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Abstract

This study aims to evaluate the impacts of low dissolved oxygen (DO) levels on activated sludge

performance. Two sequencing batch reactors (SBR), each with a working volume of 10 l, were

investigated with different DO levels. Compared with high DO conditions (above 2 mg l1 on average),

low DO conditions in the SBR did not result in poor sludge bulking, lower chemical oxygen demand,

and ammonium removal efficiency. Moreover, simultaneous nitrification and denitrification (SND)

via nitrite and shortcut nitrificationdenitrification were carried out under low DO levels. The

average efficiencies of SND and nitrite accumulation ratios (NAR) in reactors A and B were 10.6 and

60.4%, respectively, under high DO levels and 4.1 and 76%, respectively, under low DO levels.

Scanning electron microscopy revealed that the main types of bacteria in reactor A were spherical

and short rodshaped bacteria, whereas those in reactor B were long rodshaped bacteria and

filamentous bacteria. Thus, the appropriate DO concentration created excellent microbial

community structures, which helped the biological systems to perform well under low DO level

operating conditions.
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Introduction

Dissolved oxygen (DO) concentration is one of the

most important design and operation parameters in pollutant

removal processes and is an important contributor to

operational costs (Stenstrom et al., 1991). Most wastewater

treatment plants (WWTPs) operate the aerobic stage of a

biological nutrient removal (BNR) process under DO

concentrations higher than 2 mg l-1 to ensure the complete

nitrification of ammonia into nitrate, as well as the

establishment of stable ammonia-oxidizing bacteria (AOB)

and nitrite-oxidizing bacterial (NOB) populations (Grady et

al., 1999). Therefore, aeration is an essential process in the

majority of WWTPs and accounts for the largest fraction of

plant energy costs, ranging from 45 to 75% of plant energy

expenditure (Reardon et al., 1995).

Given that DO loss occurs during the mass transfer

to aerobic flocs and that some of the aeration volume is

invalid, the higher the DO, the worse the loss. Oxygen loss

in the transfer of oxygen from gas media to liquid media is

mainly due to sludge structure and initial oxygen partial

pressure. The two-film theory states that variations in DO

concentration influence substrate transfer in the aqueous

solution (Chudoba et al., 1973). Thus, reduced DO can

improve the oxygen transfer rate, cut down DO loss in the

transfer processes, and contribute to savings in energy

and function costs (Gieseke et al., 2001; Stenstrom et al.,

1991). Furthermore, a low DO also affects the structural and

biological communities of the active sludge (Liao et al.,

2011). For instance, the enrichment of AOB and the limitation-

inhibition-washout of NOB under low DO levels is the critical

point for the stable maintenance of partial nitrification via

nitrite (Blackburne et al., 2008; Peng et al., 2006). Compared

with conventional nitrification and denitrification processes,

shortcut nitrification and denitrification via nitrite not only

reduce aeration consumption by 25% but also cut the carbon
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source dosage by 40% (Ciudad et al., 2005). Similarly,

Pochana and Keller (1999) observed that denitrification

activity was inhibited under high DO levels in activated

sludge systems, although nitrification was enhanced at high

DO levels. DO levels higher than 0.8 mg l-1 were found

detrimental to denitrification. Thus, a low DO is crucial in

SND systems to achieve a balanced equilibrium between

nitrification and denitrification.

Until now, most previous studies have only focused

on the effect of DO as an operating parameter. Moreover,

the short-term effects of low DO on biological nitrogen

removal has been discussed in many studies using batch

tests (Bae et al., 2001; Ciudad et al., 2005; Park et al., 2004),

but limited reports are available on comparisons of BNR

processes under low DO for long-term operation. Few

studies have been conducted mainly because filamentous

bacterial overgrowth deteriorates the settling properties and

system stability in conventional activated sludge for long-

term operation under low DO levels (Martins et al., 2003).

The changes in activated sludge system stability

and BNR performance under low DO levels over long-term

operation is still doubtful. In addition, the shift in microbial

community structure and morphological properties under

low DO levels over long-term operation is unknown. Based

on these questions, the present study aims to compare the

system stability, BNR performance, microbial community

structure, as well as the floc morphology and size, under

different DO concentrations during operation. Furthermore,

this study aims to offer useful information about the

optimization of DO concentration in an active sludge reactor.

Materials and Methods

Seed sludge : Sludge samples (feed) were collected from

the oxic tank of a municipal wastewater treatment plant in

Chongqing (P.R. China). The sludge had a pH value of 6.9,

volatile solids (VS) concentration of 10000 mg l-1 to 11000 mg

l-1, and total solids (TS) concentration of 12500 mg l-1 to

13000 mg l-1.

Reactor : Two identical SBRs were operated in parallel.

Reactor A was used as a reference (average DO=2.0 mg l-1)

and reactor B was run with DO concentrations ranging from

0.1 mg l-1 to 1.0 mg l-1. The experimental reactor with its

instrumentation and control system is schematized in Fig. 1.

Fig. 1 : Schematic diagram of the SBR

Fig. 2 : Schematic representation of the cyclic operation

Filling time 20 min

Anaerobic

time 30 min

Oxic time
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Anoxic time
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Settling time
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Decant time
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The reactors were operated sequentially in six phases

(Fig. 2):  fill instant (10 min), anaerobic phase (30 min),

aerobic phase (180 min), anoxic phase (60 min), sludge

settling (60 min) and effluent discharge (30 min). This

procedure was designed to prevent or inhibit the

deterioration of settling properties and system stability due

to filamentous overgrowth during long-term operation under

low DO levels. The operation of pumps and the delivery of

gases to the SBRs were automated using digital timers

(Chrontrol, San Diego, CA). In addition, the pH of the mixed

liquor was maintained at 7.5±0.2 by adding sodium

bicarbonate (Jiangsu, China) to the influent. At the end of

each cycle, 2500 ml supernatant was decanted from the

reactor, and an equal volume of synthetic wastewater was

added to each SBR at the beginning of the next cycle. The

10 l capacity of each SBR corresponded to a hydraulic

retention time of 24 hr. Anaerobic conditions were maintained

by constantly stirring the mixed liquor with a magnetic stirrer

at 150 rpm during the anaerobic and anoxic periods of each

cycle. Anaerobic conditions were verified by periodically

measuring the DO in the mixed liquor.

The experiment was divided into three phases. Phase 1

comprises the first 20 cycles or the preparation phase. Phase 2

involves the sludge domestication process. The adaptation

and evolution of the microbial population in reactor B under

the low DO levels during the 20th and 171st cycles. Phase 3,

the active sludge systems in reactors A and B were stable

and constant after 171 cycles.

Synthetic water : The synthetic feed was prepared with
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Fig. 3 : SVI and SOUR performance under (A) high and (B) low DO conditions
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average COD, nitrogen and phosphorus concentrations of

550, 55 and 4 mg l-1, respectively. The synthetic feed was

composed of (per l) 30 mg C
6
H

12
O

6
, 16.7 mg sucrose, 10 mg

peptone, 67.5 mg NaHCO
3
, 22.5 mg NH

4
Cl, 7.5 mg

CaCl
2
·2H

2
O, 11.36 g MgCl

2
·7H

2
O, 21.94 g KH

2
PO

4
, and 20 ml

trace element solution. The trace nutrient solution used

was similar to the one used by Goel et al. (2006).

Analysis : Ammonia nitrogen (NH+

4
-N), nitrate nitrogen

(NO
3

--N), nitrite nitrogen (NO
2

--N), COD, mixed liquor

suspended solids (MLSS), mixed liquor volatile suspended

solids, alkalinity, and sludge volume index (SVI) were

measured according to the standard methods for water

and wastewater examination (APHA, 2005).  DO

concentration was measured using a DO meter (YSI, Model

55, USA). The oxidation-reduction potential, pH, and

temperature were measured with HI-8424 pH meter

(HANNA, Italy). Specific oxygen utilization rates

(SOURs) were measured with a Winkler bottle according

to the methods described by Sung et al. (2005). The SOURs

of ammonium or (SOUR)
NH4

 were determined using the

methods described by Liu et al. (2004). The microbial

composition and structure of the active sludge were

observed by scanning electronic microscopy (SEM; JSM-

5600LV,  JEOL).

Results and Discussion

Sludge settleability and particle size : Sludge settleability

was determined by measuring the SVI, which is the volume

of MLSS after 30 min of settling (Aguilar et al., 2002). The

SVIs measured throughout the experiments in reactors A

and B are shown in Fig. 3.

B-cycle
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The SVI in reactor B initially increased slowly until

the 40th cycle. However, a sudden rise in SVI was observed

during the 50th and 110th cycles, after which, a dramatic

decrease occurred and persisted at relatively constant values

between 106 mg l-1 and 130 mg l-1 during the 150th–417th

cycles. Conversely, the SVIs did not change significantly in

reactor A.

Based on the phenomenon observed, the average

settling properties and system stability of reactor B was

poorer (with higher SVIs) than that of reactor A because the

low DO concentrations encouraged filamentous

overgrowth, which then led to bulking (Simona et al., 2005).

Thus, a decrease in the DO level resulted in increased SVI.

Nevertheless, the SVIs of reactor B dropped after the 110th

cycle because some filamentous growth was not sustained

under anoxic conditions (António et al., 2004). The few

physiological studies with pure cultures of

chemoheterotrophic filamentous bacteria showed that most

of them appear to have a strictly aerobic respiratory

metabolism with oxygen as electron acceptor. To our

knowledge, only the morphotypes Types 0961, Type 1863,

Type 1851 and N. limicola are claimed to have the capacity

to perform a fermentative metabolism (Nowak et al., 1990;

Horan et al., 1988; Kohno et al., 2004) and therefore may

have competitive advantages in systems with anaerobic

stages. However, these morphotypes are believed to be

minor components of the total microbial population and

they are generally not responsible for sludge bulking

episodes. Ultimately, the competition within the

microorganism continuous culture achieves a balance, which

is indicated by a stable SVI.

Sludge particle sizes with a volume mean diameter

were measured to understand further the sludge settleability

of the reactors. Fig. 4 shows the sludge particle size in

reactors A and B. The volume percentages of floc with a

diameter lower than 50 µm in reactors A and B were 74.29

and 95.86%, respectively. The average diameters of the floc

in reactors A and B were 42.6 and 22.62 µm, respectively.

Despite these findings, the low DO concentrations may

have led to the formation of smaller-sized sludge floc.

SOUR : SOUR tests of mixed liquor were conducted

periodically to investigate the impact of DO concentration

on microbial activity and oxygen transfer. Fig. 3 presents

the SOURs in the two SBRs. As shown in Figs. 3, the SOUR

was observed to increase roughly with increasing SVI. This

phenomenon indicates that the high SVI under low DO may

have led to a high oxygen transfer. The SOURs are ranked

as follows: 101st cycle > 141st cycle > 197th cycle > 61st cycle >

21st cycle. Meanwhile, the SVI values are ranked as follows:

101st cycle > 61st cycle > 197th cycle > 141st cycle > 21st cycle.

Although the SVI at the 61st cycle was higher than at the

J. Guo et al.

Fig. 4 : Floc size distributions in the two reactors
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141st cycle, the SOUR in the 141st cycle was still higher. The

SVI values obtained results imply that SVI has an important

effect on the SOUR. However, the biological population

also influences the SOUR of the sludge, wherein the microbial

consortium possesses a higher oxygen affinity via the

acclimation and enrichment of the activated sludge under

lower DO levels (Guo et al., 2010). Low DO concentrations

lead to a relatively high filamentous bacterial growth rate.

Moreover, the surface-to-volume (A/V) ratio is higher for

filamentous bacteria (Guo et al., 2012). This phenomenon

further demonstrated thar, a high A/V ratio gives advantages

to the filamentous bacterial because the mass transfer to the

cells is better facilitated at low substrate concentrations (Gaval

et al., 2003). Fig. 4 shows that the sludge surface in reactor B

is rougher than that in reactor A, which suggests that the

microorganisms may further develop the A/V of the floc.

COD removal : Fig. 5 presents the variations in COD over

time in the SBRs under routine and low DO levels. A slight

decrease in COD removal efficiency for tank B was observed

in the early transition phase. This effect is linked to the

decreasing DO concentration, which resulted in hypoxia,

thereby affecting aerobic bacterial metabolism. Nevertheless,

after a stable influent period, the system recovered its

performance, and the reactor continued to present stable

behavior, which resulted in high COD efficiency. The COD

in the effluent under low DO conditions was unchanged
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and was mostly lower than 30 mg l-1. The average COD

concentration in the effluent under routine DO levels was

28.9 mg l-1. The COD in the effluent in reactor B slightly

decreased under low DO levels. The decrease in COD is

mainly due to the high SOUR (Fig. 3) and to the enhanced

ability of filamentous bacteria to degrade lower residual

substrate concentrations due to their unique characteristics.

Based on the results mentioned, a low DO concentration

shows two main advantages: it improves the removal

efficiency of COD compared with the control system, and it

lowers costs via the lower DO dosage required. In particular,

higher COD removal efficiencies were observed under lower

DO concentrations.

Nitrogen removal : Nitrogen removal through shortcut

nitrification-denitrification was calculated using nitrite

accumulation ratio (NAR). NAR was calculated as follows:

NNONNO

NNO2
NAR

32 ���

�
�

��

�

                                       (1)

The efficiency of SND was calculated according to the

following equations (Third et al., 2003):

100%x
NNH

NNONNH
SND

(oxidized)4

(product)x(oxidized)4

�

���

�
�

��

  (2)

The pH in the reactor throughout the operation was

kept between 6.8 and 7.1 by adding NaHCO
3
, irrespective of

the extent of nitrification and denitrification. Fig. 6 and 7

show the nitrogen concentrations of the influent and

effluent, as well as the removal efficiencies, at each phase

of operation in both reactors.

Although the average SOUR (NN
4

+-N) of the sludge

in reactors A and B were comparable during the 20th and 40th

cycles, the average ammonia removal efficiency in reactor B

was lower, which was only 85% compared with 96% in

reactor A during the same period in the acclimation phase.

The differences were mainly attributed to different DO

concentrations. Evidently, low DO negatively affects

ammonia removal because the nitrification bacteria are

sensitive to DO concentrations (Dong et al., 2011).

With selective sludge removal and acclimation, the

nitrification rates slowly decreased from 29.7 mg O
2
/VSS to

22 mg O
2
/VSS under low DO conditions. The low nitrification

Long-term evolution of an activated sludge system under low dissolved oxygen conditions

Fig. 5 : COD removal performance under (A) high and (B) low DO conditions

-50 0 50 100 150 200 250 300 350 400 450 500

96

92

88

84

80

96

92

88

84

80

0 100 200 300 400 500

100

80

60

40

20

100

80

60

40

20

Phase 1 Phase 2 Phase 3

EFF COD

COD removal efficiency

B-cycle

A-cycle

EFF COD

COD removal efficiency



432

Journal of Environmental Biology, April 2013

rate was maintained after 61 cycles of operation because

the low DO value limited NOB growth and washed out the

NOB from the system, meanwhile the AOB and other

nitrification bacterial under acclimatization have adapted

the low DO conditions (Dong et al., 2011). The average

ammonia removal rate in reactor B slowly increased, ranging

between 90 and 95% with prolonged operation at 0.5 mg O
2

l-1. In addition, around 10.0 mg l-1 of NO
2

--N started to

accumulate in the effluent after 61 cycles of operation. The

nitrification rate in reactor A was 32 mg O
2
/VSS. The

ammonia removal efficiency in reactor A ranged between 90

and 98%, but no significant nitrite accumulation was

observed due to the high DO conditions. Afer the reactor

continued to present stable behavior, the ammonia removal

efficiencies in reactors A and B were comparable (Fig.

6).However NH
3

+–N was completely removed with prolonged

aeration time under low DO than under high DO for the

SOUR(NN
3

+-N) (Fig.1). The complete removal of NH
3

+–N

with prolonged aeration time is shown in Fig. 8. Meanwhile

the total nitrogen (TN) removal efficiency is shown similar

to that of the ammonia removal efficiency before the 61st

cycle of operation in the acclimation phase of reactor B in

Fig. 6. The similarity in efficiency may be due to limited

nitrification hinders nitrogen removal.

After the acclimation phase ended, the NH+

4
-N and

TN removal efficiencies were always kept above 90% and

40%, respectively, in reactor A and above 90% and 60%,

respectively, in reactor B (Figs. 6). And the effluent TN

concentration was stable. The fluctuation of the TN removal

rate in the effluent was less than 10% the average removal.

The average NAR efficiencies in reactors A and B were
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Fig. 6 : Ammonia nitrogen and total nitrogen removal performance under high (A) and low (B) DO conditions
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loss in reactor B took place in the aerobic stage (Fig. 8).

Thus in reactor A, while the operating DO was maintained

at 1 to 3 mg l-1. No significant nitrite levels were measured in

the effluent, and the average TN removal was 44% due to

the low denitrification SND rate at higher DO levels.

In accordance with the physical mechanism

proposed for SND (Hibiya et al., 2003), SND occurs because

of DO gradients reduce within the activated sludge flocs,

particularly those with a large floc size. Thus, a comparison

of the floc sizes and percentiles between reactors A and B,

as well as the results of nitrogen removal efficiencies through

SND, reveal the significance of DO in SND. Despite a smaller

floc size in reactor B under low DO conditions, the SND was

higher due to a lower operating DO level. These findings

emphatically corroborate that SND is much more sensitive

6.1% and 76%, respectively. Meanwhile, the SND efficiencies

in reactors A and B were 4.6% and 47%, respectively. These

results indicate that the TN removal was greatly influenced

by the operating DO concentration. At the low DO levels,

complete nitrification decreased but denitrification

improved, and vice versa. Thus, whereas the DO was

maintained at 0.3 to 1.0 mg l-1 in reactor B, complete

nitrification was hampered and denitrification improved due

to oxygen limitation, which resulted in NO
2

--N enrichment

and SND enhancement (Fig. 7). The average TN removal in

reactor B was 63% of the influent nitrogen, with average

34% of the nitrogen removed through SND. SND may have

likely been achieved through the nitrite pathway because a

considerable amount of nitrite was measured in the effluent.

And, the TN removals in the anaerobic and anoxic stages in

both reactors were comparable, and part of the nitrogen

Long-term evolution of an activated sludge system under low dissolved oxygen conditions

Fig. 7 : Nitrogen removal performance under (A) high and (B) low DO conditions
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to DO than to floc size, which is different from the other

studies on the importance of floc size for better SND under

low DO levels (Pochana et al., 1999).

Based on the results discussed, the TN removal

efficiency improved from 44 to 63%, and SND efficiency

from 7.6 to 47% through DO reduction. Moreover, the TN

fluctuation in the effluent was less than 10% of the average

removal.

SEM observation : SEM observations of the morphology

and structure of the acclimated sludge are shown in Fig. 9.

The sludge samples were obtained from reactors A and B at

the 201st cycle, while the sludge activity was stable with a

considerable consumption of elemental nitrogen and organic

material. Scanning electron microscopic observation

revealed that the sludge samples from reactors A and B had

dissimilar compositions and morphology. In reactor A, the

main types of bacteria were spherical and short rod-shaped

bacteria. Meanwhile, the main microorganisms in the

cultivated sludge from reactor B were long rod-shaped

bacteria and filamentous bacteria. This analysis confirm that

the decrease in DO from 2 to 0.5 mg l-1 resulted in a difference

in the predominant microorganisms. Meanwhile, the TN and

COD removal efficiencies achieved in reactor B were 63 and

95%, respectively. The results of the reactor performances

showed that filamentous bacteria have no negative effects

J. Guo et al.

B-Time (Min)
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on nitrogen and organic removals. Thus, filamentous

bacteria can harmoniously co-exist with other bacteria.

Jianhua et al. (2012) also reported that filamentous bacteria

probably play a positive role in nitrogen removal because

they could form compact clusters.

This study examined the effect of low DO conditions

on the performance of sludge settling properties, floc size,

COD removal performance, nitrogen removal performance,

and microbial structure in SBRs under long-term experiments.

The results indicated that low DO conditions did not result

in poor sludge bulking or in lower COD and ammonium

removal efficiencies compared with the control system.

Moreover, the DO limitation enhanced SND via nitrite, NAR,

and TN removals. Scanning electron microscopy revealed

that the main types of bacteria in reactor A under routine

DO levels were spherical and short rod-shaped bacteria,

whereas those in reactor B under low DO levels were long

rod-shaped bacteria and filamentous bacteria. The

filamentous bacteria were found to have no negative effect

on nitrogen and organic removals. Thus, these bacteria

could harmoniously co-exist with other bacterial types. The

results of this study sufficiently evince that the appropriate

DO concentration significantly influences the bioaugmented

SBR process.
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