al., 2016). This

difference is caused by the direct effect of radiation on

membrane transfer and bacterial enzymes. Trushin attributed

the EMF to microbial biological communication (Trushin, 2003).

The EMF acted on bacterial populations during the formation

and display of biofilms, and Helicobacter pylori showed obvious

differences in cell viability (Di Campli et al., 2010). The biofilm

secreted by bacteria has a protective function for bacteria.

Biofilms provide a place for bacteria to resist drastic changes

in habitat and facilitate the formation of communities. (Adams

et al., 2003; Jain et al., 2007).

To study the biological mechanism of EMF on anammox

granular sludge, this article focuses on the cultivation of

anammox bacteria, the evolution of microbial communities

and the expression of functional genes. Genes related to

Biotin metabolism, Lipopolysaccharide biosynthesis,

Arachidonic acid metabolism, Thiamine metabolism, Bacterial

chemotaxis, Lipoic acid metabolism, Citrate cycle et al. were

enriched under EMF conditions; and genes related to Valine,

leucine and isoleucine biosynthesis, DNA replication, Riboflavin

metabolism, Mismatch repair, Pentose phosphate pathway et al.

were decreased under EMF conditions. This may be the reason

why EMF irradiation shortened the start-up time of anammox

process.

Practical application of electromagnetic
field-assisted anammox system

In this study, the total nitrogen removal rate of anammox

reactor after EMW irradiation was increased by 15.8%. And the

relative concentration of anammox bacteria was increased from

16.4% to 21.3% under EMW environment. Therefore, adding

EMW to promote anammox process is an effective method. In

order to better apply EMW to the actual anammox reactor,

EMW permeable pipes need to be pre-installed inside the

reactor, and EMW generators need pre-installed inside the

pipes. By adjusting the number of EMW generators,

electromagnetic wave intensity, aeration intensity and sludge

stirring speed, the anammox sludge can be uniformly and

effectively exposed to EMW. Since low EMW intensities can

significantly increase the efficiency of the anammox process,

and only 2–3 h of EMW addition per day can increase the

anammox efficiency, the increase of operating costs is limited.

And the construction and operation cost of EMW system is
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relatively low, therefore, adding EMW is an economical method

to promote anammox process.

Conclusion

Both reactor performance and SAA indicated that proper

EMF (0.09 μT) promoted the activity of anammox granules,

while high EMF density (i.e., 0.25 μT) deteriorated anammox

reaction. The nitrogen removal performance of reactor with

0.09 μT EMF addition has been greatly improved. When the

nitrogen loading rate was increased to 6.4 kg N/m3/d, the total

nitrogen removal rate reactors with and without EMF addition

reached 4.25 kg N/m3/d and 4.92 kg N/m3/d, respectively.

Environmental diversity sequencing analysis showed that

EMF can promote the enrichment of anammox bacteria,

especially the relative abundance of C. Brocadia and

Candidatus Kuenenia. In particular, the proportion of C.

Brocadia in R2 was 21.3%, and the proportion in R1 was

16.4%. According to the prediction results of microbial

community function, EMF can directly enhance the level of

physiological metabolism. In summary, low-intensity EMF

provides a new engineering oriented bioaugmentation

strategy for anammox granules.
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