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Ammonium removal is a key step in biological wastewater treatment and novel ap-
proaches that improve this process are in great demand. The aim of this study is to test the
hypothesis that ammonium removal from wastewater can be stimulated by static magnetic
fields. This was achieved by analysis of the effects of static magnetic field (SMF) on the
growth and activity of Nitrosomonas europaea, a key ammonia-oxidising bacterium, where
increased growth and increased ammonia oxidation rate were detected when bacteria
were exposed to SMF at 17 mT. Additionally, the effect of SMF on mixed cultures of am-
monia oxidisers in activated sludge, incubated in sequencing batch bioreactors simulating
wastewater treatment process, was assessed. SMFs of 30 and 50 mT, but not of 10 mT, in-
creased ammonium oxidation rate in municipal wastewater by up to 77 % and stimulated
ammonia oxidiser growth. The results demonstrate the potential for use of static magnetic
fields in increasing ammonium removal rates in biological wastewater treatment plants.
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Introduction

Rapid population growth increases problems associ-
ated with water pollution, especially in municipal areas
(I). The influent to municipal wastewater treatment
plants contains high levels of both organic and inorganic
nitrogen and mineralisation of the former results in the
release of ammonium (2). Ammonium is a common pol-
lutant that is normally eliminated from wastewater by

two processes, nitrification and denitrification (3). Nitrifi-
cation is the biological oxidation of ammonia to nitrite,
and subsequently to nitrate, by two groups of nitrifying
bacteria. The first group, ammonia-oxidising bacteria
(AOB), obtain energy for growth by oxidising ammonium
to nitrite and are usually represented in wastewater treat-
ment plants by two genera, Nitrosomonas and Nitrosospira
(2). The second group, nitrite-oxidising bacteria (NOB)
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are represented by Nitrobacter and Nitrospira and oxidise
nitrite to nitrate (4). Both groups typically grow au-
totrophically, obtaining carbon by fixation of CO,. Nitro-
somonas europaea is a key AOB in the treatment of indus-
trial and domestic wastewater; it plays an important role
in the global nitrogen cycle (5-8) and has been used as a
‘model” AOB for physiological and other studies (9).

Ammonia oxidation limits the rate of ammonium re-
moval from wastewater and is one of the most sensitive
biological processes during wastewater treatment. It is
highly sensitive to various environmental stresses includ-
ing changes in pH, temperature and the presence of pol-
lutants such as pharmaceuticals (10-12). AOB generally
have low maximum specific growth rate, with doubling
times in the range of 8 to 24 h, and their high sensitivity to
environmental stresses makes their activity a critical step
in biological nitrogen removal (13). Novel approaches for
optimising ammonium removal are therefore in great de-
mand and increasing attention has been directed towards
the potential for static magnetic fields (SMFs) to improve
wastewater treatment (14).

Recent studies have demonstrated accelerated re-
moval of organic substrates from artificial wastewater by
static magnetic fields (SMF) (1,14-16). The maximum sub-
strate removal (up to 44 %) from glucose-based artificial
wastewater was observed at an SMF of 17.8 mT (1). An
SMF of 150-350 mT increased phenol degradation rate in
bioreactors containing immobilised microbial beads (17)
and formaldehyde degradation by activated sludge in ar-
tificial wastewater was increased by an SMF of 7 mT, de-
creasing formaldehyde concentration by up to 30 % (16).
Under anaerobic conditions, SMF increased ammonium
oxidation by an anammox consortium (18). However, de-
spite the importance of aerobic nitrification in activated
sludge processes, the influence of SMF on aerobic ammo-
nium-oxidising bacteria has not been investigated previ-
ously.

We have recently demonstrated that an SMF of 17 mT
inhibited the growth of two wastewater bacteria, Es-
cherichia coli and Pseudomonas putida, and increased their
dehydrogenase activity and intracellular adenosine tri-
phosphate (ATP) levels (19). Here we test the hypothesis
that SMF also influences ammonia oxidation by the mod-
el AOB N. europaea. In addition, we examine aerobic am-
monium removal from municipal wastewater by sludge
bacteria in sequencing batch reactors (SBRs) during expo-
sure to four different SMFs (0, 10, 30 and 50 mT). Finally,
we quantify the influence of SMF on the abundance of
cultured N. europaea and sludge AOB in SBR.

Materials and Methods

Magnetic field exposure

An SMF was generated by a cylindrical coil as de-
scribed previously (19). Activated sludge in SBR was ex-
posed to the SMF in the centre of the coil, where the mag-
netic density (B,,) was maintained at 0, 10, 30 or 50 (+0.5)
mT. N. europaea cultures were exposed to the SMF in Petri
dishes (90-mm diameter) on a nonconductive stand at B,
of (17+0.5) mT. The SMF was continuously monitored by
FH51 Gauss meter (Magnet-Physics, Dr. Steingroever GmbH,

Kéln, Germany). Exposed samples and unexposed con-
trols were incubated in the dark at (21+0.5) °C, with tem-
perature maintained by airflow (coil) or using a thermo-
statically controlled incubation chamber (coil and controls).
All experiments with wastewater activated sludge and
pure cultures were independently repeated three times.
In addition, the experiments with pure cultures included
triplicate cultures that were either exposed to the SMF
(three biological replicates) or unexposed (three controls)
within each independent experiment, giving nine ex-
posed and nine unexposed experimental cultures for each
experimental setup.

Bacterial strains, media and growth conditions

Frozen cultures of N. europaea Winogradsky (ATCC
19718, LGC Standards GmbH, Wesel, Germany) were ino-
culated into Erlenmeyer flasks containing 150 mL of ster-
ile mineral salts medium for ammonia oxidisers contain-
ing (NH,),SO, 0.5 g/L (20). Cultures were incubated for
four weeks at 28 °C and contamination was assessed peri-
odically by inoculation of samples onto R2A agar plates
(ATCC medium 1981, LGC Standards GmbH).

The influence of SMF on ammonium removal and
bacterial abundance in batch cultures of N. europaea

A culture of N. europaea (15 mL) was inoculated into
150 mL of fresh AOB medium (containing NH," 150 mg/L)
and shaken at 200 rpm for 30 min at 28 °C, after which 20-
-mL samples were transferred to six Petri dishes. Three
Petri dishes were exposed to the SMF for 7 days at
B,=(17+0.5) mT and a temperature of (21+0.5) °C, and the
three control Petri dishes were incubated under the same
conditions, but not exposed to the SMF (only to the geo-
magnetic SMF). Ammonia oxidiser growth was moni-
tored by determining the absorbance (A ,,,,), ammonium
and nitrite concentrations and viable cell concentration
(most probable number, MPN). For MPN counts, serial
dilutions were made in 96-well plates by transferring 40
pL of cell suspension to successive wells in microtiter
plates containing 180 pL of sterile ammonia oxidiser me-
dium (20). Growth was assessed by the presence of nitrite
with modified Griess-Ilosvay reagents after incubation at
28 °C for four weeks. MPN per mL of culture was esti-
mated using the BAM-MPN Excel spreadsheet calculator
(US FDA, Silver Spring, MD, USA).

Sampling of activated sludge and wastewater

Activated sludge and municipal wastewater were ob-
tained from a municipal wastewater treatment plant (Ptuj
Municipal Service Corporation, Slovenia) on February 9,
2012. Activated sludge was removed from 150 L of mu-
nicipal wastewater by sedimentation, and wastewater
without the active biomass was stored in 1.5-litre bottles
at —20 °C until use. Municipal wastewater at the time of
sampling contained (in mg/L): NH,"-N 25.8, NO,~-N 0.13,
total nitrogen (TN) 26.8 and total organic carbon (TOC)
35.9. Nitrite was below the detection limit (0.452 mg/L).
Fresh activated sludge was taken from the aeration basin
of the Ptuj Municipal Service Corporation before each ex-
periment and was added to previously stored wastewater
after acclimatisation for four days. The final mixture used
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for all experiments contained 300 mL of fresh activated
sludge (mixed liquor suspended solids (MLSS) 5.7 g/L)
and 1700 mL of stored municipal wastewater.

The influence of SMF on ammonium removal from
wastewater in sequencing batch reactors

The influence of SMF on ammonium removal was in-
vestigated in two sequencing batch reactors (SBR) with
working volumes of 2 L, one with magnetic field accesso-
ries (experimental samples) and the other without mag-
netic modification (control samples). The SBRs were inoc-
ulated with 300 mL of fresh activated sludge (MLSS, 5.7
g/L) and were exposed to SMF of 10, 30 or 50 (+0.5) mT or
unexposed (control bioreactor) for four days at (21+0.5)
°C. During this acclimatisation period, which allowed ad-
aptation of microorganisms in activated sludge to the
new conditions, pH was maintained at 7.8+0.2 and dis-
solved oxygen (DO) at (3.0+0.3) mg/L. Acclimatised sludge
was then mixed with 1700 mL of stored municipal waste-
water, and the system continued to be operated at the
same conditions: 0, 10, 30 or 50 mT, temperature of
(21+0.5) °C, and sampled hourly for 25 h to analyse am-
monium and nitrate concentrations and ammonia oxidis-
er MPN. The experiment was repeated independently
three times.

The ammonium oxidation rate (g,) was expressed in
mg of NH,"-N removed per h per g of MLSS, calculated as
follows:

_ dyNH}—N

N dey, /1/

where dy is the concentration of NH,*-N (in mg/L) utilised
in time interval df (h) and y, is the concentration of the
activated sludge (in g/L), i.e. MLSS (21).

Chemical analyses

Ammonium (NH,*-N), nitrate (NO,™-N), nitrite (NO,"
-N) and total nitrogen (TN) concentrations were meas-
ured according to standard methods: SIST ISO 7150-
-1:1996 (22) for NH,*-N, ISO 10304-1:2007 (23) for NO, -N
and NO, -N using the ion chromatograph DX-100, (Sani-
valle, CA, USA) and SIST EN 12260:2003 (24) for TN, fol-
lowing oxidation of nitrogen oxides, using the TOC ana-
lyser equipped with a TN measuring unit TOC-VCPN
(Shimadzu, Kyoto, Japan). MLSS were measured accord-
ing to standard methods (APHA method 2540 D) (25).
The pH and DO concentration were measured using a
digital, portable pH and DO meter (HQ 40d multimeter,
Hach-Lange, Loveland, CO, USA), respectively.

Statistical analysis

Data analysis and graphical representation were per-
formed using Excel (Microsoft, Redmond, WA, USA). Com-
parisons between treatments were performed using a
two-sample Student’s ¢-test assuming equal variance (dif-
ferences were considered significant at p<0.05). Values are
reported as meantstandard error of nine independent
replicates for experiments with N. europaea and for nine
independent replicates for experiments in the SBR biore-
actors.

Results and Discussion

The influence of SMF on ammonia oxidation and
growth of N. europaea

Removal of ammonium nitrogen in wastewater treat-
ment plants is limited by the rate of ammonia oxidation
by AOB. This work shows for the first time that SMF, at 17
mT, significantly stimulated the removal of ammonia by
the model chemolitotrophic wastewater AOB N. europaea.
Cultures of N. europaea were exposed to an SMF of 17 mT,
which had previously been found to influence growth
and physiology of E. coli and P. putida (19). Ammonium
and nitrite concentrations initially decreased and in-
creased, respectively, in a similar manner in both exposed
and unexposed samples and no influence of SMF was ob-
served (Fig. 1). This initial increase in nitrification was
presumably due to the transfer of N. europaea cultures into
the fresh medium where ammonium and oxygen were
abundant. Ammonium and nitrite did not change signifi-
cantly in exposed or unexposed cultures during the first
five days. After this transient lag phase, ammonium oxi-
dation resumed with a marked difference between the ex-
posed and unexposed cultures, such that SMF exposure
for 7 days resulted in (30+4) % (p=0.037) increase in am-
monium removal and a corresponding (26+5) % (p=0.042)
increase in nitrite concentration, in comparison with un-
exposed controls (Fig. 1). Dehydrogenase activity in Es-
cherichia coli and Pseudomonas putida was also stimulated
by SMF at 17 mT, but stimulation increased within 2 h of
exposure and a prolonged lag phase was not detected
(19). A rapid depletion of oxygen might have caused the
lag phase observed in the experiments with N. europaea,
as nitrification is sensitive to oxygen fluctuations (26).

SMF of 17 mT also stimulated growth of N. europaea,
which was, like stimulation of ammonium oxidation, de-
tected only after five days of incubation. The ratio of N.
europaea MPN counts in exposed and unexposed cultures
was not significantly different on days 1 (p=0.071) or 3
(p=0.060), but increased to 1.4 (p=5.4-10"°) on day 5 and to
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Fig. 1. The effect of static magnetic field (SMF) of 17 mT on the
oxidation of ammonia to nitrite by Nitrosomonas europaea. Cul-
tures were exposed to SMF for 7 days. The error bars represent
standard error of the mean (N=9). A and A: concentrations of
NH,*-N (mg/L) in exposed and unexposed cultures, respective-
ly; ® and O0: concentrations of NO,-N (mg/L) in exposed and un-
exposed cultures, respectively
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1.51 (p=2.3-10"*) on day 7 (Fig. 2), when stimulation of am-
monium oxidation was also observed. It is possible that
only actively growing cells are sensitive to magnetic field,
consistently with our previous work (19) showing that
the effect of magnetic field on heterotrophic bacteria is
most prominent in conditions supporting the highest
growth rates. Although SMF stimulated the growth of N.
europaea, in contrast to the inhibition of growth of E. coli
and P. putida (19), in both experiments cultures were ex-
posed to the same SMF density. The different responses,
inhibition vs. stimulation, may be due to the different
metabolic and energy-generating pathways of hetero-
trophs and a chemolithotroph and the much slower
growth of N. europaea.
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Fig. 2. The effect of static magnetic field (SMF) of 17 mT on the
ratio of viable cell concentration (most probable number, MPN)
of Nitrosomonas europaea in exposed and unexposed cultures.
The error bars represent standard error of the mean (N=9). After
five and seven days of exposure to the SMF, MPN ratio was sig-
nificantly higher than 1 (p<0.05), indicating a positive influence
of the SMF

The influence of SMF on ammonium removal from
municipal wastewater and on abundance of AOB in
activated sludge

Stimulation of N. europaea growth and nitrification
activity in cultures by SMF suggested the potential for
stimulation of nitrification in wastewater treatment proc-
esses, which was tested using municipal wastewater and
wastewater sludge bacteria. The influence of four differ-
ent SMF densities (B=0, 10, 30 or 50 mT) on the removal of
NH,*-N from municipal wastewater was studied in SBRs
at constant temperature of (21+0.5) °C. The results pre-
sented in Fig. 3 and Table 1 indicate an initial lag phase
with very low ammonium oxidation rates for approx. 2 h
in both exposed and unexposed cultures. Ammonia oxi-
dation then increased in all treatments but at significantly
higher rates in SBRs exposed to 50 or 30 mT than in con-
trol bioreactors (Table 1). The strongest increase of (43+2)
% at 2-8 h and (77+5) % at 8-12 h was detected in SBRs
exposed to 50 mT, compared to the unexposed SBRs. In
contrast, exposure to 10 mT reduced the ammonium re-
moval rate to (0.12+0.03) mg of NH,*-N per g of MLSS per
hour, which was (40+3) % lower than the control rate after
exposure for 12-25 h (Table 1). SMF therefore had positive
or negative effects on ammonium removal rates from
wastewater in SBRs, depending on the density of the ap-
plied magnetic field. A positive and negative response to

1.2

Ty

0.8

0.0

1] 5 10 15 20 25 30
tlexposure)/day

Fig. 3. The effect of static magnetic field (0, 10, 30 or 50 mT) on
ammonium removal from wastewater by activated sludge dur-
ing exposure for 25 h at 21 °C, plotted as the ratio of ammonium
concentration after the period () of exposure (c) to the initial
concentration (c,). The error bars represent standard error of
the mean (N=3). Sequencing batch reactors were exposed to 0
(A), 10 (=), 30 (®) and 50 mT (e)

Table 1. The influence of static magnetic field (SMF) on ammo-
nium removal from wastewater in sequencing batch reactors
(SBR) by activated sludge

Ammonium oxidation rate
mg of NH,*-N per g of MLSS per h

t/h
B/mT
0-2 2-8 8-12 12-25
0 0.060+0.007  0.32+0.04 0.24+0.03 0.20+0.02
10 0.060+0.007  (0.30+£0.03)*  (0.20+0.02)* (0.12+0.03)*
30 0.060+0.007  (0.44+0.03)*  (0.39+0.03)*  (0.26x0.02)*
50 0.060+0.007  (0.46+0.02)* (0.42+0.02)* (0.31x0.02)*

SBRs were exposed to SMF (0, 10, 30 and 50 mT) for 25 h at 21 °C.
Values represent average ammonium oxidation rates at indicated
time intervals during the exposure to SMF.

*significant difference (p<0.05) compared to unexposed controls
at 0 mT, showing the influence of the SMF

MLSS=mixed liquor suspended solids, B=magnetic field density

SMF of different strengths has also been observed in other
processes. For example, anammox process was stimulat-
ed at the SMF of 30 mT but inhibition of this process oc-
curred at 110 mT (18). The influence of SMF therefore de-
pends on the strength of the applied SMF but the specific
response to a particular SMF density depends also on the
process that is studied.

This work also provides the first evidence that SMF
increases the growth of sludge AOB. The abundance of
AOB in wastewater SBRs exposed to different SMF densi-
ties (0, 10, 30 and 50 mT) was determined by MPN after
exposure for 25 h following the four-day acclimatisation
phase of the activated sludge. AOB abundance increased
significantly at 50 mT (1.4-fold; p=2.8-10"%) and at 30 mT
(1.2-fold; p=1.2-10"%), but not at 10 mT (p=0.1), when com-
pared to the unexposed samples (Fig. 4). An increase in
AOB abundance may in part be responsible for higher re-
moval rates measured in SBRs exposed to 30 or 50 mT but
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Fig. 4. The effect of static magnetic field (SMF) of 10, 30 and 50 mT
on the ratio of viable cell concentration (determined by most
probable number, MPN) of ammonia-oxidising bacteria (AOB)
in activated sludge. The error bars represent standard error of
the mean (N=3). Dashed line (no influence of SMF) indicates a
ratio of one. Values that are above the dashed line indicate a
positive influence of the SMF. *indicates a ratio significantly dif-
ferent from 1 (p<0.05)

other mechanisms should be taken into consideration, es-
pecially as a change in the activity but not in the abun-
dance was observed at 10 mT exposure.

Several mechanisms influencing the growth and/or
enzyme activities may be responsible for the observed ef-
fects. One of the most intensely studied enzymes in rela-
tion to the effects of magnetic field is B12-dependent etha-
nol ammonia lyase for which a decrease in v,,/K, at
100-mT magnetic field density was reported (27). It is
known that enzymatic reactions that are responsive to
magnetic fields must generate paramagnetic particles or
spin correlated radicals (28-30). Interestingly, the hydrox-
ylamine oxidase-associated tetraheme cyt cm552 from N.
europaea, which catalyses the oxidation of hydroxylamine
to nitrite, was reported to carry paramagnetic heme spe-
cies (31). However, many enzymes with radical interme-
diates will not produce magnetic field-dependent reac-
tion kinetics and further studies are needed to test this
hypothesis. Another possibility is changes in transcrip-
tional activity of genes involved in ammonia oxidation, as
SMF has been shown to influence transcriptional activity
of various genes (32,33). Although the mechanisms be-
hind the observed phenomena are not understood and
require further study, the work clearly shows that SMF
stimulates ammonium removal by mixed activated
sludge bacteria and by the pure culture of an important
wastewater nitrifier.

Conclusions

This work shows for the first time that SMF positively
influenced ammonia oxidation and the growth of an im-
portant and very sensitive wastewater AOB, Nitrosomonas
europaea in the laboratory pure culture. Results showed
that SMF of 17 mT increased ammonium removal for
(30+4) % and nitrite removal for (26+5) % and also stimu-
lated growth of N. europaea. Additionally, in the experi-
ments with activated sludge and municipal wastewater,
we showed that SMF of 50 mT increased ammonium re-
moval rates by activated sludge bacteria in SBRs by up to
77 % and increased the abundance of sludge AOB. In con-

trast, SMF of 10 mT decreased the activity by up to 40 %
but did not influence the growth of bacteria in SBRs.
These findings may have important implications in the
field of biological wastewater treatment and suggest po-
tential strategies for the removal of mineral nitrogen and
growth manipulation of key nitrifiers in municipal waste-
water treatment plants.
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