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Abstract
Low condition of dissolved oxygen (DO) is commonly associated with sludge bulking problem that was able to disrupt the 
efficiency of wastewater treatment performances. Relatively, very little attention was paid to the possibility of applying 
magnetic field in controlling the bulking problem. Hence, this study aims to investigate the performance of magnetic field on 
biomass properties and its effect on biodegradation under low condition of DO. Two continuous laboratory-scale sequencing 
batch reactors—Reactor A  (SBRA) and Reactor B  (SBRB)—were setup.  SBRA was equipped with the magnetic device to 
exhibit magnetic field of 88 mT, while  SBRB acted as a control system. The results showed that the biomass concentration in 
 SBRA was higher compared to  SBRB. High biomass concentration in  SBRA resulted to better settleability with mean SVI of 
less than 30 mL/g.  SBRA also showed consistently high removal performances of organic and inorganic contents compared 
to  SBRB. These observations confirmed that the magnetic field was able to enhance the biomass properties, which further 
enhance the biodegradation ability of the aerobic bacteria under low DO condition. This also indicates that under the sludge 
bulking circumstances, the use of magnetic field stands a great chance in maintaining high biodegradation of the treatment 
system.
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Introduction

In conventional activated sludge (CAS) systems, solid–liquid 
separation is performed in the secondary clarifier after the 
biological reaction tank, though a phase separation problem 
has not been completely solved to-date. As a major sepa-
ration problem, bulking causes the washout of suspended 
solids from the clarifier, decreases the biomass concentra-
tion in the reaction tank, with poor waste activated sludge 

thickening and dewatering characteristics (Wanner and Job-
bágy 2014; Nittami et al. 2019). Bulking is usually caused 
by excessive proliferation of filamentous microorganisms, 
which appears to interfere with the sedimentation and com-
paction efficiency of the flocs.

There are many factors that contribute toward prolifera-
tion of filamentous microorganisms. Among all, dissolved 
oxygen (DO) is one of the prominent factors that can induce 
the filamentous growth, thus causing the bulking occurrence 
(Van den Akker et al. 2010). In the CAS system, low DO 
concentration such as 0.4 mg/L can produce long and regular 
filaments. Cultures of microthrix parvicella can grow under 
a wide range of oxygen partial pressures, and good growth 
is obtained under microaerophilic conditions (Rossetti et al. 
2005). Low DO conditions seem to be beneficial for the 
growth of this microorganisms, thus providing a metabolic 
advantage for the proliferation of microthrix parvicella in 
the CAS treatment system (Rossetti et al. 2005). Nittami 
et al. (2019) reported that aside than pH and ammonium ion 
 (NH4

+), DO concentration was significantly influenced the 
Kouleothrix (Type 1851 filamentous species). The decreased 
DO led toward high relative abundance of Kouleothrix, 
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which consequently resulted toward high sludge volume 
index (SVI) of the biomass.

In order to control the occurrence of bulking, various 
types of methods were employed (Jenkins et al. 2004; Tandoi 
et al. 2006). Among them were non-specific methods such as 
chlorination, addition of hydrogen peroxide and many oth-
ers. These methods aimed at improving the settling proper-
ties of the sludge without eliminating the cause of problem. 
For instance, aluminum and iron chloride have been used to 
a biological nutrient removal pilot plant at various concen-
trations to evaluate the effect of metallic salts on prolifera-
tion of microthrix parvicella. The results indicated that dos-
ing a relatively low concentration of 41 mmol/kg could only 
keep the diluted sludge volume index (DSVI) constant, and 
microthrix parvicella filaments were still free in the water 
phase, while higher concentrations (94 and 137 mmol) sig-
nificantly improved the settleability (Durban et al. 2016). 
The implementation of these methods, however, has serious 
drawbacks such as high cost, increase sludge volume and 
interference to a nitrification process (Jenkins et al. 2004). 
Some of the chemicals used such as bactericides are toxic 
for floc-forming bacteria (Du et al. 2018; Fan et al. 2018; 
Nittami et al. 2019).

Other attempts to avoid bulking problems include apply-
ing specific methods such as by raising the sludge load 
(Fan et al. 2018), reducing the substrate levels (Noutsopou-
los et al. 2010), increasing the DO concentration (Jenkins 
et al. 2004; Deepnarain et al. 2015) and many others. These 
measures, however, were not quite effective. Some of the 
measures were time-consuming, costly and only suppress 
selective species of filamentous microorganisms. Relatively 
to-date, very little attention was paid to the possibility of 
applying magnetic field in controlling sludge bulking and 
further suppressing the filamentous microorganisms in the 
CAS treatment system. Previous research showed that appli-
cation of magnetic field has significant improvement on the 
CAS treatment system through enhancement of the biomass 
(Křiklavová et al. 2014; Zaidi et al. 2016) and sludge settle-
ability (Wang et al. 2012; Zaidi et al. 2014). A magnetic field 
was also reported as having significant influence on bacterial 
activity (Filipič et al. 2012; Yin et al. 2015) and few species 
of filamentous bulking and foaming microorganisms (Zaidi 
et al. 2018). Nonetheless, the relationship of magnetic field 
was toward biomass under limited DO condition while main-
taining greater degradation performance.

Therefore, the aim of this work is to investigate the feasi-
bility of having low dissolved oxygen on biomass under the 
application effect of magnetic field. The influences of mag-
netic field on physical characteristics, such as aggregation, 
sludge volume index, relative hydrophobicity and surface 
charge as well as removal performance of the biomass were 
monitored using controlled laboratory-scale sequencing 
batch reactor (SBR) system.

Materials and methods

Wastewater and activated sludge

Raw municipal wastewater sampled from the Indah Water 
Konsortium treatment plant was used in this study. The sam-
pling was taken once a week and preserved in the cool room 
at temperature of below 4 °C. The biomass used in this study 
was also collected from the same sewage treatment plant. 
The activated sludge was sampled in the aeration tank. The 
sludge inoculums were sieved with a mesh of 1.0 mm to 
remove large debris and inert impurities.

Experimental setup and operational conditions

Two laboratory-scale sequencing batch reactors—Reactor 
A  (SBRA) and Reactor B  (SBRB)—were designed with a 
working volume of 6 L.  SBRA was equipped with the mag-
netic device, while  SBRB acted as a control system. The 
magnetic device that attached to the  SBRA comprised series 
of permanent magnets arranged in an alternate order. Each 
permanent magnet was a square prism with two faces of 
100 mm × 50 mm and a thickness of 5 mm. The applied 
magnetic field was at intensity of about 88.0 mT.

During the start-up period, 3 L of sludge and 3 L of 
wastewater were added into the reactor system making the 
final volume of 6 L with a total sludge biomass concentra-
tion of 5.6 g/L.  SBRA and  SBRB were operated in parallel 
with hydraulic retention time (HRT) of 8-h in 3 successive 
cycles. Each cycle comprised of 10 min filling, 380 min 
reaction, 80 min settling and 10 min decanting. The volu-
metric exchange rate (VER) was fixed at 50%. The tempera-
ture of the systems was constant at 25 °C, while the pH 
throughout the experiments was between 6.0 and 8.0. In this 
study, the dissolved oxygen (DO) concentration was set from 
0.5 to 2.0 mg/L in order to induce the sludge bulking condi-
tion. The level of DO concentration was monitored using 
DO meter that was installed to the reactors. The aeration 
intensity was the parameter that has been continuously mon-
itored to ensure the level of DO concentration was within 
the specified range.

Analytical methods

For physical characterization, the sample was analyzed for 
biomass concentration (MLSS and MLVSS), sludge volume 
index (SVI), aggregation, relative hydrophobicity and sur-
face charge. In this study, MLSS, MLVSS and SVI were 
conducted based on APHA (2005)—Method No. 2540D, 
2540E and 2710D, respectively. Aggregation was evaluated 
in terms of turbidity measurement (Rahman et al. 2008). 
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Relative hydrophobicity of the biomass was measured as 
adherence to hydrocarbons (Chang and Lee 1998), while 
surface charge was determined by colloidal titration (Morgan 
et al. 1990).

For removal performances of the system, several param-
eters were determined including chemical oxygen demand 
(COD), ammonia–nitrogen, nitrite, nitrate and phospho-
rus. These parameters were conducted based on Standard 
Method APHA (2005).

Results and discussions

Physical profile of the reactor systems

The profile of dissolved oxygen (DO) concentration for 
both reactors is shown in Fig. 1. The DO concentration for 
both reactors was very low which was between the 0.5 and 
2.0 mg/L. For  SBRA, the average DO concentration was 
1.09 mg/L, while for  SBRB the average DO concentration 
was 0.96 mg/L. Meanwhile, the average values of biomass 
properties are shown in Table 1. Based on the respective 
table, the mean SRT was 12.3 ± 0.2  day for  SBRA and 
11.5 ± 0.8 day for  SBRB. The SRT value changes throughout 
the experimental period. According to Wijffels and Tramper 
(1995), the favorable sludge age of more than 4 days can 
result in high removal efficiency especially for COD and 
nitrification process. Based on the SRT obtained under low 
DO concentration, both reactors are able of simultaneous 
nitrification–denitrification process and COD removal.

During the experimental period, ratio between mixed 
liquor volatile suspended solids (MLVSS) and mixed liq-
uor suspended solids (MLSS) were nearly constant with an 
average value of 0.81 ± 0.06 for  SBRA and 0.77 ± 0.06 for 
 SBRB. Meanwhile, the accumulation of suspended solids 

in the effluent was observed lower in  SBRA compared to 
 SBRB. This observation confirmed the theories predicted 
the effect of magnetic field in accelerating the coagulation 
and sedimentation of the particles (Oka et al. 2009; Zaidi 
et al. 2014). According to Jin et al. (2003), the practical 
activated sludge originally contained iron. Sedimentation 
enhancement with facilitation of magnetic field was closely 
related with iron in the activated sludge. Iron in the activated 
sludge could be derived from some materials used in the 
domestic sewage wastewater (Park et al. 2006). Iron com-
pounds in activated sludge were magnetized with the applied 
magnetic field, thus increased the attraction between cells 
and further caused the floc size to be enlarged. This process 
consequently improved the sedimentation and resulted in 
low suspended solids as has been indicated in  SBRA. Such 
results were then led in high MLSS in the reactor as less 
sludge washout occurred in  SBRA.

Figure 2 shows the changes of biomass concentration 
(MLSS) for  SBRA and  SBRB throughout the experimental 
period. For  SBRA specifically, on day 21, the MLSS of the 
sludge decreased steeply. This could be attributed by insta-
bility of the system, which normally occurred during the 
early state of the experiment. After day 21, the MLSS of in 
 SBRA was slightly increased again and reached about 7.0 g/L 

Fig. 1  Profile of dissolved 
oxygen (DO) concentration for 
 SBRA and  SBRB
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Table 1  Average values of biomass properties for  SBRA and  SBRB

Parameter SBRA SBRB

MLSS (g/L) 5.5 ± 0.7 4.5 ± 0.7
MLVSS (g/L) 4.5 ± 0.8 3.5 ± 0.6
MLVSS/MLSS 0.81 ± 0.06 0.77 ± 0.06
TSS (mg/L) 127.1 ± 18.7 143.4 ± 20.5
VSS (mg/L) 118.6 ± 15.6 137.6 ± 20.3
SRT (d) 12.3 ± 0.2 11.5 ± 0.8
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on day 99 and decreased to 5.5 g/L in average toward end 
of the experiment. In contrast of such observations, MLSS 
in  SBRB showed relatively continuous fluctuation through-
out the experimental period, suggesting that the steady-state 
phase was hard to be achieved.

Despite the condition of low DO concentration that has 
been illustrated in the profile of DO concentration (Fig. 1), 
 SBRA was evidenced in retaining high biomass concentra-
tion compared to  SBRB. Such observations in  SBRA can be 
explained due to the changes applied in the conventional 
activated sludge system by attaching the magnetic field 
device. This is because the magnetic field might influence 
the microbial community compositions and their metabo-
lisms, which could further affect the biomass characteris-
tics. The magnetic field was evidenced in able to trigger 
the microorganisms to produce extra-polymeric substances 

(EPS) (Wang et al. 2012; Zaidi et al. 2019a). The presence 
of EPS could then increase the adhesion ability of micro-
organisms (Sheng et al. 2010). This occurrence could then 
inhibit the sludge loss, which can explain on high biomass 
concentration in  SBRA over  SBRB.

Physical properties of biomass upon the effect 
of magnetic field under low DO condition

Figure 3 shows a relationship between aggregation and SVI 
for both reactors under the defined experimental condition. 
It can be seen that increase in aggregation led to the decrease 
in SVI.

Figure 3 shows that the biomass in  SBRA obtained 
mostly high aggregation compared to  SBRB. This resulted 
in lower SVI with an average of less than 30  mL/g 

Fig. 2  Profile of biomass con-
centrations (MLSS) for  SBRA 
and  SBRB
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Fig. 3  Aggregation and SVI 
profiles of biomass for  SBRA 
and  SBRB
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compared to  SBRB, which obtained average SVI of 
31 mL/g. The significant difference between  SBRA and 
 SBRB can be explained in terms of the magnetic field 
effect in improving the collision among the biomass. As 
shown in Fig. 2,  SBRA exhibited higher MLSS concen-
tration compared to  SBRB. High biomass in the reactor 
produced high chance of collisions, thus allowing aggre-
gation to occur rapidly. Implementation of magnetic field 
in  SBRA may initiate a triggering process, which releases 
or redirects ordinary metabolic energy to produce certain 
biological effects (Wang et al. 2012; Zaidi et al. 2019a). 
In this case, magnetic field might be able to influence the 
EPS production by microorganisms that present in  SBRA. 
EPS can bind cells closely through ion bridging interac-
tions, hydrophobic interactions, and polymer entangle-
ment, which serve to enhance and promote aggregation 
(Tsuneda et al. 2003; Sheng et al. 2010). Consequently, 
this occurrence resulted in low SVI. This indicates better 
settleability of biomass in  SBRA compared to  SBRB.

Nevertheless, throughout the experimental period, the 
lowest aggregation of biomass in  SBRA was occurred at day 
85 with percentage of 58%. The sudden reduction occurred 
could be due to the more production of loosely bound EPS 
(LB-EPS). LB-EPS is a loose and dispersible slime layer 
without an obvious edge. However, the effect of magnetic 
field was now known to able in influencing the EPS pro-
duction (Wang et al. 2012; Zaidi et al. 2019a), but whether 
the effect is more toward producing LB-EPS more than 
TB-EPS or vice versa has not yet been elucidated. Increase 
in LB-EPS content may bring more bound water into the 
aggregates and therefore produce highly porous flocs with a 
low density (Yang and Li 2009; Sheng et al. 2010). Conse-
quently, this occurrence inhibited the aggregation process, 
thus causing slight increase in SVI for  SBRA.

As for  SBRB, fluctuation in aggregation was continuously 
observed throughout the experimental period. This could be 
due to the proliferation of filamentous microorganisms that 
might have taken place in the activated sludge of  SBRB due 
to condition of low DO concentration. The filaments could 
protrude faster over the flocs due to their morphology char-
acteristics and could cause the aggregation to hardly occur 
(Martins et al. 2003; Guo et al. 2014; Zaidi et al. 2019b). 
This has then further reduced the settleability where the SVI 
was higher in this reactor compared to  SBRA.

Effect of magnetic field on relative hydrophobicity 
and surface charge of biomass under low 
DO condition

Figure 4 shows the profile of relative hydrophobicity and 
surface charge of biomass for  SBRA and  SBRB over the 
experimental period. These two parameters are inversely 
correlated within each other and commonly related to the 
settleability of the biomass. Previous studies indicate that 
changes in relative hydrophobicity are affected by many fac-
tors that cause stress to the systems such as starvation of the 
microorganisms, the growth rate, substrate, pH and tempera-
ture (Liu et al. 2004; Sheng et al. 2010; Wang et al. 2012). In 
this study, application of magnetic field in  SBRA may exhibit 
certain stressful effects to the microorganisms that present in 
the system. This condition has then allowed the microorgan-
isms to exhibit EPS that may contain lipids, nucleic acids, 
and some inorganic components. Due to the high produc-
tion of lipid contained in EPS, the microorganisms would 
become more hydrophobic and in turn strengthen the cell-
to-cell interaction of a microbial structure. This could be a 
fair explanation that reasoned the comparison of the relative 
hydrophobicity between  SBRA and  SBRB upon which  SBRA 

Fig. 4  Relative hydrophobicity 
(RH) and surface charge (SC) 
profiles of biomass for  SBRA 
and  SBRB
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showed high hydrophobicity of average 57% compared to 
 SBRB with almost half of the  SBRA’s average percentage.

During the initial stage of the experiment (i.e., day 0 to 
day 7), contrast observation was obtained at which  SBRB 
possessed high relative hydrophobicity compared to  SBRA. 
Such occurrence could be due to the less adaptation of the 
activated sludge toward the magnetic field effect. Based on 
the principle of magnetic memory, repetitive exposure of the 
magnetic field on the media (i.e., biomass) can only favor 
optimum effect of the magnetic field (Colic and Morse 1999; 
Johan 2003). Early state of the experiment may not provide 
enough time for the biomass in  SBRA to be repeatedly expo-
sure by the magnetic field. It thus caused low percentage of 
relative hydrophobicity in the reactor.

For the surface charge of the biomass, it has been related 
in various ways to both flocculation and bulking. The pres-
ence of a net negative surface charge on floc surfaces may 
create repulsive electrostatic interactions, which prevents 
close contact between particles. A high value of negative 
surface charge indicates that there may be more free nega-
tive charges and less electrostatic binding of cations on the 
surfaces of the sludge flocs. Jin et al. (2003) hypothesized 
that if the negative surface charge is high they will repel 
each other more and thereby keeping the flocs in a more 
expanded state. Based on Fig. 4,  SBRA showed lower nega-
tive surface charge compared to  SBRB. The mean surface 
charge for  SBRA was −0.9 meq/g MLSS while for  SBRB 
was −2.0 meq/g MLSS. These values, however, can be con-
sidered high as compared to the common range of surface 
charge values for the biomass under normal condition. This 
is suggesting that the unusual condition which been induced 
by low DO concentration that consequently led to the occur-
rence of sludge bulking may have caused disturbance to the 
adhesion and settleability of the biomass (Thompson and 
Forster 2003; Zaidi et al. 2019b).

At day 7 (as shown in 4), both reactors were observed 
having high negative surface charge by −3.5 meq/g MLSS 
for  SBRA and −5.5 meq/g MLSS for  SBRB. The sudden 
increase could be due to the presence of filamentous micro-
organisms as the condition of DO concentration was set 
lowered. The filamentous microorganisms may tend to pro-
trude the sludge flocs, thus resulting in larger surface area. 
In this study, the measurement of surface charge adopted 
the method that based on adsorption of cationic polymers 
to the sludge surface. The measured surface charge could be 
highly affected by the larger sludge surface area of the flocs 
produced by the filaments (Mikkelsen and Keiding 2002; Jin 
et al. 2003). This has then resulted in the high measurement 
of the surface charge for the samples of that respective day. 
The surface charge for  SBRA was gradually decreased then 
and remained consistent throughout the experiment, while 
alternate increase and decrease profile of negative surface 
charge was still observed in  SBRB.

Effect of magnetic field under low DO condition 
on the removal of COD

The comparison of COD removal performance between 
 SBRA and  SBRB is given in Fig. 5. Initially, the removal 
for  SBRA and  SBRB was 80% and 71%, respectively. The 
removal efficiency has then increased to 88% for  SBRA but 
decreased to 69% for  SBRB at the end of the experiment. The 
increase in the removal efficiency as has been observed in 
 SBRA indicates the occurrence of high biological activity in 
the reactor system. This projection was consistent with the 
results reported by researchers conveyed that the magnetic 
field has an effect in enhancing the biological activity in the 
wastewater treatment (Ji et al. 2010; Łebkowska et al. 2011; 
Křiklavová et al. 2014; Omar et al. 2018).

Fig. 5  Profile of COD removal 
for  SBRA and  SBRB over the 
experimental period
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Maximum COD removal for both reactors was observed 
at day 84, which was 90% for  SBRA and 83% for  SBRB. 
This observation can be considered as an important contri-
bution of the magnetic field at 88.0 mT applied in  SBRA on 
the COD removal. Application of the magnetic field might 
increase the microorganisms’ growth, thus resulting in the 
enhancement of the removal despite the possible occurrence 
of the sludge bulking due to low DO concentration.

At day onwards, a slight drop of COD removal was 
observed in  SBRA (with mean of 82 ± 3%) ,while a great 
drop was observed in  SBRB (with mean of 70 ± 8%). Signifi-
cant and continuous drop occurred in  SBRB, suggesting that 
the sludge might have been dominated by the proliferation 
of filamentous microorganisms. This is because the filamen-
tous microorganisms have a greater tolerance of low DO 
levels than the floc-forming bacteria. At continuous low DO 
concentrations, filamentous microorganisms could actively 
proliferate as their relative biomass increases, thus limiting 
the growth and activity of aerobic microorganisms to biode-
grade the COD (Martins et al. 2004; Davies 2005; Guo et al. 
2014). Meanwhile in  SBRA, the reduction of COD removal 
toward the end of the experiment was lower and main-
tained its high value compared to  SBRB. Křiklavová et al. 
(2014) conveyed that the magnetic field has the capability 
of improving the enzyme activity and physiological reaction 
activity of the microorganisms, thus at once improve the uti-
lizing ability of these microorganisms in removing the COD.

Effect of magnetic field under low DO condition 
on the removal of ammonia‑nitrogen  (NH4–N)

The profile for  NH4–N concentration in the influent, efflu-
ent and removal performances for both reactors throughout 
the experiment is given in Fig. 6. Overall, the magnetically 

exposed activated sludge system  (SBRA) showed consist-
ently higher removal compared to  SBRB. During early 
stage of the experiment, higher removal was observed in 
 SBRB rather than in  SBRA, indicating that the system has 
not being stable yet. Starting at day 8,  SBRA took place of 
high removal compared to  SBRB until the end of experi-
ment. Overall, the average removal for  SBRA was 80 ± 2% 
while for  SBRB was 74 ± 3%.

Although the reactors were aggravated by low DO con-
dition in order to induce the sludge bulking symptom, 
 SBRA which under the application of magnetic field was 
able to maintain high removal of  NH4-N. This observation 
support the theory that the magnetic field has an effect in 
enhancing the biological activity, and as in this case the 
magnetic field has the influence on the ammonium oxidiz-
ing bacteria (AOB) (Liu et al. 2008; Wang et al. 2012). 
The positive influence on AOB improved the degradation 
activity of influent  NH4–N concentration, thus resulting 
in low effluent concentration and high percentage removal 
in  SBRA.

As shown in Fig. 6, rapid fluctuation of the removal 
for both reactors was also observed. These observations 
suggested that the unstable amount of biomass loss in the 
effluent could be occurred during the treatment process. 
The loss of biomass may reduce the presence of aero-
bic microorganisms that are beneficial in degrading the 
 NH4–N. This had thus resulting in inefficient removal 
of  NH4–N for both reactors. Although the removal trend 
showed the fluctuating profile,  SBRA was able to keep its 
high removal performance compared to  SBRB. Toward the 
end of the experiment, the ability of  SBRA which under 
the exposure of magnetic field to remove  NH4–N gradually 
increased, reaching the removal efficiency of 78% with the 
effluent reduced to 4 mg/L.

Fig. 6  Profile of  NH4-N 
removal between  SBRA and 
 SBRB over the experimental 
period
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Effect of magnetic field under low DO condition 
on the removal of nitrogen

The variation of nitrogen, which are nitrite and nitrate in 
 SBRA and  SBRB, is shown in Figs. 7 and 8, respectively. As 
these experiments were conducted under low DO concentra-
tion of ranged between 0.5 to 2.0 mg/L, these experiments 
can be considered as conducted under anoxic condition. 
According to Jenkins et al. (2004), anoxic condition is a 
favorable condition for filamentous microorganisms to grow. 
Hence, this condition is one of the suitable states to be con-
ducted in order to study the sludge bulking occurrence and 
its consequent on the removal of nitrogen.

Based on Fig. 7, the nitrite removal for  SBRA was fairly 
high compared to  SBRB. On average, the nitrite removal 

for  SBRA was 65 ± 2% while for  SBRB was 21 ± 8%. The 
consistency of low effluent nitrite concentration was also 
greatly indicated by  SBRA compared to  SBRB. On average, 
the effluent nitrite concentration for  SBRA throughout the 
experimental period was 7 ± 1 mg/L while for  SBRB was 
15 ± 2 mg/L. Ideally, nitrite is produced through oxidiza-
tion of  NH4-N by Nitrosomonas and being removed by 
Nitrobacter into nitrate (Davies 2005). In this study, low 
effluent concentration of nitrite in  SBRA strengthens the 
theories that the magnetic field is potential in enhancing the 
growth and activity of nitrifying bacteria, thus allowing it to 
undergo effective nitrification process (Tomska and Wolny 
2008; Wang et al. 2012). In contrast, the efficiency of nitrite 
removal in  SBRB was lower and could be due to the situa-
tion that the nitrifying bacteria may be out-competed with 

Fig. 7  Profile of influent–efflu-
ent nitrite concentration for 
 SBRA and  SBRB
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Fig. 8  Profile of influent–efflu-
ent nitrate concentrations for 
 SBRA and  SBRB
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the proliferated filamentous microorganisms. This had thus 
limited the activity of nitrifying bacteria and jeopardized 
the nitrification process. Hence, it resulted in higher effluent 
concentration and lower percentage of removal.

Figure 7 also shows severe fluctuation of nitrite’s removal 
that occurred in  SBRB. Despite the inconsistent concentra-
tion of nitrite’s influent, which may contribute to such obser-
vation, it can also be due to the oxygen deficiency condi-
tion. Theoretically, oxidization of nitrite into nitrate required 
sufficient source of oxygen. However, in this experimental 
condition, low dissolved oxygen was set in order to induce 
sludge bulking symptom. Consequently, this condition 
affected the oxidization process, thus resulting in ups and 
downs of the nitrite removal efficiency in  SBRB. Different 
than in  SBRA, which was influenced by magnetic field, the 
removal efficiency could be maintained almost consistent 
with less fluctuation occurred.

For the nitrate component, the overall results indicated 
that slightly lower concentration of nitrate in the effluent 
released by  SBRA compared to  SBRB (Fig. 8). On average, 
the effluent concentration for  SBRA was 4 ± 1 mg/L while 
for  SBRB was 18 ± 1 mg/L. However, the consistency of the 
nitrate’s removal was negative. This is because throughout 
the experimental period, the production of nitrate was also 
occurred in both reactors. Based on Fig. 8, the nitrate’s 
productions in  SBRA were fluctuated from starting of the 
experiment until at about day 84. After reached day 86, the 
effluent concentration started to be lower than the influent 
concentration, thus resulting in almost consistent nitrate’s 
removal. Meanwhile, in  SBRB, the nitrate’s productions were 
dominated throughout the experimental period. This could 
be due to the failure of denitrification process.

Although the system was set at low DO concentration, 
which supposed can help in denitrification process,  SBRB 

failed to attain such condition. This may be due to the lack 
of responsible denitrifying bacteria, which is heterotrophic 
bacteria (Nielson et al. 2004; Hwang et al. 2005). These 
heterotrophic bacteria may be washed-out during decant-
ing phase, hence leaving only a small group of bacteria to 
denitrify the nitrate. Such explanation can also be supported 
by the results of biomass concentration at which low bio-
mass was retained in  SBRB compared to in  SBRA (Table 1). 
Consequently, inefficient denitrification process cannot take 
place in  SBRB; thus, great concentration of oxidized nitrate 
(produced from the nitrification process) was then remained 
in the treated effluent.

Effect of magnetic field under low DO condition 
on the removal of phosphorus

The phosphorus removal efficiency under limited filamen-
tous sludge bulking (due to low DO concentration) was 
investigated, as shown in Fig. 9. Briefly, there were sig-
nificant differences between the removal of phosphorus for 
 SBRA and  SBRB. Overall, the performances indicated that 
 SBRA obtained higher removal efficiency compared to con-
trol  SBRB throughout the experimental period.

Under low DO concentration, the decrease removal of 
phosphorus is anticipated. This is because low DO con-
centration favored the growth of most filamentous micro-
organisms species. According to Cydzik-Kwiatkowska and 
Zielińska (2016), when the biomass was abundant with 
filamentous microorganisms, there will be a tendency of 
microbial shifting between filamentous microorganisms and 
phosphorus accumulating organisms (PAOs) that are respon-
sible in removing phosphorus. Due to this microbial shifting, 
there could be a chance that PAOs acted more like filamen-
tous microorganisms, thus may not involve in biodegradation 

Fig. 9  Profile of influent–efflu-
ent phosphorus concentration 
for  SBRA and  SBRB
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of the phosphorus. As a result, less removal of phosphorus 
was observed such as shown in  SBRB. However, for  SBRA, 
the removal of phosphorus can still be high even under cir-
cumstances of low DO concentration, which could be due 
to the implementation of magnetic field.

On average, the removal of phosphorus for  SBRA 
throughout the experimental period was 72 ± 1% while for 
 SBRB was 37 ± 11%. The influent phosphorus concentra-
tion with an average value of 12 mg/L fluctuated between 
8 and 30 mg/L, while effluent concentrations with an aver-
age value of 4 mg/L for  SBRA and 8 mg/L for  SBRB were 
also obtained. High removal efficiency and low effluent 
concentration indicated by  SBRA can be explained due to 
the effect of 88.0 mT magnetic field intensity in enhancing 
the enzymatic activity of PAOs. Such enhancement might 
able to improve the removal efficiency in the reactor despite 
the condition of low DO level. Ishiwata et al. (2010) also 
agreed on the positive effect exhibited by the magnetic field 
in enhancing the phosphorus removal. Contrary, continuous 
low removal efficiency in  SBRB was due to the deficient 
supply of oxygen during the treatment process. Lack of 
oxygen may aborted the growth of PAOs, thus impeded the 
removal of phosphorus. Throughout the experiment, a sud-
den increase of removal was notable in both reactors which 
at day 34 by 79%  (SBRA) and 67%  (SBRB). This was due to 
the drastic influent loading in the used raw wastewater that 
eventually resulted in the maximum increase of the phos-
phorus accumulation by PAOs.

Nevertheless, the removal efficiency under the effect of 
magnetic field (as in  SBRA) was quite low, which is less than 
80%. Such observation can be reasoned in terms of the use 
of magnetic field at which its intensity may not sufficiently 
high in accelerating the enzymatic activity of PAOs. Various 
types of microorganisms may have their unique susceptibil-
ity including PAOs (Zaidi et al. 2019b). Therefore, higher 
magnetic field intensity could be possible in enhancing the 
PAOs’ activity, and in turn exhibited high removal efficiency. 
Ishiwata et al. (2010) evidenced that the implementation of 
high magnetic field intensity (i.e., 1 T) had reduced the efflu-
ent phosphorus concentration to as low as 0.03 mg/L.

Conclusion

1. The MLSS and MLVSS in  SBRA were generally higher 
than  SBRB. Therefore, the obtained ratio of MLVSS/
MLSS was higher in  SBRA compared to  SBRB. Con-
sequently, these observations resulted in low effluent 
suspended solids for  SBRA compared to  SBRB.

2. The mean SRT of the reactor system was 12.3 ± 0.2 
day for  SBRA and 11.5 ± 0.8 day for  SBRB, indicating 
that both reactors are potential of COD and nitrification 
process.

3. High biomass concentration in  SBRA was resulted to 
low SVI compared to  SBRB. Biomass in  SBRA was also 
exhibited high aggregation and relative hydrophobicity 
compared to  SBRB. In terms of surface charge, biomass 
in  SBRA showed less negative charged compared to bio-
mass in  SBRB. These observations imply that the mag-
netic field of intensity 88.0 mT was able to enhance the 
physical properties of the biomass under the probable 
adverse effect of low DO concentration. Consequently, 
this indicated that the sludge bulking could be mitigated 
by the magnetic field.

4. SBRA showed consistent high COD,  NH4-N, nitrite and 
phosphorus removal performances compared to  SBRB. 
These observations imply that the application of mag-
netic field was able to enhance the metabolism activity 
and biodegradation ability of the aerobic bacteria even 
under low DO concentration. This also indicates that 
under the sludge bulking circumstances, the use of mag-
netic field stands a great chance in maintaining high and 
efficient removal ability of the treatment system.
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