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ABSTRACT This research demonstrated the feasibility of using anaerobic sequencing batch reactors (An
AY0O? SBR) to achieve simultaneous removal of organic carbon, nitrogen, and phosphorus from a
domestic wastewater. The effects of influent carbon to nitrogen (C/N) ratio, solids retention time (SRT),
and maximum system loading capacity on process performance were investigated. It was found that a
minimum influent chemical oxygen demand (COD) concentration of 300 mg/L and a corresponding COD
to total Kjeldahl nitrogen (COD/TKN) ratio of 7 were required in order to obtain a satisfactory (over
90%) phosphorus removal level. Since the wastewater used was deficient in carbon, addition of glucose
as an external carbon source was necessary to maintain the above influent COD/TKN ratio. Furthermore,

the percent total phosphorus (TP) removal can be correlated either to the influent COD concentration or
to the COD/TKN ratio in a quantitative manner usin

g polynomial expressions. An increase in SRT from
20 to 30 days did not affect COD performance

; bowever, it improved remarkably both TKN and TP

ase in the organic loading rate to a level of 0.63-0.66 kg
COD/m*-d or higher appeared to reduce significantly the ability of the system regarding the phosphorus
removal, and to a lesser extent the nitrogen removal efficiency.

Anaerobic sequencing batch reactor, carbon and nutrient removal, solids retention time, maximum

INTRODUCTION

reasing population growth coupled with
ustrial and economic development have
ome the foremost causes of water pollution
wide. Eutrophication is a form of water
ion that is mainly associated with the
rolled discharge of nutrients (nitrogen and
horus) to receiving waters. The effects of
hication can be more serious and far-
g than simply an increase in aquatic plant
and may extend from stress or loss of
life to interference with water supply
nt systems. Since conventional municipal
iter treatment does not remove
s and nitrogen adequately, in order to
_the eutrophication potential it is
_to - introduce biological nutrient
NR) processes prior to discharging to

11

cess may be incorporated into any
ated sludge treatment scheme since
consists of a sequence of anaerobic,

anoxic, and aerobic zones. Various modifications
have been proposed and applied, including the
anaerobic/anoxic/aerobic (A%0), the five-stage
Bardenpho, the University of Cape Town (UCT),
and the Virginia Initiative Plan (VIP) processes
[2]. However, the above mentioned processes are
characterized by significant land requirements
and operational complexity., The sequencing
batch reactor (SBR) system can serve as an
attractive alternative solution, particularly when
land availability as well as flexibility and
simplicity of operation are of concern [3,4]. SBR
technology has been traditionally employed in
the biodegradation of organic compounds from
municipal and industrial wastewaters [S, 6, 7].
Although in recent years SBRs have been applied
either in nitrogen or phosphorus
biotransformation processes, limited data are
available on SBR use in simultaneous nitrogen
and phosphorus removal from wastewaters [8,9].

This study introduces the concept of a five-stage
anaerobic/anoxic/oxic reactor operating in a BNR
mode. The modified sequence, involving a series
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of anaerobic/anoxic/oxic/anoxic/oxic cycles
respectively, has been defined as "AnA%/O". The
"An" term refers to the anaerobic nature of the
process (since the system is sealed to prevent any
air entrapment), while the AYO?* term refers to
the alternating anoxic/oxic stages. It has been
observed that organic carbon, nitrogen, and
phosphorus removal are possible in a single tank,
if the operating environment is properly modified
to incorporate anaerobic, anoxic, and aerobic
conditions into a time cycle [10, 11]. However,
further investigation is needed to identify the
optimal operating conditions that are required to
achieve simultaneous removal of all targeted
compounds.

The overall objective of this research was to
investigate the feasibility and effectiveness of an
anaerobic sequencing batch reactor (AnA2/02
SBR) in the simultaneous removal of organic
carbon, nitrogen, and phosphorus from. a
domestic wastewater. In order to meet the above
objective, 2 24-month bench-scale research
program was carried out. The findings from this
program can be summarized in 3 distinct parts:
(1) concept development, feasibility and optimal
operating condition; (2) process optimization and
maximum system loading capacity; and (3)
system recovery using a step-loading reduction
approach, and development of design criteria.
The results from the first part have been
published elsewhere [12]. This paper explores
issues related to process optimization regarding
the influent carbon to nitrogen (C/N) ratio and
solids retention time (SRT), as well as the
maximum loading capacity Wwith respect o
chemical oxygen demand (COD) loading.

MATERIALS AND METHODS

The laboratory-scale experiment conducted
involved the use of 3 identical SBR systems,
operating in a parallel mode. The reactors were
made of plastic (acrylic) material and had an
internal diameter of 17.8 cm (7 in) and a height
of 49.5 cm (19.5 in). The operating liquid volume
was 10 L, while 5 L were wasted at the end of
each operating cycle. Each reactor was equipped
with a cover plate, a rubber stopper, an air
diffuser and a stirrer. Other accessories included
feeding pumps, influent and effluent containers,
valves, air compressors, and microprocessor time
controllers. A schematic representation of the
SBRs employed is depicted in Figure 1.

The reactors were initially seeded with sludge
obtained from the Sri-Phraya Domestic
sWastewater Treatment Plant, located in Bangkok,
Thailand. In order to allow the biomass to get
acclimatized, a step-by-step feeding approach
was followed. That is, starting with a liquid
volume of 5 L, the system was allowed to
achieve at least 80% COD removal under a
reasonably. stable operation (i.e., no more than 5
to 10% fluctuation in COD removal values),
before a further increase in volume by 1 L was
introduced. This process was repeated until the
full operating liquid volume of 10 L was
achieved. The 24-hour cycle of SBR operation
was consisted of the following steps : 5 hours
filling, 5 hours operating on the first anoxic time,
3 hours on the first oxic time, 5 hours on the
second anoxic time, 3 hours on the second oxic
time, 1.5 hours settling, 0.5 hour drawing, and 1
hour idle time. The air supply during the oxic
periods was adjusted to maintain a minimum
dissolved oxygen concentration of 2 mg/L.
During the SRT optimization study, each reactor
was operated at a different SRT; namely 20, 25,
and 30 days, respectively. The reactors were fed
with raw domestic wastewater collected from the
same treatment facility mentioned previously.

The average COD, total Kjeldahl nitrogen
(TKN), and total phosphorus (TP) concentrations
of the raw domestic wastewater were 241, 53.5,
and 8.2 mg/L, respectively. However, since the
wastewater was found to be deficient regarding
the carbon content (as discussed later), glucose
was added as an external carbon source in a step-
by-step fashion, until the COD in the feed
reached a value of 543 mg/L. Furthermore, in

order to determine the maximum system loading

capacity at a 30-day SRT, the volumetric loading
rates were increased gradually in a step-by-step
fashion from 0.17-0.20 to 0.73-0.79 kg COD/m™-
d, until the system was overloaded. Each loading
rate was maintained until a reasonably stable
operation was reached, (i.e., exhibiting over 80%
COD removal with no more 10% variation). This
was usually achieved within 2 to 3 system HRTs.
Throughout this study, influent and effluent
samples were collected twice a week @i

analyzed for COD, TKN, and TP. Ip addition, the

~ influent flow rate, mixed liquor suspended solid

(MLSS), and dissolved oxygen (DO) W
measured daily. All analytical determinations
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Figure 1. Schematic drawing of the SBR system,

é;performed in accordance with the Standard
hods [13]. Details for all analytical
dures followed can be found elsewhere [14,

effectively, all three reactors were initially
operated at an SRT of 20 days. During the
acclimatization period when a step-feeding
procedure was followed, the average COD, TKN,

‘ and TP removal efficiencies were 93.2, 96.8, and
RESULTS AND DISCUSSION

18.8 % respectively. Although all reactors, under

‘ reasonably stable conditions, achjeved a high

ut C/N Ratio and SRT Optimization COD and TKN removal from the early stages of
rder to explore the potential of the

their operation (i.e., within 2 to 3 HRTs), the
0’SBR

process in removing the pollutants corresponding TP removal was* significantly
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lower. This may be due to insufficient organic
carbon available for the growth of phosphorus
removing (Bio-P) microorganisms [14]. Tt was
therefore decided to increase the amount of
influent organic carbon available by adding
glucose as an external source in a step-by-step
mode. The percent CcoD, TKN, and TP removal
efficiencies for the first 30 days after the addition
of glucose aré depicted in Figure 2. It is obvious
that TP removal improved dramatically (from

less than 20% to oV

-
o
o

95

ciency (%)

90

85

80 ’\'JT"T/'I/_F’_T’—T
1 3 5 79

coD Removal Effi

100 -

ciency( %)
@
o

60

TP Removal Effi

er 50%) within about a week

11 13 |)12517

YT =TT

13 15 17 19 21

’}?100 -
%90
(7]
£
w 80
3
£70
[7]
[~
é 60 ”“\'"’T_'T’T‘ "‘1‘"'1’”"‘]"’\"’1’“'{‘
1 3 5 7 9 11

Figure 2. percent COD, T

after glucose addition, while it exceeded the 80%

level approximately one additional week later

and; afterwards, it remained consistently high. At
the same time,

both COD and TKN removal
efficiencies were always at high levels.

the TP removal

d be correlated to the influent
COD concentration as well as the COD/TKN
ratio. Using appropriate regression analysis
techniques, the following quantitative

It was also observed that

efficiency coul
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(polynomial) relationships were developed
relating the influent COD concentration and the
COD/TKN ratio to TP removal efficiency,
respectively:

Y, = 0.0032X,’ - 0.2839x,% + 8.7867X, + 0.6756

(1)
(** =0.729, n=30)

Y; =0.0012X,"- 0.0797X,° + 1.5123.,°-
4.614 X, + 21.619 ()
(* =0.907, n=130)

Where: X, = influent COD (mg/L)
X, = COD/TKN ratio
Y, or ¥, = TP removal efficiency (%)

The above quantitative relationships have been:
illustrated in Figure 3. It can be seen, for
example, that at an influent COD concentration
of 300 mg/L and a corresponding COD/TKN
ratio of 7.2, an average of 85 % TP removal can
be obtained. The effect of COD/TKN ratio on
BNR processes has also been addressed in
several previous studies. For instance, it has been
reported that phosphorus removal was limited
- when the influent COD/TKN ratio was lower
than 7.5 [16]. Furthermore, Barnard [17] has
pointed out that although a COD/TKN ratio
_higher -than 10 was required to stimulate
phosphorus removal, the ratio had minimal effect
on nitrogen removal. On the other hand, other
esearchers have suggested that a COD/TKN
atio of over 12 is required to support adequately
he denitrification process [18, 19]. Overall, the
bservations from this study regarding the
D/TKN ratio are in accordance with those
sented in the cited literature,

order to investigate the effect of SRT on the
cess, 3 different system SRTs were applied,
mely 20, 25 and 30 days using the 24-hour
erating cycle described previously. Data shown
igure 4 clearly indicate that although an
ase in SRT did not seem to affect the COD
val behavior, it did result however in a
derable improvement in both TKN and TP
mance. The reactor operated at a 30-day
xhibited average COD, TKN and TP
Is of 95, 91 and 94 %, respectively. It can
re be concluded that the effectiveness of
A*0? SBR process to remove organic
nitrogen, and phosphorus simultaneously
le domestic wastewater is depended upon
owing: (1) an influent COD concentration

of over 300 mg/L; (2) a COD/TKN ratio of over
7, and (3) a system SRT of 30 days.

Maximum System Loading Capacity

The AnA%/O’SBR system was designed and
operated to provide the optimal conditions to
stimulate the growth of an effective consortium
of bacteria to stabilize organic matter and
nutrients (nitrogen and phosphorus)
simultaneously. However, if the system is being
constantly -overloaded from an organic matter
point of view, process failure may occur. As
shown in Figure 5, the system operated at a 30-
day SRT was loaded in a step-by-step mode
starting from 0.17-0.20 kg COD/m’-d until it
reached the maximum loading rate of 0.73-0.79
kg COD/m’d. As the loading rate kept
increasing, the TP removal efficiency appeard to
be the first performance parameter to be affected.
A sharp drop in TP removal from over 90 % to
below the 60 % level was observed when the rate
was increased to 0.63-0.66 kg COD/m’-d, while
the corresponding average COD and TKN
removal efficiencies were slighly affected being
95.3 and 88.9 %, respectively. At the maximum a
loading rate of 0.73-0.79 kg COD/m’-d the
average removal efficiencies obtained for COD,
TKN, and TP were 93.3, 77.2, and 43.4%,
respectively. This was considered to be a
treatment system “failure” (i.e., exhibiting an
average removal efficiency below the 50 % level
for any given performance parameter). Since the
percent TP removal was siginficantly lower than
the corresponding COD and TKN removal
percentages, it appears that the performance of
the Bio-P bacteria is more drasticaly affected at
high organic loading conditions than the
performance of the microbial groups involved in
carbon or nitrogen biotransformation processes.

When the organic loading in the influent of any
biological treatment process increases, it will
eventually overload the system. Thus, it is
important to monitor: (1) whether the system is
close to the critical (or “failure” as defined
above) point; (2) what operational tools are
available; and (3) what changes in perfomance
parameters actually occur under stressed
conditions. In general, feed stoppage and influent
loading reduction are recommended as short-term
actions. In this 24-month bench-scale research
program, the step loading reduction proved to be
a practical and effective approach to recovery;
however, further details will be provided in a
follow-up publication,
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Figure 3. Phosphorus removal efficiency as a function of influent COD concentration and COD/TKN ratio.
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Figure 5. COD, TKN, and TP removal efficiencies as a function of organic loading.

CONCLUSIONS the influent was found to be a critical factor in J

; achieving satisfactory TP removal. Since the }
nA%0* SBR process was successfully Wwastewater used was deficienit in organic carbon, |
ed in the simultaneous removal of organic glucose was added as an external carbon source. J
nitrogen, and phosphorus from a Results indicated that "an influent COD |

|

ic Wastewater. Overall, the C/N ratio in concentration of at least 300 mg/L with a
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ratio of 7 were
required in order to obtain 2 minimum 90 % TP
removal efficiency. Furthermore, the relationship

nt COD concentration or the

between the influe
TP removal efficiency can

COD/TKN ratio and
in the form of quantitative

be expressed 1

(polynomial) equations. It was also observed that
a 30-day SRT resulted in the highest removal
efficiencies for all parameters involved, within
the SRT range investigated. Finally, an increase
in the maximum loading rate affected much more
drastically the TP removal efficiency than the

corresponding CcOD or TKN percentage values.

corresponding COD/TKN

The authors wish to
acknowledge the excellent tec;hnical assistance
provided by the staff of the Sanitary Engineering

t, Faculty of Public Health, Mahidol

Departmen
University, Bangkok, Thailand.

Acknowledgements

REFERENCES

1. Metcalf and Eddy, Inc. (199
Engineerin§:
Reuse. 3

Singapore.
AM. (1991). Biological
of Waste. Elsevier Science,

9. Martin,
Degradation

Great Britain. _
and Phosphorus

3. Li, L. (1988). Nitrogen

Removal in Intermi
Process. S. Thesis. Asian Institut

Technology; Environmental
Division, Bangkok, Thailand.
4. Torrijos, M., Vuitton,
(2001). The SBR Process:
Economic Solution for th
Wastewater at

in the Jura Mountains.
Technology, 43(3): 373-380.
5. Mangat, S. an
Biodegradation of
Dichlorophenoxyace
Batch Reactors.

867.
N. and Kayser, R.
estigations on CcOD

Batch Reactors and
Science

6. Dockhorn, T, Dichtl,
(2001). Comparative Inv
removal in Sequencing
Continuous Flow Plants. Water

» Technology, 43(3): 45-52.

7. Chin, H, Elefsiniotis,
(2002). Anaerobic D
Agr'\cultural Pesticide (2,
Batch Reactors. Procee

Zealand Water an

(NZWWA) 44"
Expo, Christchure
September, 8

Morling, S. (
Plant for Advenced
dge as 2
hnology, 43(3): 131-138.

W:G.C. and Green, J.
Simple Pracess
Food Processin

p-
2001). Performance of an SBR-

. Arora, AM., Barth, E.F. and Um
Technology Evaluation

Pollution Coniro
. Fongsatitkul, P.,
(1997). Factors
Removal Efficiency: of Se
on

Phosphorus in
Journal of Safety and Environment, 73

52.
1). Wastewater . Fongsatitkul,

Treatment, Disposal and

Edition, McGraw-Hill  Inc., Efficiency of Sequenc

Engineering J 12(13): 33-36.

ttent Activated Sludge
e of

Engineering

Federation
Methods for the
Wastewater, 19

v. and Moletta, R.
An Efficient and
e Treatment of

Small Cheesemaking Dairies
Water Science

. Srisawas,
Efficiency of Sequencing
Organic, Nitrogen
Synthetic

Graduate Studies, Bangko
_ Karcharnubarn, R.
Removal of Organic
Phosphorus from 2 Dom

d Elefsiniotis, P. (1999).

the Herbicide 2,4-
tic Acid in Sequencing
Water Research, 33: 861-

Reactor (An
Loading Capacity an
Thesis,
Graduate Studies, Bangko
_ Manning, T.E. and
Biological Remov

Sequenci
Pollution Control F ederation,

. Barnard, J.L. (1983). Design
Regarding Phosphate Remov

p. and Singhal, N.
egradation of an
4-D) in Sequencing
dings of the New
d Wastes Association

Annual Conference and
h, New Zealand, 18-20

Nutrient Removal Using
Carbon Source. Water

M. (2001).
for Nutrient Removal from
g Effluents. Water Science
43(3): 123-130.

phres, M,B.
of

Batch Reactor. J.  Water
| Federation, 57: 867-875.
Srisawas, P. and Khurboot,
Effecting System
quencing Batch
Organic, Nitrogen and
Domestic Wastewater.
): 43-

p., Huangprasert, S. and
P. (1998). System Removal
ing Batch Reactor on
Phosphorus in
nvironmental

Nitrogen and
Wastewater. Thai E

Public Health Association
Water Works

W.W.A)/ Water Environment
(W.EF.). (1995). Standard
Examination of Water and
th Edition. Washington, DC,

p. (1997). System Removal
Batch Reactor on

and Phosphorus in
Domestic Wastewater. MS.

Mahidol University, Faculty - of
: k, Thailand.

(1999). Simultaneous
Carbon, Nitrogen, and
estic Wastewat
an Anaerobic Sequencing Baich
A2/0” SBR): Maximum Syste
d Recovery Rate. M
Mahidol University, Faculty
k, Thailand.
Irvine, R.L. (1985). T
al of Phosphorus in

‘al

ng Batch Reactor. J.

57: 57-94
Considerat
al in Ac




Malaysian Journal of Science (23): 149-157 (2004)

Sludge Plants. Water Scienc
15:319-328,

18. Barker, P.S. and Dold, P.L. (1996).
Denitrification Behavior in Biological
Excess Phosphorus Removal Activated

Sludge Systems. Water Research, 27: 617-
624,

e Technology,

19. Wentzel, M.C. and Ekama, G

Principle in the Desj
Systems for Biological Removal of ¢y
Nitrogen  and Phosphorus,
Environment Research, 69: 1222-1231,

gn of Sing],




