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Abstract: In this study, the performance of an aerobic sequencing batch reactor (SBR) removing carbon and
nutrient (N & P) from Faraman’s industrial wastewater (FIW) was investigated. This study was performed by
varying two significant independent variables viz. aeration time and biomass concentration. The experiments
were conducted based on a central composite design (CCD) and analyzed using response surface methodol ogy
(RSM). The region of exploration for the process was taken as the area enclosed by aeration time (6-24 h) and
mixed liquor volatile suspended solid (MLV SS) concentration (2000-7000 mg/l) boundaries. Seven dependent
parameters as the process responses were measured and calculated. Direct and interactive effects of the
variables on the responses were described by the models given by RSM. The results showed that the maximum
total COD (TCOD) removal of 73.89% was obtained at the highest value of the factors (24 h and 7000 mg/l). The
maximum values of total nitrogen (TN) removal efficiency were found to be 36.39%. The low TN removal
directed the study to the reduction of oxygen level from 7 to 3 mg/l. The DO reduction with the extended
aeration mode resulted in an increase in TN removal while decreased the TCOD, non-biodegradable COD
(nbCOD) and BOD removal efficiencies. The oxygen concentration had diminutive effect on phosphorus
removal.

K ey wor ds: Sequence batch reactor (SBR) % Industrial wastewater treatment % Simultaneous carbon and

nutrients removal

INTRODUCTION

The concept of wastewater has become more specific
and diverse with advances in industrial development and
intensification of urban population. The composition of
industrial effluentsis characterized by the high structural
diversity of constituents and their high concentration
levels. Another problem associated with industria
wastewaters is their non-biodegradable chemical oxygen
demand (nNbCOD) and nutrients content which are not
typically considered in conventional treatment processes
design[1].

Up to the date, various bioreactors have been
examined treating industrial wastewaters including aerobic
and anaerobic systems such as up-flow anaerobic sludge

bed bioreactor (UASB), continuous stirred-tank reactor
(CSTR), sequencing batch reactor (SBR), packed column
reactor coupled with activated sludge and rotating
biological contactors (RBC) [2-6]. Isik (2004) [7] studied
the treatment of cotton textile mill in an UASB coupled
with a completely mixed activated sludge system and a
range of COD removal between 40-85% at HRT of 120 h
was reported. Isik et al. [8] also examined the performance
of wool acid dying wastewater in the same treatment
system and a COD removal between 51-84% at HRT of
17 h was obtained. In another study, treatment of pulp
and paper industry wastewater was studied and a COD
removal about 85% was obtained at HRT of 12 h[9]. This
proves that the wastewater characteristic has a crucial
impact on the reactor performance. As industria zone
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effluents are generated from different industries, the
treatment of wastewater is somewhat complicated.
However, limited studies are found on the treatment of the
mixed effluents from an industrial estate. This study is
therefore dealt with the treatment of an industrial zone
effluent.

The excessive accumulation of nutrient (N, P)
discharge to surface water can pose serious ecological
problems that affect the health of aquatic life and
consequently that of human and animals [10]. On the
other hand, the industrial wastewaters are characterized
with a high variation in the stream (max/min>4). In this
regard, equalization unit is required in the most industrial
wastewater treatment plants[11, 12].

SBR, the so-called fill and draw reactor, separates
operating conditionstimely in asingle reactor. In the SBR,
clarifiers and flow equalization tanks are unnecessary and
thus, costs of facilities and operation management are
much lower than those of continuous flow activated
sludge systems. Moreover, the SBR has benefits in that
it is easy to change operating conditions, such as cycle
times and flow rates [13]. Therefore, the SBR is regarded
as an effective system, especialy for small wastewater
treatment plants.

SBR has been aso successfully used in treating
wastewaters with excessive amounts of nitrogen and
phosphorus. In the SBR process, nutrients removal could
be accomplished by three methods. (1) biological
phosphorous removal and nitrate denitrification by
providing anoxic and anaerobic periods, (2) cyclic aeration
(on/off) during the reaction period and (3) operating at
low DO concentration to encourage simultaneous
nitrification-denitrification (SND) [14]

Response surface methodology (RSM) has an
important application in the process design and
optimization as well astheimprovement of existing design
[15]. This methodology is more practical than other
method of approaches arises from experimental
methodology which includes interactive effects among
the variables and, eventually, it depicts the overall effects
of the parameters on the process [16]. In the last few
years, RSM has been applied to optimize and evaluate
interactive effects of independent factors in numerous
chemical and biochemical processes[17-19].

This study aimed to evaluate the performance of
aerobic SBR treating Faraman's industrial estate
wastewater (FIW), Kermanshah-Iran. In this paper, in
addition to process analysis, a general factorial design
was employed to describe and model variation trends of
eight significant responses (total COD (TCOD) removal,
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BOD removal, nbCOD removal, total nitrogen (TN)
removal, total phosphorus (TP) removal, sludge volume
index (SVI), settling velocity and effluent turbidity) as a
function of two independent variables, aeration time and
mixed liquor volatile suspended solid (MLV SS) content of
reactor. The applicable improving solution was also
proposed and examined.

MATERIAL AND METHODS

Faraman’sIndustrial Estate Wastewater (FIW): W was
collected from a working wastewater treatment plant in
Faraman Industrial Estate, Kermanshah, Iran. The samples
were stored in acold room at 4°C. This storage technique
had no observable effect on its composition. The FIW
characteristics are shown in Table 1.

OD:N:P ratio of the FIW was aimost 100:15:2.

Bioreactor Configuration and Operation: The
schematic diagram of SBR system is shown in Fig. 1. This
system was designed in the form of column for aworking
volume of 2 L with internal diameter of 8.5 cm and total
height of 36 cm. Air was supplied into the reactor by
blower and afine air bubble diffuser from the bottom of
the column. The dissolved oxygen (DO) concentration
was maintained at about 7 mg/l. The industrial wastewater
introduced at the top of reactor. The operationa strategy
applied to the SBRis described asfollows: filling (10 min),
mixing with no aeration in order to develop anaerobic
condition (40 min), aeration time (depended on the
experimental conditions as it was a variable), settling
(40 min) and drawing (10 min). In each cycle, about
15 L of the supernatant was removed and the same
volume of the fresh wastewater was fed. Anaerabic
condition was continuously checked by monitoring
DO, so that, the level of DO was remained about zero
after 20 min (about 40 min under anaerobic condition).

Table 1: Characteristics of Faraman’'sindustria estate wastewater

Parameters Unit Amount
TCOD (mgl!) 945-1145
SCOD (mg/l) 478-604
PCOD (mg/l) 341-601
BODy (mg/l) 388-460
BODs (mgll) 170-180
nbCOD (mg/l) 557-682
TN (mg/l) 135-222
TP (mg/l) 16-26
TSS (mg/l) 120-360
pH - 5.5-7
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Fig. 1: Experimental set-up

In order to control DO level in the reactor, an
air flow meter and aflow adjustment valve were used.
The intermittent aeration was supplied by installing a
timer on the blower. The process was operated with
safety factor (solids retention time/cycle time) greater
than 40.

Experimental Design and Mathematical Model:
Statistical design of experiments and data analysis was
carried out by Design Expert Software (version 7.0). Two
independent effective variables, aeration time and MLV SS
concentration, were selected in the experiment design.
The range and levels of the variablesin coded and actual
units are given in Table 3. The two operating variables
were considered at five levels. In the basis of the factorial
design, 13 experiments (including 4 factorial points, 4 axial
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points, 1 center point and 4 replications of the center
point) were designed. TCOD removal, BOD removal,
nbCOD removal, TN removal, TP removal, final turbidity,
SVI and settling velocity were measured or calculated as
response. The experimental conditions and results
obtained are shown in Table 4.

The experimental data obtained were used to
determine the coefficients of the polynomia model (Eg. 1)
as proposed by Khuri and Cornell [20].

Y:b0+biXi +b]XJ +biiXi2+bijj2+binin +... (l)

where, i and | are the linear and quadratic coefficients,
respectively and 13 is the regression coefficient. P value
with 95% confidence level was considered to evaluate the
effectiveness of the model terms.



Iranica J. Energy & Environ., 2 (4): 356-365, 2011

Table 2: Experimental range and levels of the independent variables

Range and levels

Variables -1 0 + +1
Aerationtime, h 6 11 15 19 24
MLVSS, mg/l 2000 3400 4500 5600 7000
Table 3: Experimental conditions and results

Variables Responses

Factorl Factor2 TCOD nbCOD nbCOD TP TN Final Settling

A:MLVSS B:Aeration removal, removal, removal, removal, removal, Turb. Svi velocity
Run mg/l time hr % % % % % NTU mi/g m/h
1 2000 6 33.01 21.76 53.21 32.67 7.72 131 68 2.26
2 2000 24 40.15 27.47 62.69 51.57 16.26 95.9 72 164
3 3400 15 33.23 13.08 78.09 72.3 24.58 47.7 60 152
4 4500 1 47.04 28.11 68.39 52.39 21.65 411 106 0.08
5 4500 15 53.70 27.55 83.18 61.01 23.50 31 106 0.08
6 4500 19 64.1 63.71 64.77 36.56 20.75 8.08 113 0.05
7 5600 15 56.16 40.89 90.15 56.25 24.97 131 110 0.04
8 7000 6 74.64 63.39 92.25 7.84 12.76 116 94 0.04
9 7000 24 68.08 55.12 88.36 3.56 38.47 14.6 94 0.04
10 4500 15 57.72 35 62.11 55.41 23.69 32.6 108 0.07
1 4500 15 54.11 38.12 65.25 45.23 22.98 30 100 1.00
12 4500 15 60.26 32.56 63.5 50.69 2451 20.45 110 0.06
13 4500 15 62.13 30.56 70.56 52.71 23.92 33.21 92 0.06
Table 4: ANOVA results for the equations of the Design Expert 6.0.6 for studied responses

Modified Equations with Probability for

Response significant terms probability R Adj.R° Adeq. precision SD cv PRESS lack of fit
COD removal 53.92+18.03A+1.938 <0.0011 0.7451 0.6942 11.832 7.03 13.03 810 0.0722
TN removal 22.94+6.15A+7.83B-4.838*+4.25AB <0.0003 0.9086 0.8629 16.884 2,68 1258 2044.88 0.0027
TP removal 50.57-18.24A-27.44B% <0.0001 0.8556 0.6778 9.988 1119 2710 2096.53 0.4520
svi 102.98+14.95A-21.83A° <0.0019 0.7995 0.7594 11271 14.11 18.85 2734.07 114
Settling velocity 0.28-1.02A+0.75A% <0.0003 0.8080 0.7696 11.403 0.38 70.77 235 0.6685
Effluent Turbidity 27.13-49.22A+35.79A%10.63B+9.53AB <0.0001 0.9656 0.9484 23.809 8.12 20.71 14252.40 0.1208
Analytical Methods: The concentrations of chemical RESULTSAND DISCUSSION
oxygen demand (COD), biological oxygen demand (BOD),
total Kjeldahl nitrogen (TKN), nitrate, TN, phosphate, Process Per for mance

MLVSS, SVI and settling velocity were determined by
using standard methods (APHA, 1999) [21]. For COD, a
colorimetric method with closed reflux method was
developed. Spectrophotometer (DR 5000, Hach, Jenway,
USA) at 600 nm was used to measure the absorbance of
COD samples. TKN was determined by TKN meter
Gerhardt model (Vapodest 10, Germany). DO
concentration in wastewater was determined using a DO
probe. DO meter was supplied by WTW DO Cell OX 330,
eectro DO probe, Germany. Turbidity was measured by a
turbidity meter model 2100 P (Hach Co. USA).
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TCOD Removal: In order to investigate the effects of the
studied variables on the TCOD remova efficiency,
dependency of this response to the variables was
anayzed and modeled. A reduced quadratic model was
determined to describe the variation of the TCOD removal
as a result of changes in the aeration time and MLV SS
content. The ANOV A vauesfor TCOD removal efficiency
areshown in Table 4. As presented in the Table, the main
effects of the two factors (A and B) are significant model
terms. However, the effect of A ismuch more compared to
B (18.03 versus 1.93 as the coefficients in the modél).
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Fig. 2: Response surface plot for TCOD removal efficiency
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Fig. 3: Calculation of BOD rate constant using Thomas

Graphical Method

Fig. 2 depicts the variation of TCOD removal
efficiency as a function of the factors studied.
From the Fig, the response linearly increased with an
increase in the MLV SS content in the studied range. The
maximum obtained value of the response was 73.89% a
the highest values of the factors (7000 mg/l and 24 h),
indicating a favored condition at a lower food to
microorganisms (F/M) ratio provided by higher values of
the variables.

BOD and nbCOD Removal: The major problem
associated with the biological treatment of industrial
wastewater is non-biodegradable fraction of COD
(nbCOD) which inhibits the treatment performance of the
bioreactors. In order to investigate the bioreactor
performance for removing nbCOD, the nbCOD and BOD
concentrations at influent and effluent were monitored
throughout the experiments. BOD/COD ratio constitutes
a good measure of the biodegradability of a wastewater;
contaminants with aratio of BOD/COD =0.4 are generally
accepted as biodegradable [22]. From a review, the
BOD/COD ratio for industrial estate wastewatersis varied
from 0.17t0 0.74 [23]. Thisratio for FIW was in the range
of 0.31-0.5.

With regard to the

relatively low BOD/COD

ratio, determination of BOD rate constant is of
importance. In order to assess the rate of BOD
degradation, the BOD rate constant (k) was

determined using Thomas graphical method [24]. The
linear model based on Thomas graphica method is
shown in Fig. 3. The values of BOD rate constant and
ultimate BOD were 0.12 day* and 388 mg/l, respectively.
Table 5 represents the biodegradability of BOD
contents of various wastewaters [25, 26]. It was found
that the biodegradation rate of the FIW's BOD (by
comparing BOD rate constant, k) was slower than those
obtained for the others, implying longer time required for
BOD removal. It must be noted that the low BOD/COD
ratio, particularly at the low BOD concentrations, strongly
weakens the performance of a biological treatment
process.

Fig. 4 represents the BOD and nbCOD removal
efficiencies at different conditions. The figure has been
drawn according to the experiment numbers as presented
in Table 3. From the Fig. as the microorganisms are
directly subjected to the substrate, the biodegradable
fractions of COD are preferred to be consumed [27].
MLVSS concentration showed a positive effect on
nbCOD removal, resulted from a reduction in F/M ratio
[28]. As can be seen in the figure, an increase in aeration
time caused an increase in nbCOD removal efficiency.

Table 5: BOD constant rates and biodegradable fraction of organic contents of different industrial wastewaters

No. Type of wastewater k, dG* Lo, mg/l BOD/COD ratio Reference

1 Food canning wastewater 0.82 6349 0.7 [8]

2 Palm oil mill effluent 021 8506 0.3 [27]

3 RAKTA wastewater 0.32 647 0.53 [28]

4 Municipal wastewater 0.22 257 0.64 [28]

5 Faraman’ sindustrial wastewater 0.12 388 0.3-0.5 present study
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Fig. 5: Response surface plot for TN removal efficiency

Also, a slight decrease in BOD removal was observed a
high nbCOD removal (no. 6) whichisattributed to the less
BOD consumption rate compared to the nbCOD to bCOD
conversion rate [29].

Nitrogen Removal: Nitrogen in wastewater can be
removed in the form of ammonium through aerobic,
autotrophic nitrification followed by anoxic, heterotrophic
denitrification. The ANOVA results for TN removal
efficiency are presented in Table 4. A reduced quadratic
model describes the variation of the TN remova in the
studied system. As presented in the Table, the significant
model terms were determined to be A, B, B>and AB.

Fig. 5 shows the interactive effects of the variables
on the response. As can be seen in the Fig. the maximum
value of TN removal efficiency was found to be 36.39%.
It must be noted that about 30-35% of the TN removed
was related to the cell growth. As can be seen in the Fig.
simultaneous increase in the factors caused an increase in
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the response, emphasizing that in addition of MLVSS
concentration, aeration time had a remarkable impact
on the response. There is an established matter about
inverse relationship between MLVSS and DO
concentrations, which was also confirmed in this work
[30]. It should be highlighted that the DO level of the
system at the late hours was more, compared to the
conditions with higher organic loads (with a difference
about 2-3 mg/l).

Phosphorus Removal: Phosphorus can be removed
in biological treatment by repetitive operation of
anaerobic and aerobic steps by polyphosphate
accumulating bacteria (PAOs) in the form of poly-p.
Phosphorus removal was determined as a response
in this study. A modified quadratic model described the
response variations as a function of the variables.
From the ANOVA results presented in Table 4, the main
effects of A and second-order of B were significant
model terms.

Fig. 6 demonstrates the response versus the variables
studied. As can be seen in Fig. 6, an increase in the
MLV SS resulted in adecreasein TP removal. It seems that
the low BOD loading caused a decrease in TP removal
[31]. In this system, an increasing effect of aeration time
(from 6 to 15 h) on TP removal efficiency was observed
which was due to an increase in phosphorus uptake at a
longer aeration time [32]. It must be noted that at aeration
times longer than 15 h, the trend was inversed which was
attributed to the phosphate accumulating organisms
(PAOs) deactivation originated from inadequate poly
hydroxy butyrate (PHB).
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The maximum values of TP removal efficiency were
found to be 73.04 %. The relatively high efficiency
obtained for TP removal could be attributed to the low
initial phosphorus concentration (about 20 mg/l).

Effluent Turbidity: Turbidity, as a process control
parameter, indicates the system performance as well as
sludge characteristics. From the modified quadratic model
describing the response variations presented in Table 4,
the MLVSS concentration was found to be the most
significant variable. The effects of the variables on the
response are shown in Fig. 7. As noted in the Fig. aeration
time had no significant impact on the response. Fig. 7
depicts a decrease in the response as a result of an
increase in MLVSS concentration implying the
ascendancy of sweeping mechanism at higher levels of
MLVSS in the form of floc [11]. The findings were
approved by the results reported in the literature [33].

SludgeVolumelndex (SV1): Fromthe ANOVA resultsfor
SVI presented in Table 4, A is the only significant term
with the first and second-order effects. Fig. 8 represents
the variations of SVI as afunction of the variablesin the
systems. The results showed that SVI increased by
increasing MLV SS concentration from 2000 to 5000 mg/I,
indicating the decreasing impact of high biomass
concentration on the flocs compactness caused by low
F/M ratio [30].

Settling Velocity: As the studied system contains a high
concentration of suspended solids, both the hindered or
zone settling and compression settling usually occur in
addition to the discrete (free) and flocculent settling.
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The rate of settling in the hindered settling region is a
function of the concentration of solids and their
characteristics. From the model shown in Table 5, the
second-order effect of A is significant model term,
indicating that the aeration time in the studied range had
no impact. Fig. 9 demonstrates the simultaneous effects of
the variables on response. The trend represented in the
Fig, conforms to the typical relationship between
gravitational solid flux and suspended solids
concentration [11].

Improving Strategies for the Process Performance:
In order to improve the process performance, removing
nutrients as well as minimizing the energy consumption,
two solutions were derived from this study. One;
operating the system with alower DO level by reducing
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Fig. 10: The performance of the bioreactor at different aeration strategies

the rate of aeration and the other one; operating the
system in intermittent aeration regime. Therefore,
additional experiments were conducted.

In this section, treating the FIW was examined
a MLVSS and aeration time of 4500 mg/l and 15 h
with different aeration strategies (extended aeration
with DO"3 mg/l and intermittent aeration with 40 min/h).
In order to analyze and compare the process performance
of the system, seven process and quality parameters
were measured or caculated, as shown in Fig.10.
Reduction in the oxygen level from 7 to 3 mg/l with
the extended aeration mode resulted in a decrease in
TCOD, nbCOD and BOD removal efficiencies. It was
because of the less oxidation potential compared to
the condition with DO 7 mg/l. This condition decreased
the TN removal. The oxygen concentration had
diminutive effect on TP removal. The effluent turbidity
improved in the low DO concentration, implying
more favored condition relative to the high DO
concentration [34].

In the second step, the intermittent aeration applied
(40 min/h) led to adecreasein TCOD, nbCOD, TP removal
and SVI and an increase in BOD, effluent turbidity and TN
removal. In conclusion, by optimizing the operation
conditions (cycle time, aeration time) under intermittent
aeration, the process performance of the SBR removing
CNP from the FIW can be improved.

CONCLUSIONS

This study investigated the performance of SBR in
biological treatment of Faraman's industria estate
wastewater (FIW) by varying two factors (MLVSS
concentration and aeration time). The experimental work,

aong with the data analysis, led to the following
conclusions. The results showed that the maximum COD
removal of 73.89% was obtained at the highest value of
thefactors (24 h and 7000 mg/l). The maximum value of TN
removal efficiency was found to be 36.39 %. The MLVSS
concentration was found to be the most significant
variable on effluent turbidity. DO reduction in the system
improved TN removal.
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