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ABSTRACT

Background: Wastewater collection, treatment, discharge, additionally as reusing the treated

Article info: wastewater in urban are critical factors for maintaining public health preventing contamination of

Received: 12 Mar 2021 water resources. This study aimed to investigate the performance of enhanced modified Ludzack
Accepted: 25 Aug 2021 . Ettinger process-oxic settling anaerobic (MLE-OSA) process for treating real municipal
Publish: 01 Oct 2021 : wastewater in Sari wastewater Treatment, Sari City, Iran.

Methods: To combine the OSA process technique with the MLE system, the Sludge Holding
Tanks (SHT) were implemented in the return sludge line of designed pilot studies which
comprised 1) MLE, which was regarded as the control system similar; 2) MLE-OSA, with a
70-L SHT operated at 4-h Hydraulic Retention Time (HRT), and 3) MLEOSA, with a 107-L
SHT operated at 6-h HRT. To start the process, the overflow effluent of the primary settling
tank of the Sari wastewater treatment plant was used. After 45-60 days, the reactors reached a
steady state. The parameters of Dissolved Oxygen (DO), Oxidation-Reduction Potential (ORP),
temperature, pH, Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD,),
Total Suspended Solids (TSS), and nutrients were analyzed.

Keywords: Results: The results revealed that the average TSS, COD, BOD, phosphorus, nitrite, nitrate,
Municipal wastewater, : and total nitrogen in MLEOSA, effluent decreased 20.1, 14.6, 2.97, 10, 51.1, 19.3, and 20.7%,
Wastewater treatment, respectively compared to MLE. Similarly, in MLE-OSA,, the values decreased 34.2, 16.1, 14.6,
MLE process, OSA : 16.7, 69.6, 31.3, and 25.8%, respectively compared to the control process.

process, Nutrient removal, Conclusion: Therefore, using natural wastewater, the enhanced MLE-OSA process showed
Enhanced MLE-OSA . Dbetter performance in removing the study parameters and better quality for the effluent.
process . Furthermore, the quality of effluent is following the Iran Department of Environment (IDE).
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1. Introduction

astewater collection, treatment, dis-

charge, and reusing the treated waste-

water in urban and industrial areas

are key factors for maintaining pub-

lic health, preventing contamination
of water resources, and protecting the environment [1].
Thus, establishing a wastewater treatment plant per se
cannot eliminate the environmental concerns; the perfor-
mance of these treatment plants must constantly be as-
sessed to achieve the promising environmental standards
[2]. It is crucially important to optimally run the treatment
to reach the environmental standards, which depend on
the type of the applied process, wastewater quality, and
operation conditions. Improper operating of the system
leads to poor performance of the treatment processes that
result in lower quality for effluent and contrasts with the
expected quality standards. Thus, regular assessment
and evaluation of the effluent quality and comparing it
with the approved standards are indispensable [3-6]. Ac-
cording to the national standards of Iran, the concentra-
tions of parameters like Biochemical Oxygen Demand
(BOD,), chemical oxygen demand (COD), Total Sus-
pended Solids (TSS), Total Nitrogen (TN), NH,", NO,,
NO,, and Total Phosphorus (TP) are determined to be 30,
60,40, 14,2.5, 10, 50, and 6 m/L, respectively. However,
releasing the wastewater treatment effluent to the surface
water resources requires observing the Iran Department
of Environment (IDE) standards. The pollutants removal
efficiency of different processes is affected by the type of
wastewater treatment [7, 8].

A study was conducted in the north of Italy to compare
a full-scale modified system of the Activated Sludge-
Anaerobic Side-Stream Reactor (AS-ASSR) using
real wastewater with the previous conventional acti-
vated sludge configuration. The results demonstrated a
28% reduction in sludge production along with effec-
tive removal of substrate and nutrients compared with
the control system. By inserting ASSR, all measured
parameters were within the standard range in the efflu-
ent [2]. In the modified Conventional Activated Sludge
System (CAS)- Oxic Settling Anaerobic (OSA) process,
a laboratory-scale anaerobic tank was used to study the
reduction of biological sludge using artificial sewage.
The results revealed that COD concentration in the OSA
process effluent was less than that of the control system
due to excess substrate in the anaerobic tank. NH,-N in
the OSA process effluent increased because of denitri-
fication, though in a long-term operation, both systems
had similar removal efficiency for NH,-N. Moreover,
there was an increase in the concentration of PO,-P in
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the OSA process effluent regarding the low Oxidation-
Reduction Potential (ORP) level and phosphorus re-
lease after anaerobic conditions [5]. In another research,
the performance of a pilot plant was monitored for 16
months which was operated with OSA technique in
anaerobic/anoxic phase under Conventional Activated
Sludge System (CAS) fed with real wastewater to reduce
the excess biological sludge by changing the operational
parameters. This study revealed that the effluent COD
concentration with an average of 39 mg/L was less than
the legal limit of effluent discharge to the receiving wa-
ters in Italy. Moreover, no considerable solid loss (TSS)
was observed in the effluent. However, most of the time,
the phosphorus concentration of the wastewater was
higher than the influent, and poor performance was also
observed regarding the removal of phosphorus [9]. To
study the efficiency of sludge reduction and stability of
the OSA process, we performed UNITANK and UNI-
TANK-OSA on a pilot-scale using real wastewater. The
results revealed that despite a slight decrease in Total
Phosphorus (TP) contents, the quality of the effluent was
not affected, and there was a 48% sludge reduction [10].

A study was conducted on the effect of Sludge Reten-
tion Time (SRT) as the main contributor of sludge re-
duction in OSA-based Sequencing Batch Reactor (SBR)
systems by using artificial wastewater. It revealed that
sludge reduction in this process did not significantly af-
fect the efficiency of the nutrients removal and the ef-
fluent quality. However, it affected microbial activities
and metabolic processes. With the removal percentage
of about 93%, the COD concentration of the effluent was
about 20 mg/L, and the amount of NH,-N and NO-N
in the effluent was insignificant, i.e., less than 0.1 mg/L.
Lateral hydrolysis and acidification decreased the nitri-
fication and denitrification activities, while it increased
the phosphorus removal activities [11]. Several studies
worked on employing the OSA process in lab-scale for
evaluating the reduction of excess sludge in Conven-
tional Activated Sludge System (CAS). These studies
revealed that this process had good results in reducing
the excess sludge production, COD removal, sludge
disposal improvement, and removal efficiency of 19%-
49% in dissolved phosphorus. It had no effects on the
treatment efficiency of anaerobic conditions and efflu-
ent quality [5, 12]. According to the literature review
and efficiency of the OSA process in reducing excess
sludge, nitrogen, and phosphorus removal, we decided
to apply this technique in the modified Ludzack Ettinger
(MLE) process in the Sari wastewater treatment process
(WWTP) to remove phosphorus and nitrogen up to the
standard limits. Hence, this study was conducted to in-
vestigate the effluent quality of the enhanced MLE-OSA
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Figure 1. The general schematic of MLE-OSA pilot study

system, using real wastewater to remove organic matters
and nutrients in the recycled effluent following the laws
and limitations, as well as environmental requirements
and health threats to protect the environment.

2. Materials and Methods

The enhanced MLE-OSA process was designed and
operated in a pilot plant by placing an anaerobic/anoxic
sludge holding tank (SHT) in the sludge return line of the
MLE system (Figure 1). The sites where samples were
taken are labeled with numbers.

Three pilots were used in the project according to the
design criteria of Sari City wastewater treatment plant,
including an anoxic reactor with a volume of 38.5 L, an
aerobic reactor with a volume of 168 L, a sedimentation
tank with a volume of 144 L, and MLE-OSA  and MLE-
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OSA systems each equipped with sludge holding tanks
with volumes of 70 and 107 L, respectively.

To supply real wastewater for pilot feeding, the over-
flow effluent of the primary settling tank of Sari WWTP
was used. Its characteristics are presented in Table 1.
The pH of the influent wastewater was within the neu-
tral range, and the wastewater contained considerable
amounts of organic matter, nitrogen, and phosphorus [8].

To start up the pilot, the contents of an anoxic and aera-
tion tank of Sari WWTP with an Mean+SD mixed liquor
suspended solids (MLSS) of 3000+35 mg/L were used.
Peristaltic pumps were employed to supply accurate in-
put flow (Qin) as much as 23 L/h, recirculation activated
sludge (QRAS) with a percentage of 80%, as much as
18.4 L/h, and internal recirculation (IR) or mixed liquor
recirculation (MLR) with 147%, as much as 32 L/h.

Table 1. Characteristics of wastewater used as influent of MLE-OSA pilot

Parameter Min Max MeanSD
cob 171 351 269+32
BOD, 149 273 216%25

TN 30 53 4144
TP-P 2.43 8.47 3.96+0.83
pH* 7.47 7.77 7.620.076

*All parameters units are presented in mg/L except pH.

COD: Chemical Oxygen Demand; BOD,: Biochemical Oxygen Demand; TN: Total Nitrogen; TP-P: Total phosphorus.
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To uniformly distribute the airflow and create a favor-
able condition for suspension, some micro-pore aerator
stones were placed at the bottom of the aeration tank.
To supply and maintain the oxygen concentration of the
solution, as much as 2-3 mg/L, several aeration pumps
with 25 L/m capacity were installed.

After setting up the pilot with urban wastewater for each
condition, 45 to 60 days were determined for operation
and maintenance to reach the steady-state condition. The
results of all tests were acceptable, with less than 10%
fluctuation in the period mentioned above. Four groups of
tests were done at sampling stations: 1) control measures
for controlling and maintaining the optimal condition of
the environment and microorganisms’ function, includ-
ing temperature, dissolved oxygen, and pH; 2) operation-
al parameters for maintaining optimal conditions, such
as determining the quality of sludge and system perfor-
mance including the amount of MLSS in aeration tank,
Sludge Volume Index (SVI), and sludge retention time
(SRT); 3) main parameters, such as the criteria for reach-
ing to the steady-state condition, including COD, TSS,
and effluent pH; and 4) determining nutrients, including
nitrogen and phosphorus. All the mentioned parameters
were performed according to the methods written in the
2014 edited book of “Standard Method for Examination
of Water and Wastewater” [13].

After the pilot processes of MLE, MLE-OSA,, and
MLE-OSA reached a steady-state condition, MLE as
the control system was contrasted with the enhanced
MLE-OSA system. To investigate the study objectives,
modified action was taken using SHT with 70 L and 107
L capacities and HRT of 4 and 6 h in the return sludge
line. Then, the physicochemical parameters set in an-
other 45 days of operation and maintenance were ana-
lyzed daily and weekly to evaluate effluent quality for
nutrient and organic matter removal, sludge production
rate, sludge properties, and the performance of the modi-
fied MLE-OSA process in comparison with MLE. All
the materials employed in the laboratory were purchased
from Merck Co, Germany. The equipment contained an
ORP meter (AZ Instrument Corp), pH meter (AQUAL-
YTIC), Dissolved Oxygen (DO) meter (AQUALYTIC
AL200xi), digital weighing scale (METTLER model
PJ300), and spectrophotometer (Hach DR6000). After
conducting the experiments, collecting data, and obtain-
ing the results, the descriptive results were studied with
descriptive statistics, such as mean, standard deviation,
etc. Since the data followed a normal distribution, the
ANOVA test was used. For comparing the means of pa-
rameters obtained from the system operation state, the
Tukey test was employed with a 5% level of significance.
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All information, which was obtained from Grapher ver-
sion 15, Graph pad version 6, Excel version 2014, and
SPSS version 24, were meticulously analyzed.

3. Result and Discussion

In this research study, three processes were investigat-
ed, namely, MLE, MLE-OSA, with 4-h HRT, and MLE-
OSA, with 6-h HRT, for urban wastewater treatment.
The purpose was to evaluate and compare the effluent
quality after 45 days of operation and maintenance. The
results were compared with the standards of IDE and the
design criteria of Sari WWTP. In the following parts, the
findings are presented as follows.

Concentration Changes of BOD, COD, and TSS
in the Effluent

The average concentration changes of BOD, COD, and
TSS in the effluent in 45 days of operation and main-
tenance of MLE, MLE-OSA,, and MLE-OSA, after
reaching the steady-state condition can be observed in
Figures 2, 3 and 4. According to Table 2, the F-value,
P-value of less than 0.05, and analyzing the mean differ-
ences of BOD, COD, and TSS changes in the effluent
in the three studied processes, the mean differences of
COD and TSS concentration changes were statistically
significant in the three processes. However, no signifi-
cant differences were found in the mean concentration
changes of BOD, of the effluent in all three processes.

Effluent TSS changes

The Mean+SD TSS changes in the effluent during
45 days after reaching the steady-state condition in
MLE, MLE-OSA,, and MLE-OSA_ were respectively
7.4+1.96, 5.9+0.86, and 4.88+0.7 mg/L (Figure 2).

It is observed that the mean TSS of effluent in MLE-
OSA, has had a 20.17% decrease in comparison to the MLE
process. Similarly, it has decreased 34.19% in MLE-OSA
compared to the control system. The post hoc Tukey test
(Table 1) illustrates that TSS in the effluent will be enhanced
if there is an increase in the HRT in anoxic/anaerobic SHT.
This outcome could be due to the release and distribution
of intercellular polymers in SHT as an influential factor in
bridging the biological clots and formation of appropriate
flocs and improving the settleability [14, 15]. Different
components are required for cells to make floc by clotting
bacteria in the process of activated sludge. These compo-
nents include bacterial fibrils, sticky polysaccharides, and
poly hydroxy butyrate or starch granules for sticking to-
gether or clotting. They are naturally provided by increas-
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Table 2. Investigating mean differences of TSS, COD, and BOD in Effluent (Eff) of studied processes in the pilot

Variable Process Days Mean* (mg/L) SD F P

MLE 45 7.416°¢ 1.962

TSS Eff MLE-OSA, 45 5.920® 0.867 42.774 0.0009
MLE-OSA, 45 4.880* 0.726
MLE 45 14.278° 4.075

COD Eff MLE-OSA, 45 12.1974 2.912 6.417 0.002
MLE-OSA, 45 11.9824 2.956
MLE 45 8.222 3.036

BOD Eff MLE-OSA, 45 7.977 2.416 2.893 0.063
MLE-OSA5 45 7.022 1.924

*The observed indices reveal the significance level of the means in groups based on Tukey’s test.

A, B, C: 3 Categories or there are 3 different groups.

ing the mean cell residence time [16]. These findings are
96% in line with those of Velho et al., who worked on an en-
hanced process of AS-ASSR in full-scale during 270 days
operation using real wastewater in contrast to conventional
activated sludge system. The MeantSD concentrations of
TSS in the effluent in their study were 6.7+3.2 and 5.3+0.3,
respectively [1]. Furthermore, the average concentration of
TSS in the effluent of Anaerobic Oxic (AO) and Anoxic +
Oxic Settling Anaerobic (A+OSA) processes reported in
Zhou et al. is similar to the present study [14, 17].

Effluent COD changes

The Mean+SD effluent COD changes in 45 days of
MLE, MLE-OSA,, and MLE-OSA, processes were
142744, 12.194£2.9, and 11.984£2.9 mg/L, respectively,
after reaching the steady-state condition (Figure 3).

It was always less than 60 mg/L, which is the permit-
ted limit based on IDE for discharging effluent to sur-
face water resources. In other words, the mean changes
of COD in the effluent in MLE-OSA, was 14.57% less
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Figure 2. Concentration changes of tss in effluent of studied processes during the time
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Figure 3. Concentration changes of Chemical Oxygen Demand (COD) in effluent of studied processes during the time

than the MLE process, and similarly, in the MLE-OSA
process, the value showed a 16.08% decrease compared
to MLE. It is inferred that this decrease is due to the low
ORP and increase in substrate distribution in SHT, which
agrees with the findings of a similar study [18]. Velho et
al. reported an Mean+SD COD concentration in efflu-
ent of CAS and AS+ASSR processes as 1943 and 3+20
mg/L with a removal efficiency of 94% and 95%, respec-
tively [1].

Zhou et al. concluded that the Mean+SD COD concen-
tration in effluent of AO and A+OSA processes were re-
spectively 41.8+13.6 and 41.10+6.8 mg/L so that the av-
erage COD removal efficiency in AO and A+OSA were
close to each other (nearly 85.3%) [14]. Vitanza et al., in
their study, demonstrated that the effluent COD concen-

tration in the OSA process was less than the legal limit in
Italy, with an average of 39 mg/L [9]. Similarly, Wang et
al. reported that the effluent COD concentration in OSA-
based Sequencing Batch Reactor (SBR) system was
about 20 mg/L with 93% removal efficiency [11]. On
the other hand, Ye et al. demonstrated that COD removal
in modified CAS-OSA with anoxic/anaerobic tank with
different retention time in SHT was not significant, and
the change in COD removal efficiency from OSA and
control system (2%-3%) was negligible [15]. Chen et al.
detected the COD distribution in the SHT of the Mem-
brane Bio Reactor - Oxic Settling Anoxic Membrane
bioreactor (MBR-OSA) system, particularly in ORP val-
ues lower than -100 mV. However, it was found that this
COD is consumed after sludge return to MBR. In other
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Figure 4. Concentration changes of Biochemical Oxygen Demand (BOD,) in the effluent of studied processes during the time
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Figure 5. The concentration changes of PO,-3 of effluent in the studied processes during the time

words, the OSA process leads to COD removal, and most
of the excess produced COD in OSA is biodegradable and
has the least effect on COD removal efficiency [19]. Gen-
erally, it can be inferred that when the sludge is exposed
to low ORP in the anaerobic tank, it may be subject to a
starvation condition which increases the substrate removal
ability in the aeration tank with the presence of nutrients
[19]. The study conducted by Oliveira et al. revealed that
COD online release in an anaerobic tank might happen un-
der stress condition, i.e., low ORP level and starvation in
ASSR [20]. Although dissolved COD is released under the
effect of organic matter cellular lysis and hydrolysis due
to metabolism and destruction of sludge in SHT with low
ORP, it provides a greater carbon source for increasing
denitrification in an anoxic tank [19]. In their study, Fola-
dori et al. demonstrated that hydrolysis and solubilization
of non-bacterial material occur in the anaerobic condition
in an ASSR-OSA system with full-scale. Also, there was
a considerable increase in dissoluble biodegradable COD
and NH,"™-N in the anaerobic sludge treatment. In contrast,
the destruction and lysis of bacterial cells mostly occur un-
der aerobic conditions [21]. Another study was conducted
by Demir et al., who compared the effluent COD in the
enhanced CAS-OSA process and the control system. They
found that COD concentration in the effluent of the OSA
process (the reactor fed with the sludge from the anaerobic
tank) was significantly lower than that of the control sys-
tem due to the excess amounts of substrate. Nevertheless,
installing an anaerobic tank will improve the COD removal
with the same influent COD concentration [5]. However,
it should be considered that substrate loading is a crucial
factor affecting the performance of the system [11, 12] and
achieving these results is related to the organic loading
in the pilot. Since we used real wastewater in the current
study, the organic loading constantly fluctuated.

Effluent BOD changes

The Mean+SD changes in BOD, concentration of ef-
fluent in 45 days of operation and maintenance of MLE,
MLE-OSA,, and MLE-OSA, after reaching the steady-
state condition were 8.2243, 7.97+2.4, and 7.02+1.9
mg/L, respectively with a falling trend (Figure 4).

In other words, the average BOD levels of effluent
were 2.97% and 14.59% lower in MLE-OSA, and MLE-
OSA compared to the MLE process. Some of the influ-
ent BOD, produced in SHT due to the organic matter
hydrolysis and sludge metabolism, and the decay was
consumed and changed into the end products and energy
for metabolism and cellular growth depending on the
electron acceptability. The rest was a source of carbon
supply for denitrification in anoxic reservoirs and hold-
ing tanks in this process. In other words, most of the dis-
solved compounds produced in the anaerobic reactor are
biodegradable, and slight changes have been observed
in the removal efficiency [22]. In line with the present
study, Velho et al. concluded that the average BOD, con-
centration of effluent in CAS and AS+ASSR processes
were similar (5£0.1 and 5+0.3 mg/L, respectively) with
a removal efficiency of 96% and 97%, respectively [1].

Concentration Changes of Phosphorus in the Ef-
fluent

Mean+SD change of phosphorus concentration in the
effluent processes were 2.386+0.636, 2.147+0.603, and
1.978+0.387 mg PO,>-P/L, respectively after 45 days
of operation and maintenance of MLE, MLE-OSA
and MLE-OSA_ (illustrated in Figure 5 and Table 3).
The mean differences of PO, of effluent in the studied
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Table 3. The concentration level of PO, of effluent in the studied processes

Variable Process Days Mean* (mg/L) SD F P
MLE 45 2.386 B 0.636
P04'3 Eff MLE-OSA, 45 2.147 AB 0.603 5.939 0.003
MLE-OSAS 45 1.987 A 0.387

*The observed indices reveal the significance level of the means in groups based on the Tukey test.

MLE: Modified Ludzack Ettinger; OSA: Oxic Settling Anaerobic.

processes considering the F-value and P-value of less
than 0.05, presented in Table 2, demonstrated that the
observed difference was statistically significant. Further-
more, the Tukey test showed that the mean difference
of phosphorus in the effluent was statistically significant
between MLE and MLE-OSA,. However, no significant
differences were found between MLE-OSA, and MLE-
OSA, for the mean phosphorus concentration in the ef-
fluent and similarly between MLE and MLE-OSA,.

Effluent phosphorus concentration changes

The Mean+SD changes in the concentration level of
phosphorus in the effluent in 45 days of operation and
maintenance of MLE, MLE-OSA , and MLE-OSA af-
ter reaching the steady-state condition were 2.38+0.6,

2.14£0.6, and 1.98+0.38 mg/L, respectively in PO,*-P
and followed a descending order. In other words, the
average phosphorus level in the effluent of MLE-OSA,
compared to that of the MLE process decreased 10%, and
in MLE-OSA,, it decreased up to 16.7%. The results of
the ANOVA test and post hoc Tukey with the P value 0.05
emphasized a greater decrease in the effluent phospho-
rus average in MLE-OSA . Therefore, the mean differ-
ences of effluent phosphorus in MLE-OSA in contrast
to MLE were significant. However, the difference in the
mean value of effluent phosphorus between MLE-OSA,
and MLE-OSA_ and between MLE-OSA, and MLE was
not statistically significant. Other studies also demon-
strate that the OSA process can contribute to removing
phosphorus. The phosphorus in eukaryotes and prokary-
otes can be stored in the intracellular volutin granules as

Table 4. The amount of NH,+, NO,-N, NO,-N, and TN in Effluent (Eff) in the studied processes

Variable Process Days Mean* (mg/L) SD F P

MLE 45 0.383% 0.091

NH,*-N Eff MLE-OSA, 45 0.682° 0.095 230.937 0.0009
MLE-OSA, 45 0.749 ¢ 0.075
MLE 45 1.809 ¢ 2.404

NO,-N Eff MLE-OSA, 45 0.884° 0.499 91.687 0.0009
MLE-OSA, 45 0.5494 0.276
MLE 45 9.073 ¢ 2.404

NO,-N Eff MLE-OSA, 45 7.324°® 0.991 32.29 0.0009
MLE-OSA, 45 6.2364 1.340
MLE 45 11.377°% 2.367

TN Eff MLE-OSA, 45 9.0224 0.864 37.517 0.0009
MLE-OSA, 45 8.4374 1.538

*The observed indices reveal the significance level of the means in groups based on Tukey’s test.

MLE: Modified Ludzack Ettinger; OSA: Oxic Settling Anaerobic.
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Figure 6. Concentration changes of ammonia nitrogen effluent in the studied processes during the time

polyphosphate. Unlike nitrogen and carbon, phosphorus
cannot be removed from the wastewater in the form of
gas; therefore, it would be removed by discharging some
sludge as excess sludge. The phosphorus in effluent from
activated sludge is approximately 90% of orthophosphate
[16, 23, 24]. The selective process of phosphorus remov-
al includes an anaerobic phase during which the stored
phosphate is released into the dissolution simultaneously
with energy release. Then, in the aerobic phase, microor-
ganisms consume the excess phosphorus, and the energy
produced in this stage is stored in the phosphorus bond-
ing of polyphosphates as the future energy source. After
applying the OSA technique, the process of Enhanced
Biological Phosphorus Removal (EBPR) or excess ab-
sorption of phosphorus higher than cellular need is also
performed by bacteria. EBPR process contributes to the
absorption and secretion of orthophosphate by polyphos-
phate-accumulating organisms (PAOs) through recircu-
lation of sludge between aerobic and anaerobic phases;
phosphorus is removed by disposal of orthophosphate-
rich sludge. The primary structure of EBPR consists of
an anaerobic tank and an aerobic tank with a recircula-
tion line between them [4, 25]. The OSA includes a redox
condition similar to the EBPR network, which encour-
ages selecting high-polymeric inorganic polyphosphates
(polyP) bacteria [4, 17].

The percentage of phosphorus in the activated sludge
is about 1%-3%, whereas it is 6%-7% when the EBPR
process is used. This process is rather inexpensive and
can remove phosphorus in low concentrations. It also re-
duces the costs of chemicals and sludge disposal, which
are associated with the chemical disposal of phosphorus
[24]. Two groups of bacteria are used; both fermentative

bacteria and polyphosphate (polyP) or polyphosphate
accumulators as phosphorus accumulating organisms
[26]. Fermentative bacteria are facultative anaerobe,
while polyP bacteria are solely aerobic. The key point
of EBPR is exposing PAO bacteria in both aerobic and
anaerobic conditions [16, 24]. Sludge passage or peri-
odic circulation through SHT contributes to the growth
of phosphorus accumulating organisms capable of bio-
logically removing the phosphorus [1, 27-30]. Velho et
al. reported that adding ASSR can affect the mechanism
of biological phosphorus removal. They reported that
the average concentration of TP effluent in CAS and
AS+ASSR processes with an 8% daily return of the
activated sludge mass in ASSR was 1.1+6 and 1.4+0.7
mg/L with the removal efficiency of 60% and 66%, re-
spectively. This finding agrees with the rising trend of
removal efficiency in the current study, which were 31%,
36%, and 39% [1].

Wang et al. studied the concentration of effluent phos-
phorus in four different reactors of SBR-OSA with di-
verse SRTs and found that it was less than 0.35 mg/L.
They attributed it to enhancing microbial community,
optimized organic components, and increased PAOs
[11]. In another study by Ye et al., they demonstrated that
TP removal efficiency in the enhanced process of CAS-
OSA increased 19% when the anoxic/anaerobic was lo-
cated in SHT with different retention times. The process
was dependent on substrate loading and phosphorus ab-
sorption in biomass [15]. Goel and Noguera et al. in two
different studies showed the enhanced biological phos-
phorus removal in the SBR-OSA process. They revealed
that EBPR SBR-ASSR had a greater removal (97%)
than the control EBPR SBR (84%), despite increasing
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Figure 7. Concentration Changes of Nitrite Effluent in the Studied Processes During the Time

phosphate distribution in the anaerobic phase [4, 27].
Vitanza et al. employed the OSA technique in the an-
oxic/anaerobic phase in CAS using real wastewater with
Return Activated Sludge (RAS), 25% of influent. They
reported the poor performance of phosphorus removal.
Given the operational problems of sludge disposal from
the pilot tank, it was periodically removed from SHT,
which was in contrast to the primary principles of the
EBPR technique (enhancing excess sludge phosphorus
using PAOs). Therefore, the influent phosphorus con-
centration level was usually high because of the higher
influent phosphorus level from the holding tank and de-

creased cellular absorption in the aeration tank [9]. Sun
et al. found that the effluent quality in UNITANK-OSA
lacked a considerable effect, though TP concentration
had slightly increased [10]. Wang et al. investigated mi-
crobial community structure to discover the effect of an
anaerobic tank in the OSA process on the performance
and biological phosphorus removal efficiency [11]. The
total phosphorus in the aerobic sludge of the OSA pro-
cess was twice as much as the reference process. The re-
sults revealed that the accumulation of biological phos-
phorus led to a greater phosphorus removal efficiency
in the OSA system. Therefore, phosphate accumulating
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Figure 8. Concentration changes of nitrate effluent in the studied processes during the time
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bacteria suggests the possibility of removing phosphate
more than usual in aerobic conditions [31]. Demir et al.
compared the effluent PO,-P in an enhanced CAS-OSA
process with that of a control system. They concluded
that the increase in the effluent phosphorus concentra-
tion in the OSA process from 4 to 6.8 mg/L was due to
maintaining sludge at an OPR level under -250 mV and
without any external food as well as phosphorus release
after anaerobic conditions [5]. To prevent leakage of
phosphate to the effluent, they enhanced the configura-
tion of the system, used metabolic behavior of POAs in
EBPR process, considered the sludge recirculation ratio,
initial ratio of COD/P, and ORP maintenance. It should
also be considered that a lower ORP level leads to a de-
crease in sludge and an increase in phosphate release in
anaerobic conditions [1, 4]. Because of the periodical
passage of sludge in anaerobic conditions where EBPR
is repeated, polyP bacteria get stressed (low level of ORP
and starvation condition in ASSR), which leads to an in-
crease in organic phosphorus in the biomass and increase
in phosphate removal through removed sludge and de-
crease in effluent phosphorus removal in OSA system.
The sludge phosphorus percentage is normally 1%-3%,
while the activated sludge phosphorus level in the EBPR
system is 6%-7% [10, 24]. Henze et al. found out that
the average sludge phosphorus in enhanced CAS-OSA
is 0.07 mgP/mgVSS, which is 3 times greater than CAS
processes, i.e., 0.02 mgP/mgVSS [32]. Therefore, plac-
ing the sludge holding tank leads to an increase in PAOs
growth. However, a high phosphorus removal rate can-
not be obtained without an effective anaerobic releasing
process, i.e., an enhanced OSA process [33].

Autumn 2021. Volume 9. Number 4

Changes of ammonia nitrogen, nitrite, nitrate, and
total nitrogen of the effluent

Figures 6, 7, 8 and 9 illustrate the mean concentration
changes of ammonia nitrogen, nitrite, nitrate, and total
nitrogen in the effluent in 45 days of operation and main-
tenance of MLE, MLE-OSA , and MLE-OSA, process-
es after reaching the steady state. Based on the F value
and P-value 0.05, stated in Table 4, the analysis of the
mean differences of NH,, NO,-N, NO,-N, and TN in
the effluent reveals that the differences were significant.
Moreover, the Tukey test shows that the mean differ-
ences of ammonia nitrogen, nitrite, and nitrate were sta-
tistically significant in the three processes. On the other
hand, the mean differences of TN concentration changes
in the effluent of MLE-OSA, and MLE-OSA, compared
to the MLE process were not statistically significant.

Effluent ammonia nitrogen changes

Aslight increase in the effluent ammonia nitrogen in the
enhanced MLE-OSA system in 45 days after reaching
the steady-state was because of anaerobic metabolism of
nitrifiers and increase in cellular lysis in SHT [34]. Since
the standard level of ammonia nitrogen amounts in the
effluent is 2.5 mg/L, this slight increase does not inhibit
achieving the world discharge standards. Cellular decay
and lysis, as well as ammonification in anaerobic condi-
tions and endogenous conditions in SHT in 4-h and 6-h
of HRT, has led to protoplasm decay, adding ammonium
ion to the dissolution. Consequently, by sludge return
from anoxic tank to aeration tank, some ammonium ion
is oxidized and changed into nitrate (biological nitrifica-
tion) under the cellular assimilation process and by nitri-
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Figure 9. Concentration changes of TN effluent in the studied processes during the time
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Table 5. The standards for effluent (discharge into surface water resources) and measured values in the studied processes

Parameter
TSS CoD BOD, PO 4'3-P TN-N NH,*-NH, NO,-NO, Reference
Type of Process
Iran standard 40 60 30 6 14 2.5 50 Iran IDE
Sari Wastewater - . L
Treatment Plant* 40 50 30 14 2 48.71 Design principles
MLE 7.41 14.27 8.3 2.39 11.37 0.49 40.16 Present study
MLE-OSA, 5.92 12.19 7.97 2.15 9.02 0.87 3241 Present study
MLE-OSA, 4.88 11.98 7.02 1.99 8.43 0.98 27.59 Present study
AS+ASSR 6.710.3 20+3 5+0.3 1.4+0.7 9+3 0.63 - [1]
SBR-OSA - 22 - 0.25-0.32 9.7-10.9 0.1-0.12 42.5-47.8 [11]

*The information is set according to the system design principles.

** Phosphate removal as a pollutant is not considered in the design principles.

MLE: Modified Ludzack Ettinger; OSA: Oxic Settling Anaerobic; AS: Activated Sludge; ASSR: Activated Sludge-Anaerobic

Side-Stream Reactor; SBR: Sequencing Batch Reactor.

fiers, and the rest was removed through the effluent [35].
Zhou et al. worked on conventional activated sludge with
anoxic/anaerobic phases (A+OSA) to decrease sludge
and remove nitrogen. They reported that Mean+SD ef-
fluent ammonia nitrogen was 7.4+8.5 (NH-N) in
A+OSA, which was greater than the AO process, i.e.,
5.3+8 (NH,-N). This result highlights a lower efficiency
of nitrification in AO equipped with OSA, which can be
attributed to nitrifiers’ cellular decay in the anaerobic re-
actor (SHT) [14]. However, for denitrification in an an-
oxic tank, the average TN removal in A+OSA is greater
than AO because this system has more access to carbon
resources from cellular lysis and hydrolysis reaction
[17]. Similarly, Demir et al. found out that an increase in
ammonia nitrogen removal in the enhanced CAS-OSA
effluent was due to denitrification. However, COD and
NH,"-N distribution as biodegradable compounds pro-
duced in SHT normally yield a slight intervention in the
efficiency of ammonia nitrogen removal [36]. In the long
run, both systems displayed similar removal efficiency
for NH,*-N [5]. Velho et al. reported that the Mean+SD
concentrations of effluent ammonia nitrogen in CAS and
AS+ASSR were 0.55+0.11 and 0.49+0.14 mg/L with a
similar removal efficiency of 98% associated with NH,*-
N release in the anaerobic tank and quick consumption
of it in aerobic conditions [1, 22]. Wang et al. revealed
that effluent NH,*-N concentration in OSA-based SBR
was quite small and less than 0.1 mg/L. They reported
that inorganic nitrogen removal would increase if cel-
lular retention time increased [11]. Ye et al. revealed that
effluent NH + in enhanced CAS-OSA was not consid-

erably affected by placing the anoxic-anaerobic tank in
SHT in different HRT [15].

Effluent nitrite changes

The average effluent nitrite in MLE-OSA, compared to
that of the MLE process decreased 51.13%, and the de-
crease for MLE-OSA, was 69.65% compared with MLE
(Figure 7).

Similarly, Wang et al. reported that NO,-N concentra-
tion in the effluent in OSA-based SBR with different
HRT was relatively small and less than 0.1 mg/L, indi-
cating the appropriate nitrification and denitrification for
nitrogen removal [11]. Furthermore, Datta et al. stated
similar levels of NO,-N, NO,-N, and NH,-N in the ef-
fluent of control systems of BNR SBR and BNR SBR-
ASSR [4, 37].

Effluent nitrate changes

The average effluent nitrate in MLE-OSA, compared
to that of the MLE process decreased 19.27%, while the
decrease for MLE-OSA, was 31.26% compared with
MLE (Figure 8).

It was a reasonable outcome of placing SHT and a
favorable condition for denitrification and enhancing
PAOs. In other words, denitrification rate in Return Ac-
tivated Sludge (RAS) is added to the denitrification rate
of the internal recirculation (IR: Mixed Liquid Recircu-
lation) stream, and this is the reason beyond increasing
denitrification rate in the OSA process [38]. Chen et al.
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in a study found that NO,-N in MBR-OSA effluent (11-
25 mg/L) was less than that of MBR (34 mg/L) and ni-
trate concentration in MBR-OSA effluent had a reverse
relationship with ORP in OSA system (-250 mV to 100
mV). It shows that OSA has activated denitrification, and
its efficiency was enhanced in anaerobic conditions [19].
Similarly, Demir et al. compared the results of NO,-N
in the effluent of enhanced CAS-OSA with a control sys-
tem and found out that in the OSA process, there was
a considerable decrease in NO,-N concentration which
could be attributed to denitrification [5]. Wang et al., in
their study on OSA-based SBR system with different
HRTs, showed that effluent NO,-N concentration was
less than international standards of effluent removal to
receiving water indicating appropriate nitrification and
denitrification for nitrogen removal [11].

Effluent total nitrogen changes

The average total nitrogen in the effluent of MLE-
OSA, and MLE-OSA decreased to 20.7% and 25.85%,
respectively, compared to MLE. The falling trend in en-
hanced MLE-OSA with 4-h and 6-h HRT was because of
the biological nitrification and denitrification conditions
(Figure 9).

Velho et al. found that the average effluent TN con-
centrations in CAS and AS+ASSR processes were
943 and 9+2 mg/L, respectively, with a removal effi-
ciency of 78% [1]. Moreover, the study conducted by
Zhou et al. revealed that effluent TN in the enhanced
A+OSA process was (21.9£10.3 mg/L) less than that
of the control system (28.7£11.3) [17]. In the A+OSA
process, the COD is released from cellular lysis and or-
ganic matter hydrolysis in SHT and so produces more
carbon resources for denitrification in the anoxic tank.
The average TN removal in AO and A+OSA systems
were reported at 43.4% and 56.8%, respectively, due to
decreased nitrogen oxides out of denitrification, COD re-
lease in SHT, and decline in the ratio of COD/TN. There-
fore, the A+OSA process had a higher nitrogen removal
efficiency than AO [17]. On the other hand, Ye et al. re-
ported that effluent TN in enhanced CAS-OSA was not
considerably affected when placing an anoxic/anaerobic
tank in different retention times. In other words, removal
efficiency in the CAS process was about 30%, and in
the enhanced system, there was a 0%-9% decrease [15].
Foladori et al. found that the growing decline in TN is
because of denitrification in the anoxic phase [39]. Wang
et al. also revealed that effluent TN concentrations in
OSA-based SBR system was less than 11 mg/L and stat-
ed that long SRT and the conditions in the holding tank
were contributed to a slight increase in TN removal [11].
However, studies done by Vitanza et al. [9], Datta et al.

Autumn 2021. Volume 9. Number 4

[37],Troiani et al. [40] and Ye et al. [15] revealed that the
OSA process had no negative effect on nitrogen removal.
In other words, through an endogenous process in SHT
and release of biodegradable carbon cBOD, transmitting
it through return flow to the anoxic reactor, and increase
in BOD: TKN ratio leads to increase in nitrate removal
efficiency in the denitrification process.

Comparison of effluent quality and discharge
standards to surface water resources

Table 5 presents the quality of effluent produced in the
processes of this study compared to the standards of IDE
for effluent releasing to surface water resources. Further-
more, a comparison is made based on the design prin-
ciples of Sari WWTP and similar studies.

According to Table 4, all effluent quality indices mea-
sured in the present study are less than the standards and
requirements of IDE for receiving surface water resourc-
es. Among the processes mentioned above, MLE-OSA
shows smaller values, except for a slight increase in
ammonia nitrogen in the enhanced MLE-OSA process.
Overall, in all cases, the values were less than the stan-
dards for effluent discharge.

4. Conclusion

The findings of this study demonstrated that the en-
hanced systems of MLE-OSA have a better function in
removing pollutants. Moreover, compared to the stan-
dards of effluent discharge to the surface receiving water
resources, the Iranian Department of Environment, and
the principles for designing Sari WWTP, the quality of
the effluent was more efficient through the MLE process.
Therefore, placing the SHT enhances the effluent quality
and does not intervene in measured parameters. Another
finding of this study was the slight increase in effluent
ammonia nitrogen level in the enhanced MLE-OSA
process after reaching the steady-state condition. Since
the standard for effluent ammonia nitrogen is 2.5 mg/L,
this slight increase does not prevent achieving the world
standards for effluent quality.

Study suggestions

Due to the continuous discharge of contaminants
through effluent to receiving river, it is recommended to
update and enhance the systems to advanced ones such as
MLE-OSA, Anaerobic/Anoxic/Oxic (A,0O), University of
Cape Town (UCT), and Vir ginia Initiative Plant (VIP).
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Developing biological treatment systems can produce
safe effluent according to the world standards criteria.
Exploiting effluent through constructing transmission
utilities and pumping for agricultural, natural resources,
and industrial usage can compensate treatment costs ec-
onomically and solve the issues related to the water crisis
and environmental hazards.

Studying the processing of sludge cake produced by
enhanced systems as fertilizer in agriculture, natural re-
sources, and green space is highly recommended in fu-
ture studies because it is rich in nitrogen and phosphate,
and also the farming lands of our country, especially the
north, face shortage of phosphate. It is recommended
that IDE reconsider the limited amounts of phosphorus
in discharging effluent of WWTPs to the receiving water
and sync it with international environmental organiza-
tion standards.

Ethical Considerations
Compliance with ethical guidelines

This study was approved by Ahvaz Branch of Islamic
Azad University.

Funding

This article is extracted from a PhD. disertation of first
author at the Department of Environmental Engineering,
Ahvaz Branch, Islamic Azad University, Ahvaz.

Authors' contributions

Conceptualization and performed the study design,
literature review, experiments: Behzad Nikpour; Data
analysis and manuscript edition: Reza Jalilzadeh Yenge-
jeh; Involved in the study design, check & editing and
project administration: Afshin Takdastan and Amir Hes-
sam Hassani; Manuscript preparation and edition: Mo-
hammad Ali Zazouli and Behzad Nikpour.

Conflict of interest
The authors declared no conflict of interest.
Acknowledgments

The authors would like to acknowledge Mazandaran
Water and Wastewater Co, Health Science Research
Center of Mazandaran University of Medical Sciences,
Mr. Ehsan Mehdizade, the operator in charge of Sari
WWTP, and his colleagues. Finally, we appreciate the
laboratory staff for their help support on this project.

Journal of
Advances in Environmental Health Research

References

[1] Velho VF, Andreottola G, Foladori P, Costa RHR. The effects
of a full-scale anaerobic side-stream reactor on sludge decay
and biomass activity. Water Sci Technol. 2019; 79(6):1081-91.
[DOI:10.2166/ wst.2019.104] [PMID]

[2] Jalilzadeh Yengejeh R, Davideh K, Baqeri A. Cost/benefit eval-
uation of wastewater treatment plant types (SBR, MLE, oxidation
ditch), case study: Khouzestan, Iran. Bull Environ Pharmacol Life
Sci. 2014; 4:55-60. https://www.semanticscholar.org/ paper/
Cost%2FBenefit-Evaluation-Of-Wastewater-Treatment- %28-
Yengejeh-Davideh/cd5d2d5940b2fa7aa7a6185a60571115f0d-
8boed

[3] Afrous A, Kupaei MY, Jalilzadeh R, Derikvand E, Kumar M. Re-
duction of phosphorus concentration from artificial wastewater
in constructed wetland. Life Sci. 2013; 2(10):128-9. https:/ /www.
researchgate.net/publication/258405733_Reduction_of_Phos-
phorus_Concentration_from_Artificial_Wastewater_in_Con-
structed_wetland

[4] Semblante GU, Hai FI, Ngo HH, Guo W, You SJ, Price WE, et al.
Sludge cycling between aerobic, anoxic and anaerobic regimes to
reduce sludge production during wastewater treatment: Perfor-
mance, mechanisms, and implications. Bioresour Technol. 2014;
155:395-409. [DOI:10.1016/j.biortech.2014.01.029] [PMID]

[5] Demir O, Filibeli A. The investigation of the sludge reduction
efficiency and mechanisms in Oxic-Settling-Anaerobic (OSA)
process. Water Sci Technol. 2016; 73(10):2311-23. [DOI:10.2166/
wst.2016.076] [PMID]

[6] Golzary A, Tavakoli O, Rezaei Y, Karbassi A. Wastewater
treatment by Azolla Filiculoides: A study on color, odor, COD,
nitrate, and phosphate removal. Pollution. 2018; 4(1):69-76.
[DOI:10.22059/POLL.2017.236692.290]

[7] Amini Fard F, Jalilzadeh Yengejeh R, Ghaeni M. Efficiency of
Microalgae Scenedesmus in the removal of nitrogen from munic-
ipal wastewaters. Iran J Toxicol. 2019; 13(2):1-6. [DOI:10.32598/
JT.13.2.483.2]

[8] Nikpour B, Jalilzadeh Yengejeh R, Takdastan A, Hassani AH,
Zazouli MA. The investigation of biological removal of nitrogen
and phosphorous from domestic wastewater by inserting an-
aerobic/anoxic holding tank in the return sludge line of MLE-
OSA modified system. ] Environ Health Sci Eng. 2020; 18(1):1-10.
[DOL:10.1007/540201-019-00419-1] [PMID] [PMCID]

[9] Vitanza R, Cortesi A, De Arana-Sarabia ME, Gallo V, Vasi-
liadou IA. Oxic Settling Anaerobic (OSA) process for excess
sludge reduction: 16 months of management of a pilot plant
fed with real wastewater. ] Water Process Eng. 2019; 32:100902.
[DOI:10.1016/j.jwpe.2019.100902]

[10] Sun LP, Chen JF, Guo WZ, Fu XP, Tan JX, Wang TJ. Study
of the sludge reduction in an oxic-settling-anaerobic activated
sludge process based on UNITANK. Water Sci Technol. 2015;
71(1):111-6. [DOI:10.2166/ wst.2014.474] [PMID]

[11] Wang Y, Li Y, Wu G. SRT contributes significantly to sludge
reduction in the OSA-based activated sludge process. Environ
Technol. 2017; 38(3):305-15. [PMID]

[12] Chudoba P, Chudoba J, Capdeville B. The aspect of ener-
getic uncoupling of microbial growth in the activated sludge
process-OSA system. Water Sci Technol. 1992; 26(9/11):2477-80.
[DOI:10.2166/ wst.1992.0766]

Nikpour B, et al. Studying the Effluent Quality of Municipal Wastewater. ] Adv Environ Health Res. 2021; 9(4):345-360.



http://jaehr.muk.ac.ir/
https://doi.org/10.2166/wst.2019.104
https://www.ncbi.nlm.nih.gov/pubmed/31070588
https://www.semanticscholar.org/paper/Cost%2FBenefit-Evaluation-Of-Wastewater-Treatment-%28-Yengejeh-Davideh/cd5d2d5940b2fa7aa7a6185a60571115f0d8b6ed
https://www.semanticscholar.org/paper/Cost%2FBenefit-Evaluation-Of-Wastewater-Treatment-%28-Yengejeh-Davideh/cd5d2d5940b2fa7aa7a6185a60571115f0d8b6ed
https://www.semanticscholar.org/paper/Cost%2FBenefit-Evaluation-Of-Wastewater-Treatment-%28-Yengejeh-Davideh/cd5d2d5940b2fa7aa7a6185a60571115f0d8b6ed
https://www.semanticscholar.org/paper/Cost%2FBenefit-Evaluation-Of-Wastewater-Treatment-%28-Yengejeh-Davideh/cd5d2d5940b2fa7aa7a6185a60571115f0d8b6ed
https://www.researchgate.net/publication/258405733_Reduction_of_Phosphorus_Concentration_from_Artificial_Wastewater_in_Constructed_wetland
https://www.researchgate.net/publication/258405733_Reduction_of_Phosphorus_Concentration_from_Artificial_Wastewater_in_Constructed_wetland
https://www.researchgate.net/publication/258405733_Reduction_of_Phosphorus_Concentration_from_Artificial_Wastewater_in_Constructed_wetland
https://www.researchgate.net/publication/258405733_Reduction_of_Phosphorus_Concentration_from_Artificial_Wastewater_in_Constructed_wetland
https://doi.org/10.1016/j.biortech.2014.01.029
https://www.ncbi.nlm.nih.gov/pubmed/24529987
https://doi.org/10.2166/wst.2016.076
https://doi.org/10.2166/wst.2016.076
https://www.ncbi.nlm.nih.gov/pubmed/27191551
https://dx.doi.org/10.22059/poll.2017.236692.290
https://doi.org/10.32598/IJT.13.2.483.2
https://doi.org/10.32598/IJT.13.2.483.2
https://doi.org/10.1007/s40201-019-00419-1
https://www.ncbi.nlm.nih.gov/pubmed/32399216
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7203377
https://doi.org/10.1016/j.jwpe.2019.100902
https://doi.org/10.2166/wst.2014.474
https://www.ncbi.nlm.nih.gov/pubmed/25607677
https://www.ncbi.nlm.nih.gov/pubmed/27241886
https://doi.org/10.2166/wst.1992.0766

Journal of
Advances in Environmental Health Research

[13] American Public Health Association (APHA), American Wa-
ter Works Association, Water Environment Federation. Standard
methods for the examination of water and wastewater. Wash-
ington DC: American Public Health Association; 2005. https://
books.google.com/books?id=buTnlrmfSI4Cé&dq

[14] Zhou Z, Qiao W, Xing C, An Y, Shen X, Ren W, et al. Microbial
community structure of anoxic-oxic-settling-anaerobic sludge re-
duction process revealed by 454-pyrosequencing. Chem Eng J.
2015; 266:249-57. [DOI:10.1016/j.cej.2014.12.095]

[15] Ye FX, Zhu RF, Li Y. Effect of sludge retention time in sludge
holding tank on excess sludge production in the Oxic-Settling-
Anoxic (OSA) activated sludge process. ] Chem Technol Biotech-
nol. 2008; 83(1):109-14. [DOI:10.1002/jctb.1781]

[16] Bitton G. Wastewater microbiology. 3rd ed. Hoboken: John
Wiley & Sons; 2005. [DOI:10.1002/0471717967]

[17] Zhou Z, Qiao W, Xing C, Wang C, Jiang LM, Gu Y, et al.
Characterization of dissolved organic matter in the anoxic-oxic-
settling-anaerobic sludge reduction process. Chem Eng J. 2015;
259:357-63. [DOI:10.1016/j.cej.2014.07.129]

[18] LiK, Wang Y, Zhang Z, Liu D. Effects of oxidation reduction
potential in the bypass micro-aerobic sludge zone on sludge
reduction for a modified oxic-settling-anaerobic process. Water
Sci Technol. 2014; 69(10):2139-46. [DOI:10.2166/wst.2014.135]
[PMID]

[19] Chen GH, Saby S, Djafer M, Mo HK. New approaches to mini-
mize excess sludge in activated sludge systems. Water Sci Tech-
nol. 2001; 44(10):203-8. [DOI:10.2166,/ wst.2001.0621] [PMID]

[20] de Oliveira TS, Corsino SF, Di Trapani D, Torregrossa M,
Viviani G. Biological minimization of excess sludge in a mem-
brane bioreactor: effect of plant configuration on sludge pro-
duction, nutrient removal efficiency and membrane fouling
tendency. Bioresour Technol. 2018; 259:146-55. [DOI:10.1016/j.
biortech.2018.03.035] [PMID]

[21] Foladori P, Velho VF, Costa RHR, Bruni L, Quaranta A, An-
dreottola G. Concerning the role of cell lysis-cryptic growth
in anaerobic side-stream reactors: The single-cell analysis of
viable, dead and lysed bacteria. Water Res. 2015; 74:132-42.
[DOIL:10.1016/j.watres.2015.01.042] [PMID]

[22] Semblante GU, Phan HV, Hai FI, Xu ZQ, Price WE, Nghiem
LD. The role of microbial diversity and composition in mini-
mizing sludge production in the oxic-settling-anoxic process.
Sci Total Environ. 2017; 607-608:558-67. [DOI:10.1016/j.scito-
tenv.2017.06.253] [PMID]

[23] Tchobanoglous G, Metcalf & Eddy. Wastewater engineering:
Treatment, disposal, and reuse. 2nd ed. New York: McGraw-
Hill; 1979. https:/ /books.google.com/books?id=yPSezQEACA
AJ&printsec=frontcover&dq=editions:AY9p1hU-OI8C

[24] Michael MH. Wastewater Bacteria. Hoboken: John Wiley &
Sons; 2006. pp. 78-95. https:/ /books.google.com/books?id=LQj
SLnQJHKwC&printsec=frontcover&dq

[25] Zuthi MFR, Guo WS, Ngo HH, Nghiem LD, Hai FI. Enhanced
biological phosphorus removal and its modeling for the acti-
vated sludge and membrane bioreactor processes. Bioresour
Technol. 2013; 139:363-74. [DOI:10.1016/j.biortech.2013.04.038]
[PMID]

[26] Ferrentino R, Langone M, Merzari F, Tramonte L, Andreottola
G. A review of anaerobic side-stream reactor for excess sludge
reduction: Configurations, mechanisms, and efficiency. Crit Rev

Autumn 2021. Volume 9. Number 4

Environ Sci Technol. 2016; 46(4):382-405. https:/ /journals.schol-
arsportal.info/details /10643389 /v46i0004/382_aroasrsrcmae.
xml&sub=all

[27] Goel RK, Noguera DR. Evaluation of sludge yield and
phosphorus removal in a Cannibal solids reduction process. J
Environ Eng. 2006; 132(10):1331-7. [DOI:10.1061/(ASCE)0733-
9372(2006)132:10(1331)]

[28] Ferrentino R, Langone M, Villa R, Andreottola G. Strict an-
aerobic side-stream reactor: Effect of the sludge interchange ra-
tio on sludge reduction in a biological nutrient removal process.
Environ Sci Pollut Res Int. 2018; 25(2):1243-56. [DOI:10.1007/
s11356-017-0805-5] [PMID]

[29] Ferrentino R, Langone M, Andreottola G. Progress toward full
scale application of the Anaerobic Side-Stream Reactor (ASSR)
process. Bioresour Technol. 2019; 272:267-74. [DOI:10.1016/j.bi-
ortech.2018.10.028] [PMID]

[30] Salehiziri M, Amini Rad H, Novak JT. Disruption of cell to cell
communication in the aeration unit of a cannibal process: Sludge
reduction efficiency and related mechanisms. Biochem Eng J.
2018; 137:326-33. [DOI:10.1016/§.bej.2018.06.015]

[31] Wang J, Zhao Q, Jin W, Lin J. Mechanism on minimization of
excess sludge in Oxic-Settling-Anaerobic (OSA) process. Front
Environ Sci Eng. 2008; 2(1):36-43. [DOI:10.1007 /s11783-008-0001-
4]

[32] Henze M, van Loosdrecht MC, Ekama GA, Brdjanovic D. Bio-
logical wastewater treatment: Principles, Modelling and design.
London: IWA publishing; 2008. [DOI:10.2166,/9781780401867]

[33] Welles L. Enhanced biological phosphorus removal: meta-
bolic insights and salinity effects. Milton Park: Taylor & Francis
Group; 2018 [DOI:10.2166,/9781789060362_0239]

[34] Salem S, Moussa MS, van Loosdrecht MCM. Determination
of the decay rate of nitrifying bacteria. Biotechnol Bioeng. 2006;
94(2):252-62. [DOI:10.1002,/ bit.20822] [PMID]

[35] Chen GH, An K], Saby S, Brois E, Djafer M. Possible cause of
excess sludge reduction in an Oxic-Settling-Anaerobic activated
sludge process (OSA process). Water Res. 2003; 37(16):3855-66.
[DOI:10.1016/50043-1354(03)00331-2] [PMID]

[36] Novak JT, Chon DH, Curtis BA, Doyle M. Biological solids
reduction using the cannibal process. Water Environ Res. 2007;
79(12):2380-6. [DOI:10.2175/106143007X183862] [PMID]

[37] Datta T, Liu Y, Goel R. Evaluation of simultaneous nutrient
removal and sludge reduction using laboratory scale sequencing
batchreactors. Chemosphere. 2009; 76(5):697-705. [DOI:10.1016/j.
chemosphere.2009.02.040] [PMID]

[38] Wang J, Li SY, Jiang F, Wu K, Liu GL, Lu H, et al. A modified
Oxic-Settling-Anaerobic activated sludge process using gravity
thickening for excess sludge reduction. Sci Rep. 2015; 5:13972.
[DOI:10.1038/srep13972] [PMID] [PMCID]

[39] Foladori P, Andreottola G, Ziglio G. Sludge reduction technol-
ogies in wastewater treatment plants. London: IWA publishing;
2010. [DOI:10.2166/9781780401706]

[40] Troiani C, Eusebi AL, Battistoni P. Excess sludge reduction
by biological way: From experimental experience to a real full
scale application. Bioresour Technol. 2011; 102(22):10352-8.
[DOI:10.1016/j biortech.2011.08.124] [PMID]

Nikpour B, et al. Studying the Effluent Quality of Municipal Wastewater. ] Adv Environ Health Res. 2021; 9(4):345-360. 359



http://jaehr.muk.ac.ir/
https://books.google.com/books?id=buTn1rmfSI4C&dq=Standard+Methods+for+the+Examination+of+Water+and+Wastewater+2005&hl=en&sa=X&ved=2ahUKEwiztM7iltv0AhXGz4UKHfvSDVcQ6AF6BAgGEAI
https://books.google.com/books?id=buTn1rmfSI4C&dq=Standard+Methods+for+the+Examination+of+Water+and+Wastewater+2005&hl=en&sa=X&ved=2ahUKEwiztM7iltv0AhXGz4UKHfvSDVcQ6AF6BAgGEAI
https://doi.org/10.1016/j.cej.2014.12.095
https://doi.org/10.1002/jctb.1781
https://onlinelibrary.wiley.com/doi/book/10.1002/0471717967
https://doi.org/10.1016/j.cej.2014.07.129
https://doi.org/10.2166/wst.2014.135
https://www.ncbi.nlm.nih.gov/pubmed/24845332
https://doi.org/10.2166/wst.2001.0621
https://www.ncbi.nlm.nih.gov/pubmed/11794655
https://doi.org/10.1016/j.biortech.2018.03.035
https://doi.org/10.1016/j.biortech.2018.03.035
https://www.ncbi.nlm.nih.gov/pubmed/29550667
https://doi.org/10.1016/j.watres.2015.01.042
https://www.ncbi.nlm.nih.gov/pubmed/25725204
https://doi.org/10.1016/j.scitotenv.2017.06.253
https://doi.org/10.1016/j.scitotenv.2017.06.253
https://www.ncbi.nlm.nih.gov/pubmed/28704678
https://books.google.com/books?id=yPSezQEACAAJ&printsec=frontcover&dq=editions:AY9p1hU-Ol8C
https://books.google.com/books?id=yPSezQEACAAJ&printsec=frontcover&dq=editions:AY9p1hU-Ol8C
https://doi.org/10.1016/j.biortech.2013.04.038
https://www.ncbi.nlm.nih.gov/pubmed/23659759
https://journals.scholarsportal.info/details/10643389/v46i0004/382_aroasrsrcmae.xml&sub=all
https://journals.scholarsportal.info/details/10643389/v46i0004/382_aroasrsrcmae.xml&sub=all
https://journals.scholarsportal.info/details/10643389/v46i0004/382_aroasrsrcmae.xml&sub=all
https://doi.org/10.1061/(ASCE)0733-9372(2006)132:10(1331)
https://doi.org/10.1061/(ASCE)0733-9372(2006)132:10(1331)
https://doi.org/10.1007/s11356-017-0805-5
https://doi.org/10.1007/s11356-017-0805-5
https://www.ncbi.nlm.nih.gov/pubmed/29086359
https://doi.org/10.1016/j.biortech.2018.10.028
https://doi.org/10.1016/j.biortech.2018.10.028
https://www.ncbi.nlm.nih.gov/pubmed/30359880
https://doi.org/10.1016/j.bej.2018.06.015
https://doi.org/10.1007/s11783-008-0001-4
https://doi.org/10.1007/s11783-008-0001-4
https://doi.org/10.2166/9781780401867
https://doi.org/10.2166/9781789060362_0239
https://doi.org/10.1002/bit.20822
https://www.ncbi.nlm.nih.gov/pubmed/16598796
https://doi.org/10.1016/S0043-1354(03)00331-2
https://pubmed.ncbi.nlm.nih.gov/12909103/
https://onlinelibrary.wiley.com/doi/abs/10.2175/106143007X183862
https://www.ncbi.nlm.nih.gov/pubmed/18044354
https://doi.org/10.1016/j.chemosphere.2009.02.040
https://doi.org/10.1016/j.chemosphere.2009.02.040
https://www.ncbi.nlm.nih.gov/pubmed/19409599
https://doi.org/10.1038/srep13972
https://www.ncbi.nlm.nih.gov/pubmed/26350761
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4563565
https://doi.org/10.2166/9781780401706
https://doi.org/10.1016/j.biortech.2011.08.124
https://www.ncbi.nlm.nih.gov/pubmed/21945207

This Page Intentionally Left Blank



	Eghbal Sekhavati1 ￼, Reza Jalilzadeh Yengejeh1* ￼ 
	Fatemeh Ostadi1 ￼, Fatemeh Mortezazadeh2 ￼, Fathollah Gholami-Borujeni2* ￼ 
	Azam Mahdipour1 ￼, Mojgan Zaeimdar1* ￼, Mohammad Sadegh Sekhavatjou2 ￼, Sayed Ali Jozi1 ￼
	Farough Mohammadian1 ￼, Ahmad Mehri2 ￼, Kamaladdin Abedi1* ￼, Hossein Ebrahimi3 ￼, Fereydoon Laal4 ￼, Hamed Falahi5 ￼ 
	Amir Hossein Baghaie1*￼ 
	Meghdad Bineshpour1 ￼, Khoshnaz Payandeh2 ￼, Ahad Nazarpour3* ￼, Sima Sabzalipour1 ￼ 
	Mahmoud Mohammadi1 ￼, Saber Ghasemi1* ￼, Hossein Parvaresh1 ￼, Mohsen Dehghani Ghanateghestani1 ￼ 
	Behzad Nikpour1 ￼, Reza Jalilzadeh Yengejeh1* ￼, Afshin Takdastan1-3 ￼, Amir Hessam Hassani4 ￼, Mohammad Ali Zazouli1,5 ￼ 


