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ABSTRACT
Low efficiency of conventional aeration techniques and the excessive production and disposal of
sludge are great concerns in biological wastewater treatment systems. The present study aimed to
evaluate the active sludge method using batch reactors under continuous operation to determine the
efficiency of aeration and sludge production through microbubble and nanobubble aeration. The
results indicated that compared to microbubble aeration, nanobubble aeration increased the
concentration of dissolved oxygen in the mixed liqueur of the reactor (from 2 to 4.5 mg/l), while
reducing the production of excess sludge from 100 to 40 ml/g (SRT: 15-40 d). With the same SRT
duration, these values were within the range of 160-70 ml/g using fine-bubble aeration. According to
the results, nanobubble aeration could increase the efficiency of aeration, thereby increasing the
capacity of the treatment plant and reducing the costs of biological wastewater treatment.
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Introduction
Biological treatment is considered to be

among the optimal treatment methods, and
sequencing batch reactor (SBR) system is one of
the most efficient and promising modifications
of activated sludge for wastewater treatment.1
Aeration is critical in these reactors and could
significantly affect the efficiency of treatment
plants and treatment costs.2 Energy
consumption in aeration often constitutes 50-
90% of the total required energy and more than
30% of the total operation costs.3, 4 Therefore,
selecting proper aeration methods is essential to
maximal efficiency.5

Active sludge systems are widely applied in
municipal and industrial wastewater treatment
plants worldwide.6 One of the main problems
associated with conventional activated sludge is
the excess sludge production.7 Among various
byproducts of municipal wastewater treatment
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plants, sludge is regarded to be the most
voluminous and challenging component in
terms of treatment and disposal.8 The equipment
used for sludge treatment and disposal accounts
for 40-60% of construction costs and up to 50%
of the operation costs in treatment plants, while
secondary sludge treatment accounts for 35-
65% of the total operation costs.9, 10 The issue of
excess sludge production could be resolved by
reducing sludge production in the biological
processes of wastewater treatment.11 This
method is preferred over sludge treatment due to
cost-efficiency.12

One of the main techniques used to control
excess sludge in active sludge systems is the
high-dissolved oxygen process in the aeration
tank. One of the approaches to providing high-
dissolved oxygen is to decrease the size of the
air bubbles that are blown into the aeration tank.
Due to the reduction of the air bubble size as a
result of increased contact surface and mass
transfer coefficient (Kla), the concentration of
dissolved oxygen increases.13 On the other hand,
the gas solubility is proportional to the gas
pressure, which is reversely proportional to the
bubble dimensions. Therefore, reducing the size
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of the bubbles enhances the process of gas
dissolution through the movement and
displacement of the bubbles and their
contraction.14

High concentrations of dissolved oxygen
produce more active biomass, increasing the
deep release of oxygen in the floc mass, as well
as the volume of the inner aerobic section. This
hydrolyzed biomass in the floc mass achieves
the potential of aerobic decomposition,
ultimately decreasing the produced sludge. In
addition, the dissolved oxygen accelerates the
autolysis process in bacteria and reduces sludge
production.15

At high concentrations of dissolved
oxygen, the anoxic zone of the flocs collapses,
thereby increasing the rate of biological lysis
reactions. The concentration of the
contaminants in the wastewater compartment
correlates with the oxygen consumption rate and
is directly affected by the influx of oxygen into
the active sludge flocs.16

The findings regarding pure oxygen
process in activated sludge have indicated that
compared to the conventional activated sludge
system, the high rate of sludge loading could be
reduced to 54%. Increased dissolved oxygen
from 1.8 to 6 mg/l lead to excess sludge
production (from 0.29 to 0.2 mg MLSS/mg
BOD).17

Increasing dissolved oxygen in an active
sludge system (from 0.5 to 4.5 mg/l) has been
shown to decrease excess sludge to 25%.13 In
another study, increased concentration of
dissolved oxygen from 2 to 6 mg/l resulted in
the reduction of sludge production to 25%.17

The present study aimed to assess the effects of
nanobubble aeration on the efficiency of oxygen
transfer and amount of sludge production in a
pilot-scale wastewater biological treatment.

Materials and Methods
In the present study, we used two

rectangular cubic cylindrical Plexi glass reactors
with the length, width, and height of 19, 19, and
80 centimeters, respectively. The total volume,
useful volume, and treatment capacity of each
glass were 28.8, 20, and 10 liters, respectively.

Reactor one was equipped with nanobubble
aeration, and reactor two was equipped with
fine-bubble aeration. For this purpose, an A CO-
018 blower (3604 Model, Resun Co.) was used.
The air flow in the path was divided into two
lines. Flow line one was designed to produce air
nanobubbles, and flow line two was developed
to produce fine bubbles. Moreover, the air flow
was classified as flow line one for generating
nanobubble air and flow line two for fine-bubble
air generation. Line one entered the nanobubble
generation instrument, and after converting air
into nanobubbles, entered reactor two. Flow line
two produced fine bubbles by installing a
tubular diffuser on its end, which was located on
the bottom of reactor two.

The size of the hollow diffuser pores was 1-
3 millimeters, the size of the used nanobubbles
was 50-250 nanometers, and the size of the fine
bubbles was 1-3 millimeters. The air flow rates
were identical on lines one and two (one liter per
minute). In order to adjust the air flow rate in
flow line one, an air volume control device was
installed. In flow line two, we utilized a flow
meter with a valve. To maintain the reactor feed
and treated effluent of the reactor outputs, three
plastic reservoirs (100, 20, and 20 liters) were
used.

Control System and Accessories
The control system was composed of an

FBS-20 MA PLC device, a DC-24 relay, a
finder, air electric and gate electric valves
(diameter: 1.2 inches) (model: UNI-DO Model)
for evacuating the reactors, and two floating
pumps for filling the reactors. Moreover, two
aquarium heaters (JAGER, Germany) were used
to maintain the temperature of the solution
inside the reactors (Figure 1).

Operation Conditions of the Reactor
In order to investigate the effects of the air

bubble size on the efficiency of the activated
sludge system (SBR type), other conditions than
the size of the blown air bubbles into the reactors
were identical in both reactors. In addition, the
changes that were simultaneously applied to
each reactor were similar in order to assess the
effects of the selected parameters.
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These changes included three levels of
reactor input chemical oxygen demand (COD)

(400, 600, and 800 mg/l), and three sludge retention
times (20, 30, and 40 days).

Fig. 1. Schematic diagram of pilot

Work Periods
The work periods for each of the reactors

were as follows: Fill (four minutes), React (five
hours and 45 minutes), Settle (45 minutes), and
Decant (30 minutes).

Characteristics of Wastewater
The wastewater used in the current research

was synthetic in order to control the
concentrations in the reactor feeds. Components
of the wastewater are presented in Table 1. The
pH of the mixed liquor inside the reactor was
7±0.5, which was adjusted by adding soda to the
reactor inlet. The temperature of the mixed
liquor in the reactors was controlled within the
range of 25±0.25 ºC using an acoustic heater.

Reactor Setup
In order to set up the reactors, the activated

sludge seed was initially prepared from the
return line of the sludge collected from the
treatment plant in the west of Tehran (Iran),
which had no operational problems (e.g.,
balking, rising, and pinpoint phenomenon).
Approximately four liters of activated sludge
seed was added to each reactor, and the rest of
the reactor was filled with up to 20 liters of
synthetic sewage with the COD concentration of
500±20 mg/l.

Aeration and reaction were performed for
one week to form sludge or biomass without
discharging wastewater and sludge, so that
sufficient substances could be fed to the reactors

daily. Subsequently, the SBR pilot system was
initiated with the four stages of ‘Fill’, ‘React’,
‘Settle’, and ‘Decant’.

The COD effluent was monitored and
controlled, and the results were compared
each time with the previous findings.
Two weeks after initiating the SBR system,

the effluent COD results were similar,
indicating a stable condition. In order to
ensure the stabilization of the reactors,
another sampling period was carried out
at a three-day interval, and the obtained
results confirmed the stabilized status of
the reactors.
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Table 1. Characteristics of synthetic wastewater18

Components Chemical
formula

Molecular
weight (g/mol)

Concentration
(mg/l)

Organics and
nutrients

Glucose C
6
H

12
O

6 180 280
Ammonium sulfate (NH

4
)

3
SO

4 132.1 72
Potassium phosphate KH

2
PO

4 136.1 13.2
Minerals Calcium chloride CaCl

2
⋅2H

2
O 147 0.368

Magnesium sulfate MgSO
4
⋅7H

2
O 246.5 5.07

Manganese chloride MnCl
2
⋅4H

2
O 197.9 0.275

Zink sulfate ZnSO
4
⋅7H

2
O 287.5 0.44

Ferric chloride FeCl
3 162.2 1.45

Copper sulfate CuSO
4
⋅5H

2
O 249.7 0.391

Cobalt chloride CoCl
2
⋅6H

2
O 237.9 0.42

Sodium molybdenum dihydrate Na
2
MoO

4
⋅2H

2
O 242 1.26

Changing the Conditions
To adapt the system to new conditions, a

minimum of one week was considered after
changing the COD and SRT each time.
Measurements were performed after the
stabilization of the conditions. Concentration of
the suspended matter inside the reactors and
treated output COD were considered as the
indicators of stabilized conditions.

Sampling
To conduct the experiments, sampling was

performed from the reactor feed, treated effluent
from the reactors, and inside the reactors at
specific periods based on the Standard Methods
for Water and Wastewater Examination.19

Sampling was carried out using 100-milliliter
plastic bottles.

Data Analysis
The samples prepared from the mixed

liquor inside the reactor were first filtered
through a Whatman grade 40 filter paper. The
concentration of dissolved oxygen was
measured using the Martini DO meter (model:
Mi 605 model), and a pH meter (model:
Metrohm, 691) was used to measure the pH. In
addition, a particle size analyzer (model:
Malvern ZEN3600) was applied to determine
the size of the nanobubble air, and the levels of
COD, total nitrogen, nitrate nitrogen, and total
phosphor were measured using the DR5000
spectrophotometer (HACH, Germany). The
other analyses were performed based on

standard methods.19 The results of the
experiments were recorded in tables, and plots
were drawn using the Origin 8.1 software.

Results and Discussion
Effect of Nanobubble Aeration on Oxygen
Transfer Efficiency

Unlike continuous complete mixed
systems, where aeration rate and dissolved
oxygen concentration in the system are constant,
if the aeration rate is constant in continuous
system reactors, the dissolved oxygen
concentration changes over time. This is due to
the changes in the rate of oxygen consumption
by microorganisms throughout the process.20

As is depicted in Figure 2, in the aeration
and react phases, three zones were detectable in
the variations of the dissolved oxygen
concentration, including the first zone, which
initiated immediately after aeration, taking
several seconds to several minutes depending on
the type of the air bubbles. In this zone, despite
the aeration of the system, the dissolved oxygen
concentration inside the reactor remained at a
constant minimum level.

The second zone began after the first zone
with a rapid increase in the concentration of
dissolved oxygen. In this zone, the increased
concentration of dissolved oxygen inside the
system followed an exponential curve, which
remained almost constant after reaching a
certain value. The sum of the first and second
zones was referred to as the ‘transitional zone’.
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After the second zone, the third zone initiated
with a relative increase in the concentration of
dissolved oxygen.
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Fig. 2. Changes in Dissolved Oxygen in Reactor Mixed
Liquor (SRT=20 d, COD=600 mg/l)

In a study, Pavselj et al. reported no clear
explanation for the first zone, while they
claimed that the end of the second zone
indicated the disappearance of ammonia, and
the end of the third zone showed the end of the
reaction phase.21

According to the findings of the current
research, the first zone was present in both of the
aeration processes, while its duration reduced in
the nanobubble aeration process by a few
minutes. In the fine-bubble aeration process, the
duration of the first zone covered the entire
duration of the reaction (Figure 3). The previous
studies in this regard have demonstrated that the
formation of this zone may be due to the
consumption of the soluble portion and the
readily biodegradable food by bacteria.22
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Fig. 3. Changes in Dissolved Oxygen in Reactor Mixed
Liquor (SRT=20 d, COD=800 mg/l)

In the aeration process with fine bubbles
and at the beginning of the reaction phase of the

aeration with nanobubbles, the level of the
available oxygen to the bacteria was limited,
which acted as an inhibitory factor. In other
words, the oxygen consumption rate was higher
than the oxygen supply rate; therefore, despite
aeration, the dissolved oxygen concentration
inside the reactor remained at a constant
minimum level (Figure 4).

According to Pavselj et al.21, the end of the
second zone corresponds to the end of the
disappearance of ammonia inside the system
(Figure 5). In the nanobubble aeration process,
the duration of this phase was shortened
compared to the fine-bubble aeration process. In
nanobubble aeration, determining the boundary
between the second and third zone was difficult
due to the rapid and significant increase in the
concentration of dissolved oxygen inside the
reactor. On the other hand, determining the
boundary between the first and second zone was
difficult fine-bubble aeration due to the limited
oxygen supply.23
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Fig. 4. Changes in Dissolved Oxygen in Reactor Mixed
Liquor (SRT=20 d, COD=400 mg/l)

According to the plots depicted in figures
2-4, the end of the third zone corresponded to
the end of the React phase. At the end of this
phase, the provision of adequate oxygen
resulted in the complete nitrification and
removal of organic matter. In fine-bubble
aeration, due to the limited oxygen supply, the
removal processes of organic matter,
particularly nitrification, could not be
completed. However, there was no oxygen
limitation in nanobubble aeration, and other
food substances were considered to be the
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inhibitory factors.24 Due to the increased oxygen
supply in the mixed liquor of the reactor in this
process, the duration of the transition zone was
observed to reduce.

Our findings indicated that in the
nanobubble aeration process, the concentration
of dissolved oxygen in the mixed liquor inside
the reactor was higher compared to fine-bubble
aeration. This could be attributed to the fact that
reducing the size of the air bubbles at the
nanoscale increased the surface-to-volume ratio
of the bubbles, as well as the survival of the
bubbles in the reactor mixed liquor. As a result,
the effective contact time and contact between
the bubbles and surrounding liquor increased,
which in turn incremented the mass transfer
coefficient of oxygen from the bubbles to the
liquor inside the reactor, as well as the dissolved
oxygen concentration. Furthermore, the rate of
this process increased by the moving,
displacing, and contraction of the bubbles. On
the other hand, with the size of the bubbles
shrinking to the nanoscale, the pressure of the
oxygen gas inside the bubble increased, thereby
incrementing the dissolution of the oxygen gas
in the liquor surrounding the air bubbles, which
is consistent with the previous findings in this
regard.17

0 1 2 3 4 5
0

1

2

3

4

5

6

7

Di
ss

olv
ed

 o
xy

ge
n 

(m
g/

l)

Aeration time (hr)

Nanobubble

Fine-bubble

Fig. 5. Changes in Dissolved Oxygen in Reactor Mixed
Liquor (SRT=40 d, COD=800 mg/l).

Effect of Nanobubble Aeration on Sludge
Production

The organic materials that are available to
microorganisms are divided into two groups of
external organic matters and internal organic
matters. External organic matters are those
entering the reactors, and internal organic
matters are fed through the digestion of the

biomass from dead bacteria, as well as the stored
organic matters in the mass of the bacteria as
polyhydroxyls.

The soluble and biodegradable parts of
external organic matters were immediately used
by bacteria in the early stages of the reaction,
leading to a rapid drop in COD. Following that,
the insoluble and biodegradable portions and
organic materials stored in the cell were
consumed at the second stage of the reaction.25

Based on the growth and death curve of
microorganisms, although the second phase
represents the logarithmic growth of
microorganisms, the target for the removal of
organic matters was not fulfilled due to the fact
that the organic matter concentration in the
system should be maximal. Regarding the
autolysis phase, organic matter removal was
completed since in this phase, the food-to-
microorganism ratio decreased, and
microorganisms fed on the cytoplasm due to
food shortage, which in turn reduced sludge
production. It seems that if sufficient dissolved
oxygen is available to microorganisms, the
intensity of the sludge reduction is likely to
increase.

In biological wastewater treatment
reactors, microorganisms are active in biofilm or
aggregate namedactive floc.26 If the microbial
flocs in the active sludge are examined, various
microorganisms (e.g., bacteria, fungi, and
protozoa) could be observed. Bacteria play the
major role in this regard, followed by protozoa.
Numerous bacterial species (mainly
chemoheterotroph and aerobic facultative) grow
in the active sludge process.27
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Under appropriate conditions, bacteria are
dominant in the environment and form a large
body. Along with bacteria, other
microorganisms are also able to grow in this
process. On the other hand, fungi cannot
compete with bacteria. Protozoa are mainly
aerobic, and as predatory organisms, they feed
on bacteria or other organisms and solids.

According to the literature, increasing the
concentration of dissolved oxygen leads to the
higher rate of cell mass lysis, as well as the
increased anoxic zone in the floc in aerobic
conditions due to the higher concentration of
dissolved oxygen and biological lysis rate.28

According to the results of the present
study, sludge volume index (SVI) in the
nanobubble aeration process significantly
decreased compared to the sludge production in
fine-bubble aeration. In fact, SVI was
significantly lower in nanobubble aeration (100
ml/g) at the SRT of 15 days although SRT
increased later (up to 40 d), and the SVI for both
aerations reduced gradually (Figure 6).
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It seems that reducing the size of
the air bubbles to the nanoscale, along
with increasing the dissolved oxygen
concentration in the reactor mixed liquor,
adds to the penetration of the air bubble
into the biological flocs, creating aerobic
conditions in the wider depths and breadths
of the flocs.29 This could increase the number of
the active bacteria in the floc mass, which
accelerates and intensifies the decomposition
and destruction of the organic matters entering

the reactors compared to fine-bubble aeration.
Consequently, the amount of the produced
sludge decreases. In the case of nanobubble
aeration, SVI was observed to be almost similar
(mean SVI=120 ml/g) during five hours of
aeration, while in the case of microbubble
aeration, it increased significantly (from 300
ml/g after one hour of aeration to 700 ml/g after
five hours of aeration) (Figure 7).

Under such circumstances, the bacteria
were observed to grow faster and enter the
autolysis phase earlier, and the bacterial
autolysis was more intense as well. On the other
hand, other microorganisms such as protozoa,
which are aerobic and bacterial hunters, were
found to be more active. In general, the
conditions resulting from the nanobubble
aeration caused the biomass lysis phenomenon
and the hunting of the bacteria by the protozoa,
which in turn reduced the production of sludge
more significantly than fine-bubble aeration.

Conclusion
Based on a pilot-scale study, we

investigated the effect of the size of air bubbles
(nanobubbles versus microbubbles) on the
oxygen transfer energy and sludge production of
SBR. According to the obtained results,
nanobubble aeration decreased the duration of
the transition zone due to the increased oxygen
supply in the mixed liquor of the reactor.
However, the increase had no significant
difference with microbubble aeration.
Moreover, the COD concentration (400-600
mg/l) had no visible effect on the oxygen
transfer efficiency. Nanobubble aeration
significantly reduced the sludge production
compared to microbubble aeration. Mean SVI
for nanobubble aeration was estimated at 150
ml/g after five hours of aeration, while it
increased to 700 ml/g after the same period. In
addition, the SVI versus SRT was significantly
lower in nanobubble aeration (100-40 ml/g for
15-40 d, respectively) compared to microbubble
aeration (160-80 ml/g for 15-40 d, respectively).
Therefore, it could be concluded that
nanobubble aeration not only increases the
oxygen transfer efficiency, but it also decreases
the sludge production in SBR systems.
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