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ABSTRACT

In this study, the performance of the hybrid-upflow sludge blanket filtration bioreactor was
studied for municipal wastewater treatment. The response surface methodology was used
with three levels in order to investigate the effect of chemical oxygen demand (COD), bio-
mass concentration, hydraulic retention time (HRT), and determining the optimal condi-
tions. A ring-form moving bed packing was used in the bioreactor with a 50% filling ratio.
The results showed that the concentration of COD, biomass concentration, and HRT were
considerably more than other parameters and biomass concentration had the most effect on
the performance of the system. Interaction among the factors was not significant. In addi-
tion, the results revealed that increasing of COD concentration led to decrease in the
removal rate of COD and the removal percentage increased as the biomass concentration
increased. Likewise, HRT had a direct correlation with the removal rate. Optimal levels for
the removal of COD were obtained: about 98% for COD concentration levels 200 mg/L, a
biomass concentration of 9,800 mg/L, and HRT 12 h.

Keywords: Wastewater treatment; Municipal wastewater; Hybrid growth; USBF; Response
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1. Introduction

Most conventional wastewater treatments are bio-
logical processes which are used at low biomass con-
centrations. The performance of the wastewater
treatment plants can be improved by increasing the
biomass concentration and hydraulic retention time
(HRT) in biological systems [1]. Increasing the HRT in
these systems make an increase in size of tanks, but it

is not considered economically. So the best solution is
the increase of biomass concentration in the system
[2]. Nowadays, the use of the moving and fix media is
increasing due to their small size and high surface
area and the increase of wastewater treatment effi-
ciency [3,4]. By adding the media in to the systems,
the biomass concentrations is raised, hence an increase
in the organic loading rate (OLR) [5].

The upflow sludge blanket filtration (USBF) biore-
actors are a novel technology. The USBF process is
configuration that incorporates an anoxic selector*Corresponding author.

1944-3994/1944-3986 � 2014 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 56 (2015) 2344–2350

Novemberwww.deswater.com

doi: 10.1080/19443994.2014.963153

mailto:nooroziamin@yahoo.com
mailto:najmehbeta@yahoo.com
mailto:mojtaba.safari67@yahoo.com
http://dx.doi.org/10.1080/19443994.2014.963153


zone, an aeration unit, and an USBF clarifier in an
integrated bioreactor [6,7]. In the USBF plant, waste-
water enters the anoxic compartment where it mixes
with the recycled activated sludge from the bottom of
the clarifier. The mixed liquor eventually underflows
into the aerobic compartment. After aeration, a stream
of the mixed liquor enters the bottom of a prism or
cone-shaped clarifier and, as it rises, upward velocity
decreases until the flocs of cells become stationary.
Then, the sludge flocs are separated from the liquid
by USBF and the clear effluent overflows into a collec-
tion through and is discharged from the system [7,8].

Mahvi et al. [9], investigated the conventional
USBF efficiency in a synthetic municipal wastewater
treatment at the aeration times of 2, 4, and 6 h. The
system’s maximum removal efficiencies for BOD5,
TKN, and TP at the aeration time of 6 h were 82.25,
82.8, and 55%, respectively [9]. Mesdaghinia et al. [10],
evaluated the system’s performance in terms of chemi-
cal oxygen demand (COD) removal with a synthetic
wastewater about 86% at HRT of 6 h [10]. Khorsandi
et al. [11], designed a novel laboratory scale anaero-
bic/USBF combined bioreactor. The anaerobic/USBF
technique was developed by adding an anaerobic
reactor. The combined bioreactor performed a total
nitrogen removal efficiency of 96.6% with the sludge
age of 25 d, total HRT of 24 h, and optimum “COD/
nitrogen/phosphorus” ratio of 100:5:1 [11].

In this study, the performance of a USBF bioreactor
by adding moving media in the anoxic and aeration
section was investigated for COD removal by using
response surface methodology.

2. Material and methods

2.1. Wastewater characterization

Inlet wastewater, which was injected into the bio-
reactor, was provided for the raw wastewater and
wastewater after settling tanks of South Isfahan
WWTP. Characteristics of wastewater, which was used
in this study, are shown in Table 1.

2.2. Description of the experimental setup

Fig. 1 shows a schematic of the bioreactor that was
used in this study. In this study, a tank was applied
with the capacity of 500 L, consisted of anoxic 100 L,
aeration 300 L, and sedimentation tank 100 L. The sed-
imentation tank was formed cone-shaped in the
middle of the tank bioreactor. The required air in the
aerobic section was supplied by installation of the
aeration stones in the bottom tank that was returned
to the anoxic section, and disposal of excess sludge in

a sedimentation tank were carried out by the airlift
system, which was designed in the tank.

The ring form type media is used in the pilot. The
media specifications are summarized in Table 2. The
ring form type media’s with a filling reactor volume
ratio of 50% is utilized in the anoxic and aeration
sections.

2.3. Start-up and operation

The factors and their selected levels are presented
in Table 3.

In order to start up, the bioreactor was used on the
excess activated sludge in the secondary sedimentation
tank of south Isfahan wastewater treatment plant for
inoculation. pH was adjusted between 7.3 and 7.8. The
anoxic and the aeration sections dissolved oxygen are
maintained less than 0.5 and set between 3.6 mg/L
and 5.1 mg/L, respectively. The sampling was carried
out from the bioreactor inlet and outlet. The experi-
ments are performed according to standard methods
for examination of water and wastewater [12]. The ini-
tial feed, with OLR 0.2 kg COD/m3 d, was injected in
order to compatibility of micro-organisms with con-
taminants and the biofilm formation on the media. The
media is placed in a different tank for biofilm forma-
tion and is inserted to the anoxic and aeration sections
after about 40 d. Then the bioreactor performance was
studied after compatibility of micro-organisms, biofilm
formation on the media, and adjusting the suspended
biomass concentration of 3,000 mg/L. Due to slight
changes in the attached biomass concentration after the
biofilm formation, performance of bioreactor was stud-
ied by changing the suspended biomass concentration
at three levels. Attached biomass concentration was in
the range of 3,150–3,600 mg/L. This way, the perfor-
mance of the bioreactor was examined by COD con-
centration of 200 ± 20 mg/L at biomass concentration
of 6,000 mg/L (suspended biomass concentration at
3,000 mg/L) at three levels of HRT of 6, 9, and 12 h.
Then the biomass concentration was increased to 8,000
and 10,000 as mg/L, at the same HRT, and the system
performance was evaluated for the removal of COD.

Table 1
Characteristics of the inlet wastewater

Parameter Value

COD (mg/L) 200 ± 20 400 ± 50 600 ± 80
BOD5 (mg/L) 110 ± 10 245 ± 48 332 ± 68
pH 7.2–7.7 7.4–7.8 7.4–7.78
TSSin (mg/L) 130 ± 15 235 ± 26 308 ± 38
VSS/TSS 0.79 0.81 0.88
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In the next step, all the previous sections were done
except the COD concentration of entering into the bio-
reactor (400 ± 50 and 600 ± 80 mg/L) that was changed
compared to before section.

The gravimetric method is used to measure the
attached biomass concentration [13,14].

2.4. Experimental design

The response surface methodology is an effective
method for response optimization. In this method,
Box–Behnken design is adopted to optimize the
responses [15,16]. This design includes three trihedral
factors, and presents 15 experiment runs to conduct.
The Design Expert software 8.0.1 was used for this
design and for the statistical analysis of the results.
The confidence level was taken as 95%. Experimental
results were in compliance with the proposed model

with the coefficient of determination and residuals
plot were expressed. A second order polynomial is
presented by the design approach to fit the experi-
mental data as [15–18]:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2 þ b33X

2
3

þ b12X1X2 þ b13X1X3 þ b23X2X3

where X1, X2, X3 represent the coded levels of the
independent variables and b0, bi, bij (i,j = 1, 2, 3) are
the coefficient estimates, and b0 is the interception, bi
is the linear terms, bii is the quadric terms, and bij is
the interaction terms.

In this study, the purpose is maximizing COD
removal percentage that is considered as response.

3. Results and discussion

Input parameters COD, biomass concentration, and
HRT to evaluate the performance of hybrid-upflow
sludge blanket filtration (H-USBF) bioreactor was
studied. The experimental design based on the
Box–Behnken method and the measured COD removal
efficiencies are presented in Table 4.

The significant factors are the ones in which their
amount of p-value is less than 0.05 and in the confi-
dent level of 95%. The factors with the higher F-ratio
have greater effect on the system performance.

Efluent

Influent

Excess sludgeSludge recycling

Wastewater USBF clarifier

Anoxic
Aeration

Sewage pump

Wire mesh
Air compressor

Moving bed packing

Fig. 1. Schematic view of the H-USBF system used in this study.

Table 2
The media specifications

Manufacturer
Density
(g/cm3)

Media weight of
per liter (g)

Number of media
per liter

Specific surface
area (m2/m3) Material

NPGH-CO
(Iran)

0.98 63 160 375 Special polymers with
biological adsorbent

Table 3
Factors and selected parameters

Factor Level

COD (mg/L) 200 400 600
Biomass concentration (mg/L) 6,000 8,000 10,000
HRTtotal (h) 6 9 12
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3.1. Effect of factors (COD, Biomass concentration, and
HRT)

The analysis of variance (ANOVA) is presented in
Table 5. According to the results presented in Table 5,
p-value of COD, biomass concentration, and HRT was
less than 0.05. Whenever the F-ratio is higher, the
effect of that factor will be greater on the response.
Therefore, the factors of COD, biomass concentration,
and HRT had more effect on the response, respec-
tively. Interaction between other factors is not
important.

3.1.1. Effect of COD

The contour plots in Figs. 2–4 show the COD
removal rate at varying levels of COD, biomass con-
centration, and HRT. The results of Figs. 2 and 3 indi-
cate that by increasing the concentration of COD the
removal efficiency decreased. Increasing of OLR led to
decreasing efficiency. When the OLR increased, the
ability of Micro-organisms can decrease in consump-
tion of organic materials as food and subsequently,
the efficiency of the system in the COD removal
decreases. The results which are presented in Table 4
indicate that maximum response is seen in the COD
equal to 200 mg/L.

3.1.2. Effect of biomass concentration

According to Figs. 2 and 4, the COD removal effi-
ciency increases as the biomass concentration
increases. In this case, increasing efficiency was due to
the increasing population of micro-organisms in the

biological systems, which by increasing of these
organic materials was consumed further by
micro-organisms and thus reduce the effluent COD
concentration.

3.1.3. Effect of HRT

Figs. 3 and 4 show that the COD removal rate has
direct correlation with the HRT. Thus, the COD
removal efficiency increases by increasing HRT.
Increasing of removal efficiency was due to the reduc-
tion ratio of food per micro-organisms (F/M) in the
system. According to ANOVA table, the interaction of
other factors was not also significant.

3.2. Contribution factors

The factors that their F-ratio is less than one
should be deleted from the ANOVA table and added
to their contribution to the error. The value of F-ratio
for AB, AC, and C2 interactions is less than one. These
factors should be deleted from ANOVA table and its
contribution should be added to error. After deleting
these factors, the contribution percentage calculated
for other factors was expressed through Eq. (1) as
follows [15,17]:

Contribution percentage ð%Þ ¼ SSi
SStotal

Fi � 1

Fi

� �
� 100

(1)

Fig. 5 shows the contribution percentage factors for
COD removal.

Table 4
Box–Behnken method results

Experiment No. COD (mg/L) Biomass concentration (mg/L) HRTtotal (h) COD removal percentage

1 600 6,000 9 89.7
2 600 8,000 6 91.2
3 400 8,000 9 94.9
4 600 10,000 9 93.8
5 200 8,000 6 94.6
6 400 6,000 6 89.8
7 200 8,000 12 96.3
8 400 8,000 9 94.1
9 400 10,000 12 97.2
10 400 8,000 9 95.2
11 200 10,000 9 97.6
12 200 6,000 9 92.8
13 400 6,000 12 93.3
14 600 8,000 12 93.7
15 400 10,000 6 95
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3.3. Model

The mathematical model based on actual values
for COD removal percentages are expressed through
Eq. (2) as follows:

R1ð%Þ ¼ 94:74� 1:6325Aþ 2:2525Bþ 1:23C� 0:195AB

þ 0:22AC� 0:335BC� 0:5783A2 � 0:6933� B2

� 0:2133� C2

(2)

Table 5
ANOVA for COD removal rate

Model terms
Sum of the error squares
(SS)

Mean square error
(MS)

Degree of
freedom F-ratio p-value Status

Model 77.66 78.69 9 41.92 0.0004 Significant
A: COD 21.32 21.32 1 103.56 0.0002 Significant
B: Biomass

concentration
40.59 40.59 1 197.16 <0.0001 Significant

C: HRT 12.10 12.10 1 58.79 0.0006 Significant
B × A 0.15 0.15 1 0.74 0.4293 Not

significant
C × A 0.19 0.19 1 0.94 0.3767 Not

significant
C × B 0.45 0.45 1 2.18 0.1998 Not

significant
A × A 1.23 1.23 1 6.00 0.0580 Not

significant
B × B 1.77 1.77 1 8.62 0.0324 Significant
C × C 0.17 0.17 1 0.82 0.4077 Not

significant
Lack of fit 0.13 0.38 3 0.39 0.7735 Not

significant
Pure error 0.32 0.65 2 – – –
Total 78.69 – 14 – – –

Fig. 2. Contour plots of the COD removal efficiency: the
effect of COD and biomass concentrations on the removal
efficiency of COD at constant HRT.

Fig. 3. The effect of COD and HRT on the removal
efficiency at constant biomass concentration.
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The validation of quadratic polynomial model was
confirmed by diagnostic plots such as the predicted
vs. experimental values. The data points on this plot
lie reasonably close to the straight line and indicate a
high correspondence between the data obtained from
the model and the actual data. The regression parame-
ter R2 is applied to determine the agreement in com-
parison of the experimental responses to the ones
estimated by Box–Behnken method. The R2 value for
Eq. (3) is found to be 0.9869. Since the R2 values are
close to unity it indicates that there is a good correla-
tion between the experimental and predicted removal
efficiency from this model and the model can be
considered as a good fit. Fig. 6 shows actual plot vs.
predicted plot for COD removal.

3.4. Optimizing process

The optimum conditions for removing COD from
municipal wastewater on the basis of Box–Behnken
method are estimated at the maximum efficiency of
97.98% and in the COD level about 200 mg/L, bio-
mass concentration of 9,800 mg/L, and total HRT
about 12 h that has a reasonably good agreement with
the experimental results. Fig. 7 shows the 3D plot at
optimum condition for COD removal.

4. Conclusion

The results indicate that H-USBF bioreactor had a
suitable approach in the removal of COD. According to
tests that were designed in the effect of COD, biomass

Fig. 4. The effect of HRT and biomass concentration on the
removal efficiency at COD constant.

Fig. 5. The contribution percentage factors for COD
removal.

Fig. 6. Actual plot vs. predicted plot for COD removal.

Fig. 7. The 3D plot at optimum condition for COD
removal.
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concentration, and HRT were significant and the
biomass concentration had the highest effect on
response. Increase of COD concentration led to decreas-
ing of COD removal efficiency and removal efficiency
increased by increasing biomass concentration and
HRT. Interaction between factors was not significant.
The optimum condition for COD removal efficiency
was obtained about 98%. The presented model for
COD removal was a polynomial model and had a high
accordance with experimental results. According to
analysis of results, with using of response surface
method, it was obtained as the optimum condition and
suitable for increasing efficiency of H-USBF.
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