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ABSTRACT

The effects of dissolved oxygen (DO) on treatment efficiency and sludge reduction in sequencing
batch reactors (SBRs) were examined in this study. The results showed that not only was excess sludge
reduced but the pollutants were also removed more effectively in the low-DO reactor compared with
the control reactor. To further investigate the differences between the sludges produced in the two
reactors, the characteristics of each sludge were studied. The average values of MLVSS/MLSS, SOUR_,,,
SOUR,,, Y,, and K, in the low-DO reactor were 0.82, 44 mg O,/(g MLSS h), 6.8 mg O,/ (g MLSS h),
0.61 g cell/g COD, and 0.33 d7', respectively, and 0.78, 37 mg O,/(g MLSS h), 8.2 mg O,/(g MLSS h),
0.65 g cell/g COD, and 0.38 d, respectively, in the control reactor. In the low-DO reactor, filamentous
bacteria, facultative bacteria, and other such bacteria that are able to adapt to the low-DO environ-
ment comprising the main bacteria. The low Y, and high total decay of the low-DO reactor sludge
contributed to the reduction in sludge quantity by approximately 16% and 84 %, respectively.
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1. Introduction

Currently, most urban sewage treatment plants in the
world use an activated sludge process because of its ability
to effectively remove pollutants with fewer steps, lower
cost, and higher treatment capacity [1,2]. However, the
activated sludge process generates a large quantity of excess
sludge [3], which can pose a threat to the environment and
impose a heavy burden on the sewage treatment plant [4,5].
At present, sludge disposal accounts for 50%—60% of world-
wide sewage plant operation costs. Thus, the minimization
of sludge production during the activated sludge process
has become an important goal in the field of wastewater
treatment, receiving considerable attention in recent years
[6]. Biological, mechanical, thermal, and chemical methods
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have been developed to reduce sludge production during
the activated sludge process [7,8]. However, these methods
require extra energy or chemicals, which prevent the existing
sludge reduction technologies from being environmentally
sustainable. An advanced sludge reduction strategy needs
to be developed to simultaneously reduce excess sludge and
enhance nutrient removal during wastewater treatment.
Dissolved oxygen (DO) is one of the key substrates for
biological survival. Varying DO concentrations can result in
different biochemical characteristics and diverse microbial
communities [9]. When O, is used as the electron acceptor,
more substrates are involved in anabolism compared with
when other electron acceptors (NO;, SOZ, and CO,, etc.) are
used [10,11]. This factor accounts for the higher sludge yield
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reported for the aerobic activated sludge process compared
with other processes such as SHARON, ANAMMOX,
and CANON [7,12]. Sadaie et al. [13] reported that sludge
production was remarkably reduced when the DO supply
decreased.

However, the pollutant removal efficiency remains
unchanged in activated sludge treatment systems with low DO.

Guo et al. [14] introduced the limited filamentous bulking
sludge under low DO, under the artificial control, the acti-
vated sludge treatment system did not lead to filamentous
bacteria malignant expansion or serious sludge loss. Tian
et al. [15] found that the optimum conditions for integrated
nitrogen, phosphorus, and chemical oxygen demand (COD)
removal were achieved with a DO of 1.0-1.5 mg/L and a
sludge volume index (SVI) level of 170-200. Guo et al. [14]
reduced the DO to 0.5 mg/L and successfully maintained
an anoxic/oxic (A/O) system at a slightly expanded state.
In comparing with the conventional process, the aeration
volume was reduced by 57%, and the removal rate of
pollutants was unchanged.

It could be inferred from these studies that activated
sludge systems maintained in a low-DO state have greater
potential for sludge reduction and efficient sewage treatment.
Thus, further research on sludge reduction, sewage treat-
ment, and microbiological activities in the low-DO activated
sludge process is needed. In this study, the differences in the
pollutant treatment efficiency, sludge reduction, and bacte-
rial communities between low-DO-activated sludge systems
and Control systems are discussed, in order to provide
theoretical support and practical engineering guidance for
the development of low-DO-activated sludge treatments.

57

2. Materials and methods
2.1. Seed sludge

Sludge samples (feed) were collected from the oxic
tank of a municipal wastewater treatment plant (WWTP)
in Chongging (P. R. China) and stored at 4°C. The sludge
had a pH value of 6.9, volatile solids (VS) concentration of
10,000-11,000 mg/L, and total solids (TS) concentration
of 14,500-15,000 mg/L.

2.2. Reactor

Two identical sequencing batch reactors (SBRs) with a
10-L capacity were operated in parallel (Fig. 1). The low-DO
reactor L ran an aerobic process with DO concentrations in
the range of 0.1-0.8 mg/L (average DO = 0.4 mg/L) while
reactor N ran as a control (average DO = 2.5 mg/L). To
avoid the deteriorating effects of settling brought on by the
overgrowth of filament with long-term operation under
low-DO conditions; an appropriate process was introduced
to effectively prevent the occurrence of sludge bulking
[16]. The experimental reactors were operated through five
sequential phases: (1) water inflow (20 min); (2) aerobic
(120 min in the control system, 180 min in the low-DO sys-
tem, stopped by the actual substrate degradation response
time); (3) anoxic (60 min); (4) sludge settling (60 min); and
(5) effluent discharge (30 min). Operation of the pumps
and magnetic stirrer and gas delivery to the SBRs were
automated using digital timers. At the end of each cycle,
2,500 mL of supernatant was pumped from the reactor. An
equal volume of synthetic wastewater was then allowed
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Fig. 1. Low-DO and control reactors.
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to flow into the SBRs at the beginning of the next cycle,
which corresponded to a hydraulic retention time (HRT)
of 24 h. The pH was measured using a PHS-3C pH meter
(Sartorius AG, Germany). DO was measured using a DO
sensor (YSI55/12FT, USA).

2.3. Synthetic feed

The synthetic feed (influent) was designed to maintain
COD, nitrogen, and phosphorus concentrations at 510, 70,
and 4 mg/L, respectively. Table 1 summarizes the composition
of synthetic feed. The pH was maintained at 7.2 + 0.5 through
the addition of sodium bicarbonate (NaHCO,, Jiangsu,
China). The composition of the synthetic feed was (per liter)
30 mg glucose (C.H,,0,), 16.7 mg sucrose, 10 mg peptone,
67.5 mg NaHCO, 225 mg NH,Cl, 7.5 mg CaCl,2H,0,
11.36 mg MgCl,'7H,O, 21.94 mg KH,PO,, and 20 mL of trace
element solution. The trace nutrient solution was similar to the
one used by Goel and Noguera [17].

2.4. Water quality analysis

In this study, samples were collected daily. Standard
methods (SEPA [18]) were used to measure nitrate (NO;N),
nitrite (NO,;N), total nitrogen (TN), and COD....

2.5. Sludge analysis

The specific oxygen consumption rate (SOUR) of the
activated sludge, which describes the amount of oxygen used
by the microorganisms to consume 1 g of COD, was used
to evaluate the microbial metabolic activity of the sludge.
The SOUR was measured using standard methods (APHA,
1992). The heterotrophic conversion yield (Y,, kg COD/
kg COD) was measured using Strotmann’s method [14,19].
A technique adapted from Liu and Wang [20] was used to
measure the K, (endogenous decay coefficient).

2.6. Microbial community analysis
2.6.1. Sample collection and DNA extraction

Sludge samples L (denoting sludge samples from the
low-DO system) and N (denoting sludge samples from
the control system) were collected from the low-DO and con-
trol reactors, respectively. The genomic DNA was extracted
from the sludge samples using an OMEGA (Norcross,
Georgia, USA) E.Z.N.A Soil DNA kit, and the genomic DNA
was detected by 1% agarose gel electrophoresis.

2.6.2. Polymerase chain reaction amplification

Based on the designated sequencing area, the fusion
primers with “5'-454A and B joint-specific primer-3"" were

Table 1
Composition of synthetic feed (mg/L)

synthesized. The sequencing end of the barcode label was
denoted with A to distinguish the different samples, and
the B end was connected with the amplification primers.
The polymerase chain reaction was carried out using
TransGen AP221-02 (Beijing, China): TransStart Fastpfu DNA
Polymerase and an ABI GeneAmp®9700 thermocycler.

2.7. Calculation of the observed yield

The sludge observed yield was calculated using the
following equation:

((x,-X,)+AX)

y, ==~ “¢ 1
obs SO_SE ()

where X represents influent suspended solids (g/L), X,
represents effluent suspended solids (g/L), S, represents
influent COD (g/L), S, represents effluent COD (g/L), and AX
represents solids produced in the SBR (g/L).

The experimental observed yield (Y, , kg VSS/kg COD)
was calculated using Egs. (2) and (3). The standard error
deviation for each Y value was calculated based on the
VSS (volatile suspended solids) variability for the period
considered:

X :icXYHX(So—Se)

P, 14K, %6,

)

Y, = ©)
0. %(S,—S,)

where X, represents the sludge concentration (mg/L), 7,
represents the aerobic retention time, 7, represents the HRT,
0. represents the sludge retention time (SRT), Y, represents
the heterotrophic yield coefficient (mg/L), K, represents
the endogenous decay coefficient (mg/L), S, represents the
influent concentration (mg/L), and S, represents the effluent
concentration (mg/L).

3. Results and discussion
3.1. Effect of DO on pollutant removal efficiency

Table 2 summarizes the removal efficiency of each
pollutant in the SBRs under different DO concentrations as
well as the pollutant concentrations in the influent and efflu-
ent. The table shows that the effluent COD removal rate of
the low-DO reactor was not significantly different from that
of the control reactor. This is because most of the COD in the
influent consisted of easily biodegradable substrate, which

Constituent Peptone Glucose Sucrose NaHCO, CaCl, MnCl,
Concentration 10 30 16.7 67.5 7.5 0.03
Constituent KH,PO, NH,CI MgSO, FeCl,

Concentration 21.94 22.5 11.36 4.0
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Table 2
Average effluent quality in each reactor
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Project Low-DO reactor Control reactor
Average + standard deviation Average * standard deviation
Influent COD_, mg/L 482 +12 482 +12
Effluent COD,, mg/L 35.6 4.2 37.8+5.5
COD,, removal rate, % N6+1.4 922 +2.1
Influent TN, mg/L 68.4+4.2 68.4+4.2
Effluent TN, mg/L 16.7£2.1 245+35
TN removal rate, % 75.58 +1.7 64.18 +2.1
Influent NH;-N, mg/L 63.2+4.7 63.2+4.7
Effluent NH,-N, mg/L 3.21+0.52 2.89+0.38
NH;-N removal rate, % 9492 +1.1 9543 +1.5
Influent TP, mg/L 4.72+0.51 4.72+0.51
Effluent TP, mg/L 0.35+0.08 0.41+0.12
TP removal rate, % 92.55+1.2 91.28+1.5

would not inhibit COD removal. Furthermore, utilization
associated products were adsorbed but difficult to degrade
by the sludge, so there was no significant difference in
COD degradation. The effluent NH,-N concentration in the
low-DO reactor was 3.21 mg/L, and the removal rate was
95%, much like the control reactor. The average effluent TN
concentrations in the low-DO reactor and control reactor
were 16.7 and 24.5 mg/L, respectively, and the TN removal
rate was 76% and 64%, respectively. Traditional denitrifi-
cation theory holds that heterotrophic denitrifying bacte-
ria are also facultative anaerobic bacteria. Miinch et al. [21]
found that when the concentration of DO was 0.5 mg/L, the
denitrification and nitrification rates were equal. If the con-
centration of DO in the system was high, then the in vivo
synthesis of denitrifying bacteria with nitrate reductase was
inhibited. A lower DO concentration ensured that there was
a sufficiently anoxic environment inside the sludge for the
activation of denitrifying bacteria. Therefore, simultaneous
nitrification and denitrification was more likely to occur in
the lower DO system, which improved the TN removal rate.

In the low-DO reactor, the removal rate of total
phosphorus reached 92%, which was higher than in the
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Fig. 2. Sludge observed yield (Y,, ) in both the reactors. (a) Daily sludge concentration and sludge observed yield (Y

(b) cumulative sludge observed yield (Y, ).

control reactor. There are two potential reasons for this
observation. First, the high phosphorus removal rate
obtained in the low-DO reactor may have been based on the
enrichment of polyphosphate bacteria; second, gasification
that removed phosphorus may have occurred in the low-DO
reactor [22,23]. The phosphorus removal mechanism in
the low-DO environment requires further study.

3.2. Sludge-observed yield (Y, )

As can be seen from Fig. 2a, under a low-DO environ-
ment, the sludge concentration was maintained in the range
of 2,150-2,250 mg/L, with an average value of approximately
2,200 mg/L. In the control reactor, the sludge concentration
was maintained in the range of 2,540-2,620 mg/L, with an
average value of about 2,580 mg/L, and no large-scale sludge
loss or growth was observed for the high SVI.

To reduce the influence of daily variation, the growth
rate of the sludge was integrated, and the relationship
between the accumulation of sludge and the total removal
of COD was obtained where the slope of the line was the
cumulative sludge observed yield (Y ). Fig. 2b shows
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that the sludge Y, coefficient of the control reactor was
0.254 g/g COD, while that of the low-DO reactor was only
0.22 g/g COD, 14% lower. This indicates that the DO con-
centration had an influence on the sludge Y, _coefficient. In
order to further investigate the difference in the sludge Y ,_
coefficient between the reactors, the sludge characteristics
were studied.

3.3. Effect of DO on sludge characteristics
3.3.1. Effect of DO on the sludge SVI

As can be seen from Fig. 3a, under a low-DO environment,
the SVI was maintained in the range of 173-252 mL/g, with
an average value of approximately 236 mL/g. In the control
reactor, the SVI was maintained in the range of 46-82 mL/g,
with an average value of about 78 mL/g.

The difference in the SVI value between the two reac-
tors was mainly due to the different DO concentrations. In
the low-DO environment, the growth of bacteria with a low
oxygen affinity was inhibited, while filamentous bacteria
with a higher oxygen affinity likely gained a competitive
advantage and grew rapidly (Fig. 3b). Therefore, the high
SVI was caused by the excessive proliferation of filamentous

bacteria. However, no serious sludge bulking could be
caused by the low-DO concentration alone. Guo et al. [24]
called this phenomenon stable limited filamentous bulking.

3.3.2. Effect of DO on the sludge MLVSS/MLSS value

The mixed liquor volatile suspended solids (MLVSS)
and mixed liquor suspended solids (MLSS) values in the
low-DO and control reactors are shown in Fig. 4a. The
MLVSS/MLSS ratio of the sludge in the low-DO reactor
was approximately 0.82, while that of the sludge in the
control reactor was approximately 0.78% and 15% lower.
This finding is consistent with the findings of Guo et al.
[14] and He et al. [25]. Generally, the MLVSS/MLSS value is
related to the SRT. In the long-SRT process, a large amount
of degraded sludge results as well as inorganic suspended
solids that remain in the residue. Under the same conditions,
differences in the MLVSS/MLSS values may be related to
differences in the sludge degradation rate, which in turn may
be related to differences in the microbial populations.
The main strains existing in the low-DO reactor included
filamentous and facultative bacteria that can adapt to
low-DO environments. In the control reactor, the main strains
included floc-forming and aerobic bacteria. A study by
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Fig. 3. (a) SVI of the sludge under different DO and (b) optical micrographs of the sludge under different DO. Samples L denotes
sludge samples from the low-DO system and N denotes sludge samples from the control system.
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system.

Contreras et al. [26] determined that the bacterium micelle
has a greater self-degradation rate than filamentous bacteria.

3.3.3. Effect of DO on the sludge SOUR value

Generally, SOUR, (endogenous specific oxygen uptake
rate) is used to represent the endogenous respiration rate
and SOUR, (exogenous specific oxygen uptake rate) is used
to represent the maximum respiration rate. The SOUR_
and SOUR_, values of the sludge in the low-DO reactor and
control reactor under different ranges of DO are shown in
Figs. 4b and c. When the DO concentration was higher than
2 mg/L, the SOUR,, values in the low-DO and control reac-
tors were 44 and 37 mg O,/(g MLSS h), respectively. When
the DO concentration was in the range of 1.5-0.9 mg/L, the
SOUR,, values in the low-DO and control reactors were 38
and 31 mg O,/(g MLSS h), respectively. When the DO con-
centration was in the range of 1.8-0.4 mg/L, the SOUR,,
values in the low-DO and control reactors were 24 and

21 mg O,/(g MLSS h), respectively. These observations indi-
cate that SOUR, decreases as DO concentration declines.

This was mainly because the microbial degradation of
organic matter required an electronic donor and an electron
acceptor. Therefore, the utilization rate of electron donors
decreased with a decrease in electron acceptor concentrations.
While the SOUR, of the sludge in the low-DO reactor was
higher than that in the control reactor, regardless of oxygen
concentration. This is mainly attributed to the loose flocs
formed in low-DO environments, the large specific surface
area of the sludge, and the potential for a high oxygen trans-
fer rate. However, when the oxygen concentration was low,
the difference of sludge SOUR,, between the low-DO reactor
and control reactor was reduced. This could be explained by
the tendency of facultative bacteria in the low-DO reactor to
enter anaerobic or anoxic working modes that consume less
oxygen.

While SOUR;, and SOUR;, characteristics between
reactors differed with oxygen concentration (Figs. 4b and c),
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the difference in the SOUR_ value was not obvious due to
the small amount of endogenous aerobic respiration. The
SOUR,,, of the sludge in the low-DO reactor was 20% lower
than that of the sludge in the control reactor. This could be
explained by the presence of hypoxemic bacteria such as
filamentous bacteria, that have a smaller attenuation coef-
ficient and a lower endogenous respiration rate, resulting
in a lower SOUR, for the sludge in the low-DO reactor
compared with the control reactor.

3.3.4. Effect of DO on the biomass growth yield coefficient (Y,,)

As shown in Fig. 5, the average Y, values of the sludge
in the low-DO reactor and control reactor were 0.61 and
0.65 g/g, respectively. Thus, the Y, of the sludge in the
low-DO reactor was slightly lower than that of the control
(Fig. 5a). Running the reactors in parallel could eliminate
the influence of substrate characteristics, heavy metals, and
pH on the sludge yield. The observed difference in the Y,
is mainly attributed to the particular varieties of microbial
species. Payne [27] studied the Y, of eight kinds of bacte-
ria grown in a single aerobic glucose culture medium. The
results showed that the Y, of different cells (pure culture)
ranged from 0.43 to 0.59 g/g. This test clearly demonstrated
the influence of various microorganisms on Y. Also, fila-
mentous bacteria presented a low yield coefficient, which
might be the reason for the low Y, of the sludge in low-DO
reactor [28,29].

3.3.5. Effect of DO on the endogenous decay coefficient (K)

The endogenous decay coefficient (K,) of the sludge
in the low-DO reactor and control reactor were 0.33 and
0.38 d7', respectively (Fig. 5b). The K, of the sludge in the
low-DO reactor was 12% lower than that of the control.

Microorganism decay is generally affected by heavy
metals, toxic metal ions, antibacterial drugs, viruses, micro-
organism characteristics and starvation. In this study,
synthetic wastewater was used and the reactors were run
in parallel. Therefore, the difference in the K, was mainly
due to the varying characteristics of the microorganisms.
According to a study by Peng and Guo [29], compared
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with Zoogloea, filamentous bacteria have lower endoge-
nous decay rates. Hence, the K, of the sludge in the low-DO
reactor with a high content of filamentous bacteria was
lower.

3.3.6. Effect of DO on the community structure of the sludge

Experimental sludge samples were taken from the
low-DO and control reactors. As shown in Table 3, in sludge
samples from the low-DO reactor (L), the richness index
Chao value was slightly higher than that of sludge from the
control reactor (N), but the difference was small. The ACE
and Shannon diversity indices showed a similar pattern,
while the Simpson index was slightly lower in the L sample,
indicating the higher diversity and abundance of microbes
in the N sample.

The accumulation percentage of microorganisms above
0.5% in each sludge sample is plotted in Fig. 6. It can be
seen that the DO concentration had a great influence on the
microbial population. In the L sample, Acidobacteria, BD1-5,
Bacteroidetes, Candidate_division_SR1, Candidate_division_
TM7, Chlorobi, and Firmicutes were the most abundant
bacteria, among which Bacteroidetes, Firmicutes, Acidophilus,
Chlorobi, and Chloroflexi were mostly anaerobic or faculta-
tively metabolized. In the N sample, Chloroflexi, Nitrospirae,
and Proteobacteria were the most abundant bacteria. The
Proteobacteria content was high in both types of sludge
samples.

In conclusion, the types of microorganisms that were
present in the low-DO and control reactors were different.
Most of the bacteria in the control reactor were aerobic
heterotrophic bacteria, while facultative bacteria, anaerobic
bacteria, and filamentous bacteria were dominant in the
low-DO reactor.

3.3.7. Analysis of the sludge reduction

From the above analysis, we can see that the Y, of the
low-DO reactor was lower than that of the control reac-
tor, while the previous analysis showed that the SOUR,,
Y,, and K, values of the sludge in the low-DO reactor
were lower than those of the control reactor. The lower
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Fig. 5. Y, of the sludge under different DO and (b) K, of the sludge under different DO.
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Table 3 Table 4
Diversity index analysis table Contribution rates in sludge reduction
L N N L

ACE 5,406 4,169 Sludge production 0.254 0.22
Chao 4,000 3,081 Relative sludge yield, % 100 86.70
Coverage 0.926316 0.93655 Contribution rate of the lower Y, 100 16
Shannon 5.35 5.2 Contribution rate of total decay amount 100 84
Simpson 0.0259 0.0271

Egs. (2) and (3) were then combined to obtain Eq. (4).
yield and lower decay rate of the sludge in the low-DO

reactor made it difficult to determine the contribution rate Dh Y,

of each index in the sludge reduction. Thus, it is essential ) )
that that the growth and decay of the sludge are quanti- 14 K,0,

fied based on the Lawrence-McCarty model (Fig. 7). The

observed yield (Y, kg VSS5/kg COD) was calculated using From Eq. (4), it can be seen that the sludge concentration
Egs. (2) and (3). was related to the Y,, K, SRT, HRT, and aerobic retention
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Fig. 6. Distribution of main bacteria in sludge L and N.
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Fig. 7. Analysis of the biomass balance under different DO.
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time. Therefore, when the SRT was constant, the decrease
in Y, in the low-DO reactor was attributed to two reasons.
The first reason was the lower Y, of the sludge. The second
reason was the higher degree of total decay in the low-DO
reactor due to the longer aerobic retention time than in the
control reactor. The first and second reasons contributed to
the reduction in sludge quantity by approximately 16% and
84%, respectively (Table 4).

4. Conclusions

Compared with the control reactor, the low-DO reac-
tor reduced excess sludge and removed pollutants more
effectively. The low-DO reactor exhibited removal efficien-
cies of over 95% for ammonia, over 70% for TN, over 95%
for POj‘—P, and over 95% for COD. Furthermore, the sludge
Y. coefficient of the low-DO reactor was 14% lower than
that of the control reactor.

To further investigate the differences between the
sludges produced in each reactor, the sludge characteris-
tics were studied. The MLVSS/MLSS value of the sludge
in the low-DO reactor was 15% higher than that in the
control reactor. The SOUR_, of the sludge in the low-DO
reactor was higher than in the control reactor; however, the
SOUR,, of the sludge in the low-DO reactor was 20% lower
than in the control reactor. The average Y, values of the
sludge in the low-DO and control reactors were 0.61 and
0.65 g/g, respectively. The average K, values of the sludge
in the low-DO and control reactors were 0.38 and 0.33 d,
respectively.

The Chao value in the low-DO sludge sample (L) was
slightly higher than that in the control sludge (N), but the
difference was not significant; the ACE and Shannon indi-
ces showed similar trends, while the Simpson index was
slightly lower in the low-DO sludge sample, which could
explain the high diversity and abundance of microorgan-
isms in samples of low-DO sludge. In the low-DO reactor,
filamentous bacteria, facultative bacteria, and other bacteria
that were able to adapt to the low-DO environment were
the main bacteria present. The microbial yield coefficient of
such bacteria was low, which enhances the sludge reduction
process.

The mechanism of excess sludge reduction in the low-DO
reactor was the combined effect of Y,, K, SRT, HRT, and
aerobic retention time. The low Y,; and the high total decay
amount of the sludge in the low-DO reactor contributed to
the reduction in sludge quantity by approximately 16% and
84%, respectively.
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