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ABSTRACT

This study assesses the performance of a hybrid municipal wastewater treatment system.
The proposed system attempted to improve the performance of an activated sludge system by using
fully immersed vertical rotating biological contactors in the aeration basin of the system. Besides,
a multi-layer perceptron neural network (MLPNN) was used to predict pollutants in the effluent.
Overall treatment efficiencies of chemical oxygen demand (COD), total suspended solids (TSS),
total phosphorus (TP), turbidity, and NH, removal were 94%, 95%, 74%, 94%, and 86%, respectively.
Via the training procedure of the MLPNN model, an almost perfect match was achieved between
predicted values and experimental values. The correlation coefficient (R) was higher than 0.95 for
all models predicting COD, TSS, TP, turbidity, and NH,, and mean squared error was satisfactory.
The results were verified and demonstrated the effectiveness of the MLPNN model to predict efflu-
ent values. Also, the findings confirmed the effectiveness of the system in municipal wastewater
treatment. Consequently, this system is recommended for treating municipal wastewater.

Keywords: Municipal wastewater treatment; Activated sludge process; Rotating biological contactors;
Hybrid growth process; Neural networks; Prediction

1. Introduction

Due to the rapid increase in population, the amount of
municipal wastewater has dramatically increased in recent
years. Therefore, some measures must be taken in order
to collect and treat produced wastewater to achieve a non-
polluting and healthy environment [1]. Additionally, it is
crucial to reuse wastewater in regions that are suffering from
water shortage. Overall, conventional wastewater treatment
systems cannot be sulfficient for the treatment of this amount
of produced wastewater; as a result, new technologies
and innovations should be used for wastewater treatment [2].

Generally, the activated sludge process is the most
used biological method of wastewater treatment, and a
bacterial biomass suspension is responsible for remov-
ing the pollutants in this process [3]. Different kinds of
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activated sludge systems have been utilized for various
types of wastewaters. Recently, different studies have been
performed in order to improve the performance of the
activated sludge systems to treat different kinds of waste-
waters. As an example, Jung et al. [4] utilized batch acti-
vated sludge systems to treat dairy wastewater with high
oil and grease contents. In another study, Pala and Tokat
[5] applied an activated sludge pilot in order to treat the
cotton textile industry wastewater. Tellez et al. [6] utilized
a field continuous-flow activated sludge system to remove
petroleum hydrocarbons from produced water. Based on
the field-scale test results in this study, the activated sludge
system can be effectively used for removing total petro-
leum hydrocarbon from produced water. Also, Aslan et al.
[7] used an activated sludge system to remove COD from
the edible oil wastewaters. In another study, Coté et al. [8]
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used an immersed membrane activated sludge system to
treat municipal wastewater. The findings showed that the
immersed membrane activated sludge system resulted in
acceptable BOD and COD removal efficiencies.

The performance of suspended growth systems, such
as the activated sludge system, can be improved for waste-
water treatment by using various types of packing mate-
rials in the aeration basin of these systems [9,10]. In other
words, packing materials are very suitable to improve
overloaded suspended growth wastewater treatment sys-
tems by converting unused volumes into attached growth
reactors [11]. The usage of biofilm media in the aeration
basin of activated sludge systems might increase the per-
formance of these suspended growth systems. As an exam-
ple, You et al. [12] reported that the combination of rotating
biological contactors (RBCs) with an activated sludge sys-
tem could promote nitrifying activity, which contributed to
the nitrification performance. In a study, Zaoyan et al. [13]
combined RBCs with the activated sludge system to treat
dye wastewater. According to the results, the system could
effectively remove the color from the wastewater. In another
study, Gebara [14] utilized plastic nets as biofilm media
inside the aeration basin of an activated sludge system.
Based on the results, the addition of nets could improve
BOD, removal efficiency for treating synthetic wastewater.
Su and Ouyang [15] combined an activated sludge system
with fixed biofilms to treat synthetic municipal wastewa-
ter with different operating parameters. They reported that
the combined system is a successful strategy to upgrade
the activated sludge systems. A polyurethane fluidized bed
biofilm was combined with an activated sludge system to
treat dyeing wastewater by Park and Lee [16]. The system
could effectively remove COD from the wastewater in dif-
ferent organic loading rates. Di Trapani et al. [17] investi-
gated the performance of a hybrid activated sludge/biofilm
process for wastewater treatment in a cold climate region.
The hybrid system showed excellent removal efficiencies in
organic pollutants. Also, Zhang et al. [18] combined a pilot-
scale continuous activated sludge reactor with fixed carriers
to treat high ammonium wastewater. The results indicated
that the integrated pilot was successful in nitrogen removal.

This study attempts to investigate the performance of
an activated sludge system with fully immersed vertical
RBCs in the aeration basin of the system. In other words, the
attached growth and suspended growth biological waste-
water treatment were integrated into the aeration basin of
our system. Despite the positive effect of biofilm media for
improving the effectiveness of biological wastewater treat-
ment systems, the detachment of biomass from biofilm
media is a critical issue in these attached growth wastewater
treatment systems [19]. High rotational speed in RBCs may

Table 1
Synthetic municipal wastewater characteristics

bring about biofilm detachment, which has an adverse influ-
ence on the biomass concentration in these systems [20].
Because of this, the rotational speed of 5 rpm (rotations per
minute) was selected for the rotating disks in our integrated
wastewater treatment system. Based on our knowledge,
this system for the treatment of municipal wastewater has
not been previously studied or reported in the literature.

On the whole, even though mathematical solutions can
quickly solve each problem with hardware available at the
moment, some problems require too high computational
capacities. As such, different algorithms, including ant col-
ony optimization algorithms, genetic algorithms, neural
networks algorithms, and so on, have been developed to
solve this issue. In recent years, artificial neural networks
(ANNSs) have been employed in diverse scientific areas, such
as water resources and environmental engineering [21,22].
Besides, neural networks have been efficiently applied for
controlling and monitoring water and wastewater treat-
ment systems [23-25]. Neural networks fundamentally
compute relationships among input values and output
values via some internal calculations. Hence, a multi-layer
perceptron neural network (MLPNN) was used to predict
wastewater characteristics at the effluent of the wastewater
treatment system in our study.

2. Materials and methods
2.1. Synthetic municipal wastewater characteristics

The pilot plant was located in K.N. Toosi University
Laboratory. In this study, the synthetic wastewater was pre-
pared from tap water by adding several compounds. It was
chiefly formed of a source of carbon (saccharose; C,,H,,0, ), a
source of nitrogen (ammonium chloride: NH,Cl), a source
of phosphorous (disodium phosphate: Na,HPO, and
monopotassium phosphate: KH,PO,), bentonite as a source
of total suspended solids (TSS) and turbidity, and other
nutrient solutions to simulate the desirable level of organic
strength. Table 1 shows the minimum, the average, and
the maximum values of synthetic municipal wastewater
characteristics.

2.2. Pilot plant

The wastewater treatment system was composed of
a feeding tank, an aeration basin, which consisted of four
fully immersed vertical rotating biodisks, and a settling
tank (Fig. 1). The feeding tank was 2 m above the ground
level so as to establish a continuous flow. The RBCs were
made of Plexiglass acrylic sheets. A layer of polyurethane
foam (PUF) was attached to both sides of each biodisk in
order to facilitate both organic matter biodegradation and

Parameters COD (mg/L) BOD,(mg/L) TDS(mg/L) TSS(mg/L) NH,(mg/L) Turbidity (NTU) pH TP (mg/L)
Min. 335 141 274 220 19 255 6.9 26.8

Avg. 872.5 386 444.5 427 57.5 504.9 745 20

Max. 1,410 631 615 634 84 754.8 8 13.2
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Fig. 1. Configuration of the pilot plant and the process used in
this study.

microorganisms’ growth. The PUF serves as a suitable
media owing to having a high specific surface area and
porosity [26]. The characteristics of RBCs used in this study
are given in Table 2. The disks were installed in the aeration
basin with a volume of 50 L. The biodisks were connected
through a stainless steel shaft, and an induction motor was
employed for rotating the shaft and disks. Fig. 2 shows the
RBCs before and after usage in the wastewater treatment
system. An air compressor supplied airflow to the aera-
tion basin via diffusers placed in it to provide oxygen and
also ensure mixing in the aeration reactor. Two aquarium
heaters were applied to maintain the temperature at 30°C.
Eventually, the 12-L Plexiglass settling tank had a trapezoi-
dal shape part because this can facilitate suspended solids
and sludge settleability. In order to return settled sludge
to the aeration basin, a pump with a specific flow was
installed at the bottom of the settling tank.

2.3. Operating conditions

After placing rotating contactors in the aeration basin,
half of the effective volume of the aeration basin was filled
with return activated sludge of the aeration basin unit of
Ekbatan municipal wastewater treatment plant. pH, mixed
liquor suspended solids (MLSS), and mixed liquor volatile
suspended solids (MLVSS) for return activated sludge were
7.4; 9,050 mg/L; and 7,200 mg/L, respectively. The remain-
ing volume was filled with synthetic municipal wastewater.
In order to provide organics and nutrients required for the
growth of microorganisms, activated sludge and synthetic
municipal wastewater were daily added to the aeration
basin. This process had been performed 30 times before
we started pilot testing. pH typically impacts on the treat-
ability of wastewater in biological wastewater treatment
processes [27]. Because of this, pH was measured and was
between 6.6 and 8.4. We observed that after 8 h aeration in
the aeration basin, the COD removal rate decreases due
to the decline in the concentration of MLVSS. This decline
can be attributed to the decrease in the food to microorgan-
ism ratio and the death of microorganisms in the aeration
basin of the activated sludge system, which commonly
increase COD concentration. In addition, based on the
inlet wastewater flow rate and the dimensions of the set-
tling tank of the activated sludge system, settling time in

Table 2
Characteristics of rotating biological contactors used in this study

Parameter Value
Number of disks 4
Diameter of disks (cm) 25
Spacing between disks (cm) 5
Surface material PUF
Thickness of disks (cm) 4.5
Total surface area of disks (m?) 0.4
Porosity of disks (%) 85
Disk submergence (%) 100

(a)

Fig. 2. Rotating biological contactors before the biofilm
formation (a) and after biofilm formation in the aeration
basin (b).

the activated sludge system was 2.5 h. As a result, 10.5 h
optimum was chosen for the whole integrated municipal
wastewater treatment system as the optimum hydraulic
retention time. The settling tank was added to the system
after the adaptation phase. Afterwards, synthetic munic-
ipal wastewater with approximately 100 mL/min flow
rate was discharged into the aeration basin. The return
activated sludge pump returned settled activated sludge
from the settling tank to the aeration basin at 20% of the
influent synthetic wastewater flow rate. During the aeration
phase, the biodisks were rotated at 5 rpm. Finally, waste-
water samples were collected to measure the wastewater
characteristics before and after the treatment process.

2.4. Analytical method

In this study, chemical oxygen demand (COD), biochem-
ical oxygen demand (BOD,), total phosphorus (TP), MLSS,
MLVSS, TSS, ammonia (NH,), total dissolved solids (TDS),
temperature, turbidity, and pH were measured. A spectro-
photometer (Loviband Laboratory Spectrophotometer) was
used to measure NH, and COD at the university laboratory.
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TDS was measured by AZ8371, and turbidity was measured
by PC CHECKIT Loviband. The pH and the temperature
were measured by a digital pH meter. TSS, MLSS, MLVSS,
and BOD, were measured according to standard methods
[28].

2.5. NN-based model development

Overall, ANNs are inspired by the animals’ brain per-
formance [29]. Neural networks generally consist of tons
of artificial neurons, and the networks’ functions are deter-
mined by connections among these neurons [30]. To put
it another way, neural networks try to define a relation-
ship among inputs and outputs without a specific rule,
and this is the most advantage of ANNs [31]. As a single
layer cannot efficiently detect the relationships among a
large number of inputs and outputs, a multi-layer percep-
tron (MLP) is commonly used for creating the neural net-
work models [32]. In this study, we used an MLPNN with
three layers, including an input layer, a hidden layer with
13 neurons, and an output layer.

Fig. 3 demonstrates the architecture of the MLPNN
used in the study for the prediction of effluent wastewater
characteristics. Eight parameters, including influent COD,
BOD,, TP, NH,, TSS, TDS, turbidity, and pH, were used as
the inputs of the MLPNN to predict effluent COD, TSS, TP,
turbidity, and NH,. Table 3 demonstrates the characteristics
of input and output variables in the MLPNN modeling pro-
cess. By means of a random data division, the data set was
divided into three sets, 80% (10 readings) for training, 10%

Meural Network

Hidden

(1 reading) for validation, and 10% (1 reading) for testing of
the MLPNN model. In this study, the Levenberg-Marquardt
algorithm was used for training the MLPNN model, and
the performance of the MLPNN model in predicting
effluent COD, TSS, TP, turbidity, and NH, was measured
employing correlation coefficient (R) and mean squared
error (MSE). Influent and effluent values of wastewaters
characteristics used in the MLPNN model are available as
supplementary information in Table S1.

3. Results and discussion
3.1. COD removal efficiency

The average COD concentration in the influent of the
raw synthetic municipal wastewater was about 724 mg/L,
which decreased to the average concentration of 44 mg/L
in the effluent (lower than the standard limit of 60 mg/L
by U.S. EPA) [33]. The standard deviation for raw waste-
water and effluent after the hybrid wastewater treatment
system was 390.1 and 12.1, respectively. The average COD
removal efficiency was approximately 94% at the end of
the wastewater treatment system. Based on the results,
our hybrid growth (attached/suspended growth) waste-
water treatment system is effective in COD removal from
municipal wastewater. Our hybrid activated sludge sys-
tem displayed higher COD removal efficiency than some
other activated sludge systems. As an example, Schwede
et al. [34] used a microalgae-based activated sludge pro-
cess for municipal wastewater treatment on a pilot scale.

Algorithms

Data Division: Random (dividerand)

Training: Levenberg-Marquardt (trainlm)

Performance: Mean Squared Error  (mse)

Calculations:  MEX

Progress

Epoch: 0 | 5 iterations | 1000
Time: | 0:00:01 |
Performance: 1.18e+03 0.00
Gradient: 2.83e+03 | 1.07e-08 | 1.00e-07
Mu: 0.00100 | 1.00e-08 | 1.00e+10

Validation Checks:

0 [ | 6

Fig. 3. Architecture of the MLPNN used in the study for the prediction of effluent COD, TSS, TP, turbidity, and NH,.
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Table 3
Characteristics of input and output variables in the MLPNN
modeling process

Input variable Value Output variable Value

Influent conc. Effluent conc.

COD (mg/L) 335-1,410 COD (mg/L) 25-64
BOD, (mg/L) 141-631  BOD, (mg/L) 11-31
TDS (mg/L) 274-615  TDS (mg/L) 206-449
TSS (mg/L) 220-634  TSS (mg/L) 18-45
NH, (mg/L) 19-84 NH, (mg/L) 1.9-12
TP (mg/L) 132-268 TP (mg/L) 3.6-7
Turbidity (NTU) ~ 255-7548  Turbidity (NTU)  19.2-40
pH 6.9-8 pH 6.5-8.1

According to the findings, the average COD removal in
our system is higher than that system with COD removal
between 75% and 90%. In another study, Sperling et al.
[35] combined an activated sludge system with an up-flow
anaerobic sludge blanket (UASB) reactor to treat munic-
ipal wastewater. COD removal efficiency in that com-
bined system changed from 85% to 93%, which is lower
than the average COD removal in our hybrid system.
Also, our hybrid activated sludge system showed higher
COD removal efficiency as compared with a conventional
activated sludge system utilized by Guven et al. [36]. In
addition, the microorganisms in our hybrid growth sys-
tem have a higher ability to remove organic carbon than
other single growth wastewater treatment processes. As an
example, sequencing batch reactors (SBRs) are suspended
growth biological wastewater treatment systems, and in a
study, Jin et al. [37] used two parallel SBRs for removing
organic matters in municipal wastewater; COD removal in
the best condition was approximately 70%, which is lower
than COD removal in our system. Also, the COD removal
efficiency of our system is higher than another pilot-scale
SBR [38]. In another study, Sarti et al. [39] used anaerobic
pilot-scale SBRs for domestic sewage treatment with the
COD removal efficiency of less than 60%. Our hybrid sys-
tem displayed higher COD removal efficiency as compared
with that study. Moreover, our system showed higher
COD removal efficiency than some other attached growth
systems. For example, Wang et al. [40] employed a mov-
ing bed biofilm reactor (MBBR) to treat municipal waste-
water. The COD removal efficiency was between 57% and
77%, which is lower than COD removal efficiency in our
system. Besides, Yang et al. [41] applied membranes in an
SBR system in a study. The COD removal efficiency in that
system was analogous to our system, but they confronted
membrane fouling problem, which is a severe obstacle in
these kinds of wastewater treatment systems [42].

3.2. TSS removal efficiency

The average TSS concentration in the influent of the
raw synthetic wastewater was about 393 mg/L, which
decreased to the average concentration of 22 mg/L in the
effluent. The standard deviation for raw wastewater and

effluent after the hybrid wastewater treatment system was
124.9 and 9.3, respectively. The average TSS removal effi-
ciency was approximately 95% at the end of the wastewa-
ter treatment system. The results showed that the system
is successful in TSS removal from municipal wastewa-
ter. TSS removal efficiency in our system was higher than
some other wastewater treatment systems. For example,
TSS removal in our integrated system was higher than
TSS removal in a conventional activated sludge municipal
wastewater treatment system, which was used by Gonzalez
et al. [43]. Besides, our hybrid activated sludge system
showed higher TSS removal efficiency as compared with
an activated sludge system utilized by Hannah et al. [44].
Our hybrid system also performed better, in the removal
of TSS from municipal wastewater, than a system in which
an activated sludge system was combined with a dissolved
air flotation unit for the municipal wastewater treatment,
and achieved an average removal efficiency of 78% in the
best condition [45]. In a study, Torres and Foresti [46] used
a combined anaerobic-aerobic system composed of an
UASB reactor followed by an SBR to treat domestic sew-
age in tropical regions. The overall TSS removal in that
system was 84%; therefore, TSS removal in our wastewater
treatment system was higher than their wastewater treat-
ment system. In another research, Guida et al. [47] used the
coagulation process in municipal wastewater treatment to
meet the Italian water quality discharge limits in diverse
conditions. 92% TSS removal efficiency in our system was
higher than TSS removal efficiency in that research in
most of the circumstances.

3.3. TP removal efficiency

The average TP concentration in the influent of the
raw synthetic municipal wastewater was about 19.2 mg/L,
which decreased to the average concentration of 5 mg/L in
the effluent (lower than the standard limit of 6 mg/L by U.S.
EPA) [33]. The standard deviation for raw wastewater and
effluent after the hybrid wastewater treatment system was
4.6 and 1.1, respectively. The average TP removal efficiency
was approximately 74% at the end of the wastewater treat-
ment system. According to the results, our hybrid growth
(attached/suspended growth) wastewater treatment system
is effective in TP removal from municipal wastewater. Our
hybrid wastewater treatment system showed higher TP
removal efficiencies than some other systems. As an exam-
ple, Seo et al. [48] used an altered activated sludge system
for domestic wastewater treatment. 74% TP removal effi-
ciency in our hybrid system was higher than 23% TP removal
in their system. In a study, Singh and Kazmi [49] utilized a
single-stage aerobic integrated fixed-film activated sludge
reactor to treat municipal wastewater. TP removal in that
integrated system was about 50%, which is lower than 74%
TP removal in our hybrid system. In another study, Wang
and Chen [50] investigated the performance of a full-scale
activated sludge municipal wastewater treatment plant.
TP removal efficiency of our hybrid system is higher than
that activated sludge system. Moreover, the TP removal
efficiency of our hybrid wastewater treatment system was
higher than a single growth wastewater treatment system
(a conventional SBR) with removal efficiencies from 20% to
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70% [51]. Also, in a study, Lin and Cheng [52] combined
an attached growth system (an SBR system) with chem-
ical coagulation for municipal wastewater treatment. TP
removal efficiency in their combined system was lower
than our hybrid system. In another study, Zinatizadeh and
Ghaytooli [53] employed an MBBR, which is an attached
growth process for treating wastewater. TP removal in
our hybrid system was higher than their attached growth
biological wastewater treatment system.

3.4. Turbidity removal efficiency

The average turbidity concentration in the influent of
the raw synthetic wastewater was about 470 NTU, which
decreased to the average concentration of 30 NTU in
the effluent. The standard deviation for raw wastewater
and effluent after the hybrid wastewater treatment sys-
tem was 145.9 and 8.5, respectively. The average turbidity
removal efficiency was approximately 94% at the end of
the wastewater treatment system. The results indicated that
the system is efficient in turbidity removal from munici-
pal wastewater in comparison with some other wastewater
treatment systems. As an example, Moussaoui et al. [54]
applied an activated sludge reactor to treat synthetic urban
wastewater. Our hybrid system showed higher turbidity
removal efficiency as compared with that system. Also, our
hybrid activated sludge system indicated higher turbidity
removal efficiency than an activated sludge system, which
was used by Shivaranjani and Thomas [55]. In a study, Li
et al. [56] used a sequencing batch biofilm reactor with
biological filtration for wastewater treatment, and the aver-
age turbidity removal in their wastewater treatment sys-
tem was 85%, which was lower than the average turbidity
removal in our system. In another study, Ahmed et al. [57]
investigated the performance of an anaerobic SBR for pri-
mary settled wastewater treatment at different tempera-
tures and reaction times. The best average turbidity removal
in that system was roughly 80%, which indicates that the
average turbidity removal in our system is promising. The
findings also showed that turbidity removal in our system
is higher than an electro-coagulation treatment process [58].

3.5. NH, removal efficiency

The average NH, concentration in the influent of the
raw synthetic wastewater was about 46.8 mg/L, which
decreased to the average concentration of 6.5 mg/L in the
effluent. The standard deviation for raw wastewater and
effluent after the hybrid wastewater treatment system
was 20.2 and 3.4, respectively. The average NH, removal
efficiency was approximately 86% at the end of the waste-
water treatment system. According to the findings, the
system is effective in NH, removal from municipal waste-
water. NH, removal in our hybrid system was higher than
some other activated sludge municipal wastewater treat-
ment systems. For example, in a study by Wu et al. [59],
using a cyclic activated sludge technology (CAST) sys-
tem for municipal wastewater treatment, the maximum
NH, removal efficiency was 83%. In another study, Wang
et al. [60] evaluated a CAST system for municipal waste-
water treatment. The 86% NH, removal efficiency of our

hybrid system is higher than approximately the 55% NH,
removal efficiency of that system. Besides, NH, removal in
our hybrid system was higher than some other biological
wastewater treatment systems. In a study, Wei et al. [61]
applied a modified submerged membrane bioreactor to
treat municipal wastewater. The maximum NH, removal
in that system was 58.2%, which is lower than NH, in our
system. Valipour et al. [62] also employed a compacted aer-
obic attached growth fix-film unit for domestic wastewater.
NH, removal in our hybrid system was higher than that
biological attached growth wastewater treatment system. In
another study, Moore et al. [63] employed biological aerated
filters in wastewater treatment. NH, removal in our hybrid
system was higher than that system.

3.6. NN-based prediction of effluent characteristics

After testing several network architectures with neu-
rons at the hidden layer to predict the effluent COD, TSS,
TP, NH,, and turbidity in this study, a three-layer MLPNN
was chosen for the network. While using more hidden neu-
rons might be practical for improving the performance of
the network, employing a large number of neurons might
bring about overfitting, and this usually undermines
the generalization capacity of the neural networks [64].
Consequently, an MLPNN with 3 layers and 13 neurons in
the hidden layer brought about higher accuracies for the
most of effluent characteristics and tested architectures
in this study, and the training procedure of the MLPNN
model was promising for the prediction of effluent COD,
TSS, TP, NH,, and turbidity. Fig. 4 demonstrates the results
of the prediction for the five effluent characteristics using
the MLPNN algorithm. In other words, Fig. 4 shows the
accuracy of the MLPNN model in the 12 cycles of raw syn-
thetic wastewater treatment with various characteristics
in this study. The results indicated that there is a perfect
match between predicted values and experimental values
for the effluent COD, TSS, TP, NH,, and turbidity. Besides,
the results confirmed the high generalization capability of
the MLPNN algorithm.

Fig. 5 shows the regression lines for the MLPNN model
predicting effluent COD, TSS, TP, turbidity, and NH, based
on all data sets. In this research, the results verify the high
correlation of predicted values with experimental values.
MSE and R values for each of the measured parameters are
given in Table 4. According to the results of our modeling
for the prediction of effluent characteristics, the MLPNN
model displays higher accuracies in comparison with some
previously developed models [65,66]. The optimal archi-
tecture of the MLPNN model was found to be successful
as the error based on all data sets was promising for the
effluent COD, TSS, TP, turbidity, and NH, in this study.

4. Conclusion

This study examined the novel application of an inte-
grated system for the treatment of municipal wastewater.
The hybrid system was composed of an activated sludge
system, which was coupled with fully immersed vertical
RBCs with a rotational speed of 5 rpm. The RBCs were used
in order to make a trade-off between the attached growth
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Table 4
R and MSE values for measured parameters

Parameters R MSE
COD 0.9978 0.791
TSS 0.9640 7.023
TP 0.9704 0.007
Turbidity 0.9768 5.121
NH 0.9745 0.639

3

and suspended growth in the aeration basin of the acti-
vated sludge system in this study. With a hydraulic reten-
tion time of 10.5 h, the removal efficiency of COD, TSS,
TP, turbidity, and NH, was 94%, 95%, 74%, 94%, and 86%,
respectively. According to the findings, the integrated sys-
tem obtained a successful result in municipal wastewater
treatment. Additionally, an MLPNN model was used for
the prediction of wastewater characteristics. The results ver-
ified that the MLPNN model is a practical tool to predict
characteristics of the effluent wastewater.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(%]

(10]

(11]

(12]

(13]

M. Henze, M.C. Van Loosdrecht, G.A. Ekama, D. Brdjanovic,
Biological Wastewater Treatment, IWA Publishing, London,
2008.

P. Rajasulochana, V. Preethy, Comparison on efficiency of
various techniques in treatment of waste and sewage water—a
comprehensive review, Resour. Effic. Technol., 2 (2016) 175-184.
K.V. Gernaey, M.C. Van Loosdrecht, M. Henze, M. Lind,
S.B. Jorgensen, Activated sludge wastewater treatment plant
modelling and simulation: state of the art, Environ. Modell.
Softw., 19 (2004) 763-783.

F. Jung, M. Cammarota, D.M.G. Freire, Impact of enzymatic
pre-hydrolysis on batch activated sludge systems dealing with
oily wastewaters, Biotechnol. Lett., 24 (2002) 1797-1802.

A. Pala, E. Tokat, Color removal from cotton textile industry
wastewater in an activated sludge system with various
additives, Water Res., 36 (2002) 2920-2925.

G.T. Tellez, N. Nirmalakhandan, J.L. Gardea-Torresdey,
Performance evaluation of an activated sludge system for
removing petroleum hydrocarbons from oilfield produced
water, Adv. Environ. Res., 6 (2002) 455-470.

S. Aslan, B. Alyiiz, Z. Bozkurt, M. Bakaoglu, Characterization
and biological treatability of edible oil wastewaters, Pol. J.
Environ. Stud., 18 (2009) 533-538.

P. Coté, H. Buisson, M. Praderie, Immersed membranes
activated sludge process applied to the treatment of municipal
wastewater, Water Sci. Technol., 38 (1998) 437-442.

E. Loupasaki, E. Diamadopoulos, Attached growth systems for
wastewater treatment in small and rural communities: a review,
J. Chem. Technol., 88 (2013) 190-204.

H.A. Mokhtari, S.A. Mirbagheri, N. Gisoo, M. Ehteshami,
Investigation and modelling of a hybrid petroleum refinery
wastewater treatment system using neural networks, Desal.
Water Treat., 198 (2020) 108-118.

H.A. Mokhtari, M. Bagheri, S.A. Mirbagheri, A. Akbari,
Performance evaluation and modelling of an integrated
municipal wastewater treatment system using neural networks,
Water Environ. J., (2020), https://doi.org/10.1111/wej.12565
(in Press).

S.J. You, C.L. Hsu, S.H. Chuang, C.F. Ouyang, Nitrification
efficiency and nitrifying bacteria abundance in combined
AS-RBC and A20 systems, Water Res., 37 (2003) 2281-2290.

Y. Zaoyan, S. Ke, S. Guangliang, Y. Fan, D. linshan,
M. Huanian, Anaerobic-aerobic treatment of a dye wastewater

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

[34]

131

by combination of RBC with activated sludge, Water Sci.
Technol., 26 (1992) 2093-2096.

F. Gebara, Activated sludge biofilm wastewater treatment
system, Water Res., 33 (1999) 230-238.

J. Su, C.F. Ouyang, Nutrient removal using a combined process
with activated sludge and fixed biofilm, Water Sci. Technol.,
34 (1996) 477-486.

Y.K. Park, C.H. Lee, Dyeing wastewater treatment by activated
sludge process with a polyurethane fluidized bed biofilm,
Water Sci. Technol., 34 (1996) 193-200.

D. Di Trapani, M. Christensson, M. Torregrossa, G. Viviani,
H. Odegaard, Performance of a hybrid activated sludge/biofilm
process for wastewater treatment in a cold climate region:
influence of operating conditions, Biochem. Eng. J., 77 (2013)
214-219.

L. Zhang, M. Liu, S. Zhang, Y. Yang, Y. Peng, Integrated
fixed-biofilm activated sludge reactor as a powerful tool to
enrich anammox biofilm and granular sludge, Chemosphere,
140 (2015) 114-118.

C.L.A. Mass, W.]. Parker, R.L. Legge, Detachment of solids and
nitrifiers in integrated, fixed-film activated sludge systems,
Water Environ. Res., 80 (2008) 2202-2208.

A. Gjaltema, L. Tijhuis, M. Van Loosdrecht, ].J. Heijnen, Detach-
ment of biomass from suspended nongrowing spherical bio-
films in airlift reactors, Biotechnol. Bioeng., 46 (1995) 258-269.
M. Bagheri, K. Al-jabery, D. Wunsch, ].G. Burken, Examining
plant uptake and translocation of emerging contaminants
using machine learning: implications to food security, Sci. Total
Environ., 698 (2020) 133999.

M. Bagheri, K. Aljabery, D.C. Wunsch, J.G. Burken, A deeper
look at plant uptake of environmental contaminants using
intelligent approaches, Sci. Total Environ., 651 (2019) 561-569.
S. Mirbagheri, M. Bagheri, M. Ehteshami, Z. Bagheri,
M. Pourasghar, Modeling of mixed liquor volatile suspended
solids and performance evaluation for a sequencing batch
reactor, J. Urban Environ. Eng., 9 (2015) 54-65.

M. Bagheri, A. Akbari, S.A. Mirbagheri, Advanced control
of membrane fouling in filtration systems using artificial
intelligence and machine learning techniques: a critical review,
Process Saf. Environ., 123 (2019) 229-252.

L. Rossi, M. Bagheri, W. Zhang, Z. Chen, ]J.G. Burken, X. Ma,
Using artificial neural network to investigate physiological
changes and cerium oxide nanoparticles and cadmium uptake
by Brassica napus plants, Environ. Pollut., 246 (2019) 381-389.

Y. Yang, K. Tsukahara, S. Sawayama, Performance and
methanogenic community of rotating disk reactor packed
with polyurethane during thermophilic anaerobic digestion,
Mater. Sci. Eng., 27 (2007) 767-772.

PS. Kodukula, T. Prakasam, A.C. Anthonisen, Role of pH in
Biological Wastewater Treatment Processes: Physiological
Models in Microbiology, CRC Press, Boca Raton, Florida, 2018,
pp. 113-135.

American Public Health Association and American Water
Works Association, Standard Methods for the Examination of
Water and Wastewater, American Public Health Association,
1015 Fifteenth Street, NW Washington, DC 20005, 1989.

S.S. Haykin, Neural Networks and Learning Machines/Simon
Haykin, Prentice Hall, New York, 2009.

M. Kubat, Artificial Neural Networks: An Introduction
to Machine Learning, Springer, Cham, Switzerland, 2015,
pp. 91-111.

ZH. Zhou, ]J. Wu, W. Tang, Ensembling neural networks:
many could be better than all, Artif. Intell., 137 (2002) 239-263.
R. Soleimani, N.A. Shoushtari, B. Mirza, A. Salahi, Experimental
investigation, modeling and optimization of membrane
separation using artificial neural network and multi-objective
optimization using genetic algorithm, Chem. Eng. Res. Des.,
91 (2013) 883-903.

U.S. Environmental Protection Agency, National Recommended
Water Quality Criteria-Correction, EPA 822-Z-99-001, 1999.

S. Schwede, A. Anbalagan, I. Krustok, C.-F. Lindberg,
E. Nehrenheim, Evaluation of the Microalgae-Based Activated
Sludge (MAAS) Process for Municipal Wastewater Treatment



132

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(501

H.A. Mokhtari, S.A. Mirbagheri / Desalination and Water Treatment 210 (2021) 123-133

on Pilot Scale, IWA World Water Congress, Brisbane, Australia,
09-13 October 2016.

M.V. Sperling, V.H. Freire, C.A. de Lemos Chernicharo,
Performance evaluation of a UASB-activated sludge system
treating municipal wastewater, Water Sci. Technol., 43 (2001)
323-328.

H. Guven, H. Ozgun, M.E. Ersahin, R.K. Dereli, I. Sinop,
L. Ozturk, High-rate activated sludge processes for municipal
wastewater treatment: the effect of food waste addition and
hydraulic limits of the system, Environ. Sci. Pollut. Res.,
26 (2019) 1770-1780.

P. Jin, B. Li, D. Mu, X. Li, Y. Peng, High-efficient nitrogen
removal from municipal wastewater via two-stage nitritation/
anammox process: long-term stability assessment and
mechanism analysis, Bioresour. Technol., 271 (2019) 150-158.
Q. Chen, J. Ni, T. Ma, T. Liu, M. Zheng, Bioaugmentation
treatment of municipal wastewater with heterotrophic-aerobic
nitrogen removal bacteria in a pilot-scale SBR, Bioresour.
Technol., 183 (2015) 25-32.

A. Sarti, B.S. Fernandes, M. Zaiat, E. Foresti, Anaerobic
sequencing batch reactors in pilot-scale for domestic sewage
treatment, Desalination, 216 (2007) 174-182.

XJ. Wang, S.Q. Xia, L. Chen, J.F. Zhao, N.J Renault,
J.M. Chovelon, Nutrients removal from municipal wastewater
by chemical precipitation in a moving bed biofilm reactor,
Process Biochem., 41 (2006) 824-828.

S. Yang, F. Yang, Z. Fu, T. Wang, R. Lei, Simultaneous nitrogen
and phosphorus removal by a novel sequencing batch moving
bed membrane bioreactor for wastewater treatment, J. Hazard.
Mater., 175 (2010) 551-557.

M. Bagheri, S.A. Mirbagheri, Critical review of fouling
mitigation strategies in membrane bioreactors treating water
and wastewater, Bioresour. Technol., 258 (2018) 318-334.

S. Gonzalez, M. Petrovic, D. Barcelo, Removal of a broad range
of surfactants from municipal wastewater—comparison between
membrane bioreactor and conventional activated sludge
treatment, Chemosphere, 67 (2007) 335-343.

S.A. Hannah, B.M. Austern, A.E. Eralp, R.A. Dobbs, Removal of
organic toxic pollutants by trickling filter and activated sludge,
J. Water Pollut. Control Fed., 60 (1988) 1281-1283.

C. Cagnetta, B. Saerens, F.A. Meerburg, S.O. Decru,
E. Broeders, W. Menkveld, T.G.L. Vandekerckhove, J.D. Vrieze,
S.E. Vlaeminck, A.R.D. Verliefde, B.D. Gusseme, M. Weemaes,
K. Rabaey, High-rate activated sludge systems combined
with dissolved air flotation enable effective organics removal
and recovery, Bioresour. Technol., 291 (2019) 121833.

P. Torres, E. Foresti, Domestic sewage treatment in a pilot
system composed of UASB and SBR reactors, Water Sci.
Technol., 44 (2001) 247-253.

M. Guida, M. Mattei, C. Della Rocca, G. Melluso, S. Merig,
Optimization of alum-coagulation/flocculation for COD and
TSS removal from five municipal wastewater, Desalination,
211 (2007) 113-127.

G. Seo, B. Moon, T. Lee, T. Lim, I.S. Kim, Non-woven fabric
filter separation activated sludge reactor for domestic waste-
water reclamation, Water Sci. Technol., 47 (2003) 133-138.

N.K. Singh, A.A. Kazmi, Environmental performance and
microbial investigation of a single stage aerobic integrated
fixed-film activated sludge (IFAS) reactor treating municipal
wastewater, J. Environ. Chem. Eng., 4 (2016) 2225-2237.

Q. Wang, Q. Chen, Simultaneous denitrification and denitrifying
phosphorus removal in a full-scale anoxic-oxic process
without internal recycle treating low strength wastewater,
J. Environ. Sci., 39 (2016) 175-183.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Y. Rahimi, A. Torabian, N. Mehrdadi, B. Shahmoradi,
Simultaneous nitrification—denitrification and phosphorus
removal in a fixed bed sequencing batch reactor (FBSBR),
J. Hazard. Mater., 185 (2011) 852-857.

S. Lin, KKW. Cheng, A new sequencing batch reactor for
treatment of municipal sewage wastewater for agricultural
reuse, Desalination, 133 (2001) 41-51.

A. Zinatizadeh, E. Ghaytooli, Simultaneous nitrogen and carbon
removal from wastewater at different operating conditions in
a moving bed biofilm reactor (MBBR): process modeling and
optimization, J. Taiwan Inst. Chem. Eng., 53 (2015) 98-111.

T. El Moussaoui, A. Kessraoui, N. Ouazzani, M. Seffen,
L. Mandi, Synthetic urban wastewater treatment by an
activated sludge reactor: evolution of bacterial biomass and
purifying efficiency, J. Mater. Environ. Sci., 9 (2018) 817-827.
S. Shivaranjani, L.M. Thomas, Performance study for treatment
of institutional wastewater by activated sludge process,
Int. J. Civil Eng., 8 (2017) 376-382.

T.W. Li, Y.Z. Peng, Y.Y. Wang, G.B. Zhu, W.Q. Chi, GW. Gu,
Experimental study on sequencing batch biofilm reactor with
biological filtration (SBBR-BF) for wastewater treatment,
Water Sci. Technol., 48 (2004) 299-307.

S. Ahmed, H. Abdelhalim, E. Rozaik, Treatment of primary
settled wastewater using anaerobic sequencing batch reactor
seeded with activated EM, Civil Environ. Res., 3 (2013) 130-136.
A.A. Bukhari, Investigation of the electro-coagulation
treatment process for the removal of total suspended solids
and turbidity from municipal wastewater, Bioresour. Technol.,
99 (2008) 914-921.

L. Wu, J. Wang, X. Liu, Enhanced nitrogen removal under
low-temperature and high-load conditions by optimization
of the operating modes and control parameters in the CAST
system for municipal wastewater, Desal. Water Treat., 53 (2015)
1683-1698.

Y.Y. Wang, Z.X. Zhang, M. Yan, N.Y. Gao, ]. Yang, M.H. Ren,
Impact of operating conditions on nitrogen removal using cyclic
activated sludge technology (CAST), J. Environ. Sci. Health A,
45 (2010) 370-376.

C. Wei, X. Huang, X. Wen, Pilot study on municipal wastewater
treatment by a modified submerged membrane bioreactor,
Water Sci. Technol., 53 (2006) 103-110.

A. Valipour, SM. TAghvaeie, VK. Raman, G.B. Gholikhandi,
S. Jamshidi, N. Hamnabard, An approach on attached growth
process for domestic wastewater treatment, Environ. Eng.
Manage. J., 13 (2014) 145-152.

R. Moore, J. Quarmby, T. Stephenson, The effects of media size
on the performance of biological aerated filters, Water Res.,
35 (2001) 2514-2522.

A. Giwa, S. Daer, I. Ahmed, P. Marpu, S. Hasan, Experimental
investigation and artificial neural networks ANNs modeling
of electrically-enhanced membrane bioreactor for wastewater
treatment, J. Water Process Eng., 11 (2016) 88-97.

AR. Pendashteh, A. Fakhru'l-Razi, N. Chaibakhsh,
L.C. Abdullah, S.S. Madaeni, Z.Z. Abidin, Modeling of mem-
brane bioreactor treating hypersaline oily wastewater by
artificial neural network, J. Hazard. Mater., 192 (2011) 568-575.
H. Gong, R. Pishgar, J. Tay, Artificial neural network modelling
for organic and total nitrogen removal of aerobic granulation
under steady-state condition, Environ. Technol, 40 (2019)
3124-3139.



H.A. Mokhtari, S.A. Mirbagheri / Desalination and Water Treatment 210 (2021) 123-133 133
Supplementary information
Table S1
Influent and effluent values of wastewaters characteristics used in the MLPNN model
Influent
Parameter =~ COD (mg/L) TP (mg/L) NH,(mg/L) pH TDS(mg/L) BOD,(mg/L) TSS(mg/L) Turbidity (NTU)
1 335 154 31 74 287 141 220 255
2 420 13.2 32 8 329 195 297.2 356.6
3 743 17 60 7 384 340 387 464.4
4 435 16.4 26.4 7.7 296 202 310 370
5 1,240 24.4 67 6.9 550 559 479 574.8
6 902 22.7 44 7.2 400 404 487 4844
7 375 14.6 40 7.8 309 161 257 305.7
8 1,364 25.7 84 73 596 617 566.7 674
9 450 16.8 29.7 76 394 214 3459 416.7
10 390 15 19 79 274 167 280.3 336.4
11 1,410 26.8 77 7 615 631 634 754.8
12 850 21.8 52 71 420 394 450.1 540.1
Effluent
1 25 3.6 1.9 81 214 11 8.4 15.2
2 31 5 5.2 79 247 14 15.4 24.9
3 52 5.2 8 72 290 24 21.6 32
4 41 47 3.6 79 223 19 11.8 16.1
5 45 6.1 11 6.5 411 21 24.1 35
6 57 5 9.1 75 301 26 34.8 40
7 32 3.8 3.6 77 233 13 10.7 18.5
8 60 6.5 12 7 449 28 29.8 33.1
9 49 4.1 2.1 7.7 294 22 17.5 29
10 32 3.7 4.1 7.8 206 15 19.6 22.7
11 64 7 10.1 6.6 440 31 37 37.4
12 41 5.6 7 7.3 308 18 31.5 36.7




