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 Background: The biological method to remove carbon and nitrogen from wastewater 
has been recognized as an established practice in the activated sludge process treatment 
technology. Aerobic modeling is a valuable tool to describe the behavior of secondary 
aerobic treatment unit, to achieving effective effluent quality and for sizing purposes. 
Although, an extensive knowledge and prior practical hands on experience have been 
gathered for conventional systems, further research is required to determine this bio 
kinetics within compact systems. A small prototype footprint, continuous flow 
bioreactor comprising anoxic, aerobic, anoxic, and a settler was developed. A synthetic 
sewage was prepared to imitate the municipal wastewater. The assessment of 
transformational behavior of aerobic metabolic performance, in an extended aeration 
for the digestion process was investigated. The mixed liquor suspended solids of 3,000 
mg/L was maintained, while the organic loadings, hydraulic and solids retention times 
were varied, in order to generate data for bacterial growth and substrate utilization 
kinetics. The linear regression model according to modified Monod’s approach was 
used to determine these coefficients. At steady state for the five phases, the maximum 
substrate utilization rate, half velocity constant, cell yield coefficient, and decay 
coefficients were determined to be 1.17d-1, 618 mg sCOD/L,  0.76 mg VSS/mg sCOD, 
and -0.0130 d-1, respectively. The maximum specific growth rate µmax was found to be 
0.88 d-1. This experiment was done to enhance and validate the bio kinetic parameters 
within the compact treatment units.  
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INTRODUCTION 

 
The population increase and rapid urbanization are associated with undesirable possibilities on water 

quality on the municipal wastewater discharge. Therefore, this informs the decision of effective planning and 
innovation for sustainable future. In recent years, retrofit and expansion of wastewater treatment facilities in 
Malaysia is embarked to complement the growth and improve the rising pollution in rivers [1]. The modern 
expansion’s current interest in water pollution control lays significant emphasis on secondary treatment system, 
to ensure safe disposal in an environmentally and acceptable manner. The secondary aerobic biological 
treatment removes dissolved organic matter from wastewater. The suspended organics are also metabolized, 
where natural flocculation and settling characteristics of the bio-solids are formed, and then the solids along 
with other suspended matters are eventually removed.  

The Malaysia parliament in 1980 made a law, where developers of new housing estate with more than 30 
houses are required to make an adequate provision of sewage treatment facilities [2]. The population increase is 
perceived to put more pressure on the existing wastewater treatment infrastructure. The land to be reserved for 
conventional activated sludge process (ASP) is often considered a burden, considering its size that could be 
channeled to other profitable venture. It is in this regard, the idea to implement a compact bioreactor system is 
conceived, which could offer a footprint savings, sludge reduction, and also proposed in line to offer a complete 
wastewater treatment option. 
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The first national legal framework for regulating the quality of effluent discharge from sewage and 
industries in Malaysia was enacted in 1974 as Environmental Quality Act (EQA) [3]. The EQA was revised in 
2009 with amendments to include more stringent limits in the effluent discharge for organics and nutrients. This 
is anticipated that, due to introduction of mechanical wastewater plants, substantial effectiveness can be 
accomplished, compared to the obsolete plants which were in place to achieve only organic removal and 
nitrification [2]. The current scenario of wastewater treatment system involves treating the wastewater to meet 
the Department of Environment (DOE) Malaysia’s standards A and B. The standard A is when the water uptake 
(for drinking purposes) is downstream,  while standard B is when water uptake is upstream [3]. This 
development informs the need for improved design, especially to cater for the booming upgrade of existing 
wastewater treatment plants (WWTP), and towards transforming new ways to accommodate, as well as 
maximizing the user-friendly footprint savings for the developers to make more profit margins. 

Numerous options are available for accomplishing these purpose [4]. The total oxidation or extended 
aeration ASP is among the techniques that have demonstrated simplicity in terms of operation, low cost and 
stability [5]. It has also been found particularly appropriate for treatment of wastes in rural communities, hotels, 
schools, and some industrial settings [6]. The major difference between the processes of extended aeration with 
other modifications of conventional ASP is that, minimal or no biological sludge is wasted [7]. The sludge is 
returned to the aeration chamber, where process of auto oxidation, synthesis and endogenous respiration occur. 
The organic waste materials in the waste are totally oxidized to carbon dioxide and water [6]. Although,  it has 
been generally concluded that operation of an extended aeration without sludge wasting is theoretically 
impossible, due to gradual accumulation of inert biological solids, that could build up [8, 9]. Therefore, daily 
sludge must be wasted to sustain the system from excess growth of biomass and accumulation of inert matter 
[10]. 

The organic matter in wastewater will naturally be degraded by action of microorganisms and the supply of 
oxygen above 2 mg/L during aerobic phase [6]. The microorganisms utilize the organic matter and stabilize the 
wastewater. However, the overall process will generate biological sludge known as “biomass” [6, 11]. General 
condition for ASP requires balanced influent degradable matter expressed as chemical oxygen demand (COD), 
total kjeldahl nitrogen and phosphorus (C:N:P) to be in the ration of 100:5:1, so as to provide an enabling 
medium for the microorganisms to accomplish effective biological treatment [12, 13]. 

In the secondary aerobic treatment, growth rate of microorganisms is directly related to the rate at which 
they utilize organic matter present in the wastewater [6, 14]. The bio kinetic coefficients considered for design 
of the bioreactor, and range of values comprise; maximum specific growth rate (µmax), maximum rate of 
substrate utilization, per mass of microorganisms (K: 2 – 8 d-1), substrate concentration at half the maximum 
growth rate, otherwise known as half velocity constant (Ks: 20 – 80 mg sCOD/L), maximum yield coefficient, 
mass of cell formed per mass of substrate consumed (Y: 0.2 – 0.5 mg VSS/ mg COD), and endogenous decay 
coefficient, per day (Kd: 0.03 – 0.07 d-1) [15]. These bio kinetic coefficients and design parameters are well 
defined for municipal wastewater within the conventional systems, which are segregated units, either in 
suspended or attached growth, but rarely investigated within an integrated system. The bio-kinetic coefficients 
for the ASP have been evaluated for different wastewater treatment systems by numerous investigators [4-6, 16-
18]. 

The focus on present study is to investigate the performance of bio kinetic parameters in compact bio-
reactor system, operated as extended aeration system, with configuration; anoxic, aerobic, anoxic and final 
settler, and using synthetic wastewater in a continuous flow. 

 
MATERIALS AND METHOD 

 
2.1 The design and fabrication of a compact bioreactor: 

The process design calculations for organic removal with nitrification and denitrification were done based 
adapted bio kinetics values at 28oC. Design worksheet was developed in (Microsoft excel 2010) according to 
standard procedure in [6],  where design core principles are based on complete-mix activated sludge process 
(CMAS). All the treatment units are superimposed in integrated concentric divisions. The flow imitates reactor 
configuration with upstream and downstream denitrification units, and combined carbon oxidation with 
nitrification unit in oxidation chamber in between the denitrification units [6]. This, concept is considered 
compatible to effectively achieve the strict effluent limits. The fabrication of the bioreactor was made using 5 
mm thick perspex material, a compressor fitted with controller, fine bubble diffusers to provide mixing and 
dissolved oxygen concentration between 2.0 – 6.0 mg/L. Therefore, the fine bubble diffusers can accomplish 
adequate mixing in the aeration chamber. The continuous mixing was provided in the pre and post - anoxic 
chambers by screened protected submersible blades, slow mixers at 30-50 revolution per minute (rpm) to ensure 
sufficient contact between the biomass and the soluble substrate, for effective bio degradation process. The bio 
reactor has a total volume of 45 L, with footprint of 1000 mm diameter and height of 1500 mm. The pre-anoxic 
chamber has volume of (8.0 L), oxidation chamber (18.5 L), and post anoxic chamber (10 L), and final settler 
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(8.5 L). This is closely in agreement with requisite empirical volume  ratio of 50 : 100 : 75 for pre anoxic, 
oxidation and post anoxic capacities, respectively [19]. 

 
2.2 Description of experimental system set up and operation: 

The part of raw carbon sewage from influent is utilized for upstream denitrification in the pre anoxic 
chamber, before reaching the oxidation chamber, while the downstream denitrification utilizes endogenous 
carbon source from the aerobic process [6, 20]. The recycle of thickened activated sludge (RAS) from clarifier 
was done periodically to maintain the concentration of biomass in the bioreactor [10]. The internal recirculation 
(IR) was operated to transfer nitrate into pre anoxic chamber for the purpose of denitrification, using raw 
sewage as terminal electron donor [21]. In this study, samples were obtained according to Figure 1, from 
influent (point A), the effluent pre-anoxic (point B), effluent oxidation chamber (point C), effluent post anoxic 
chamber (point D), return activated sludge recycle (E), and effluent clarifier (F). The samples were obtained 
with a wide tip glass pipette with bulb at each specified point.          

The three distinct processes occur in the oxidation chamber, namely; oxidation, synthesis and endogenous 
respiration [6]. The nitrification is also taking place from the ammonia nitrogen produced, which is eventually 
oxidized to nitrate. The nitrate was pumped back to the pre-anoxic chamber, where the nitrate is reduced to 
nitrogen gas. The residual nitrate from the oxidation chamber is reduced in the post - anoxic chamber, which 
denitrifies through endogenous carbon source [6]. Portion of the carbon source to the oxidation chamber is 
reduced during pre-denitrification process. The stoichoimetry for specific carbon requirement for denitrification 
vary from one wastewater source to another. Particularly, 4g of BOD5 is required per gram of NO3

-- N  reduced 
[22]. 

The compact extended aeration reactor (CEAR) reactor in Figure 1, has influent supplied into the pre-
anoxic chamber by a peristaltic pump, through a baffle to ensure the required hydraulic retention (HRT) time is 
achieved. The wastewater then flows into an oxidation chamber fitted with diffusers, and then to the post anoxic 
chamber, and finally biomass settles in the clarifier, with the effluent discharged as supernatant. The sludge was 
wasted daily to avoid excess growth within the system according to equation (1) [17]. The wasting was done to 
also get rid of inert matter that is non-biodegradable. The food to microorganism’s ratio (F/M), was determined 
according to equation (2) [17], and (HRT), being the time wastewater is required to entirely flow through the 
reactor was obtained according to Equation (3) [23]. The ASP design parameters have been detailed in prior 
studies [5, 6, 15, 17, 18, 24-26]. 

 
SRT = [(V* X) / (Qw*Xr)] = [Solids in system/solids wasting rate] (days)                        (1) 

 
F/M = Q*So / V*X   (d-1)                                                                                                    (2) 
 
HRT = (V/Q) *24 hrs                                                                                                        (3) 

 
where, solids retention time (SRT) (d) or mean cell residence time, being the time biomass is kept in the 

system before being wasted [17], V is the volume of the bioreactor oxidation chamber (L), Qw is the waste 
sludge flow rate, liter per day (L/d), X and Xr are the mixed liquor suspended solids (MLSS) concentrations 
(mg/L) in oxidation chamber and recycle line, respectively.  Q is the flow rate of wastewater (L/d), So is the 
soluble organic matter concentration (mg/L), V is the volume of oxidation chamber (L) and X is the biomass 
concentration (mg/L) in the oxidation chamber.  

The supply for return activated sludge recycle was achieved by an external pump. It was fitted with a 
programmed timer to recycle the biomass from the clarifier every six hours, proportionate to attain individual 
inflow rate (Q) over duration of 24 hours (18 – 22 L/d). The influent supply pump was in continuous mode. A 
pedal mixer was put inside the influent supply to keep the wastewater in suspension.  
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Fig. 1: Cross - section of CEAR system procedure 
 

2.3 The wastewater characteristics for the experiment: 
The influent feed was prepared using commercial canned cat’s food by grinding into fine particles.  The 

macro, micro nutrients and trace elements were provided [21] according to Table 1. The C:N:P ratio of 100:5:1 
is the minimum requirement to achieve consistent biological wastewater treatment process  
[27, 28]. 

 
Table 1: Composition of the synthetic sample 

Component Concentration (mg/L) 
Cat’s premium feed 1300 - 2450 
Ammonium chloride (NH4Cl) 45 - 90 
Magnesium chloride (MgCl2.7H2O) 78 
Sodium chloride (NaCl) 69 
Potassium di hydrogen phosphate (KH2PO4) 18 - 85 
Calcium chloride (CaCl2 . 2H2O) 35 
Iron Sulphate (FeSO4 .7H2O) 1.7 
Zinc sulphate (ZnSO4.7H2O) 1.7 
Manganese sulphate (MnSO4.7H2O) 1.1 
Copper sulphate (CuSO4.5H2O) 0.86 
Yeast extract 0.86 

 
2.4 Analytical methods and statistical analysis: 

The wastewater used to measure various parameters was characterized by standard methods for the 
examination of water and wastewater [29]. To achieve the research objectives, the batch samples for sludge 
were obtained from oxidation tank with wide tip pipette, to determine the MLSS and MLVSS, while from the 
return activated sludge (RAS) line through its valve.  The raw wastewater was obtained from influent reservoir, 
whereas other samples in the reaction chambers and effluent were obtained after attaining full reactor HRT, 
according to locations highlighted in Figure 1. To get soluble samples, filtration was made with 0.45-μm glass 
fibre filter paper, so as to obtain soluble chemical oxygen demand (sCOD) and soluble biochemical oxygen 
demand (sBOD5). The soluble organic forms determined were used to calculate the F/M ratio and the 
biokinetics. The samples were analysed thrice a week, while BOD5 once a week in order to validate the COD 
results. All the samples were measured in triplicate, while statistical analysis was performed. The data obtained 
was used to calculate the averages, ranges and standard deviations. The graphs and data analysis were done 
using Microsoft excel 2010. 
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Table 2: Analytical procedure according to APHA (2007) 

S/n. Parameter Method Equipment 
I 

ANX-
1 

AE
R 

ANX-
2 CL

R 
E 

1 MLSS/MLVSS 
Gravimetric 
method 

Digital analytical balance (MAX 
2000G), Oven (103-105oC), 
Furnance (Ashing at 550oC), 
vacuum suction pump, Whatman 
Filter paper no 1, 47mm, cat 
1001047  

Bioreactor chambers 

- 10 10 10 2 - 

2 
Total 
Phosphorus 

Acid persulate 
Digestion, 
Method 8190 Spectrophotometer DR2800, 

10/20 mL cuvette, Digestion 
vessel DRB200, Heating block, 
micro fiber glass filter paper  

5 - - - - 5 

3 
Total Chemical 
oxygen demand 
(TCOD) 

Reactor 
Digestion, 
Method 8000 

6 6 6 6 - 6 

4 
Soluble COD 
(sCOD) 

- 6 6 6 - X 

5 
Total kjeldahl 
nitrogen (TKN) 

Buchi Auto 
Kjeldahl 
Method; 
Digestion, 
distillation and 
titration 

Buchi Auto Kjeldahl Method 45 - - - - 45 

6 

Soluble 
biochemical 
oxygen demand 
(sBOD5)/BOD5 

Membrane 
Electrode 
Method: 5 days 
Incubation at 
20oC & 
Membrane 
Electrode 
Method for DO 
(mg/L) 

DO meter model YSI 5100, 300 
mL BOD bottles, aerated water, 
BOD buffers, micro glass filter 
paper to filter for soluble BOD 

5 10 10 20 - 50 

7 
pH & 
Temperature 

  
HACH pH Sension +, PH3 and 
probe 

50 50 50 50 - 50 

8 Total alkalinity  Titration 

Burette with stand, pipettes, 
pipette bulb, Erlenmeyer flask, 
standard flask, Beakers, 250 mL 
measuring cylinder, reagents 

50     50 

Notes: I = Influent, ANX-1 = Pre-anoxic, AER = Aeration, ANX-2 = Post-anoxic, CLR = Clarifier, E = Effluent 
COD = Chemical oxygen demand, TKN = Total kjeldahl nitrogen, pH = Power of hydrogen, MLVSS = mixed liquor volatile suspended 
solids, MLSS = mixed liquor suspended solids  

All figures presented in Table 2 are in milliliters (mL) for influent, reaction chambers and effluent 
 

2.5 Experimental design and operational conditions for the phases of kinetic study: 
Table 3 shows the operational conditions and experimental design during period of the bio kinetics analysis. 

The study was carried out from day 101 to 189 after the start up, biomass build, stability and optimization of 
internal recycle have been attained [5, 12, 21, 26]. The procedure for current study was performed in five 
phases, with each steady state phase: phase 1 (day 101 – 110), phase 2 (day 118 – 128), phase 3 (day 135 – 146), 
phase 4 (day 154 – day 166), and phase 5 (day 178 – 189). The averages of COD concentrations between 453 - 
851 mg/L were applied during each period. The steady state condition is assumed with relatively constant 
effluent concentrations and stable MLSS concentration in the oxidation chamber [30]. The flow rates of 18, 19, 
20, 21 and 22 L/d were completed for each phase. During each phase, the return activated sludge and internal 
recirculation were kept at exactly the inflow rate, and 4 times the inflow rate, respectively. 

The MLSS was maintained at 3000 mg/L; organic loading was progressively augmented by increasing 
influent organic concentration and the flow rate.  

 
Table 3: Experimental design and operational conditions for the kinetic study 

Parameters 
Period and operational nomenclature 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 

Flow rate  Q, (L/d) 
 

18 19 20 21 22 
Target influent total COD (tCOD) 
concentration, (mg/L)   

tCOD – i1 = 
450 

tCOD -i2 = 
550 

tCOD -i3 = 
650 

tCOD -i4 = 
750 

tCOD -i5 = 
850 

Influent soluble COD (sCOD) 
concentration, (mg/L) 

 sCOD –i1 sCOD -i 2 sCOD - i3 sCOD - i4 sCOD - i5 

Influent BOD5  concentration, (mg/L) 
 

tBOD5 -i1 tBOD5 -i2 tBOD5 -i3 tBOD5 -i4 tBOD5 -i5 
Effluent Anoxic-1 chamber  sCOD 
concentration, (mg/L) 

 
sCOD -
1anox 

sOD -2anox 
sCOD -
3anox 

sCOD – 4anox 
sCOD– 
5anox 

Effluent Aeration chamber sCOD 
concentration, (mg/L) 

 sCOD - 1aer sCOD - 2aer 
sCOD - 
3aer 

sCOD - 4aer sCOD - 5aer 

Effluent Anoxic-2 chamber sCOD  sCOD1 sCOD2 anox2 sCOD3 sCOD4 anox2 sCOD5 
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concentration, (mg/L) anox2 anox2 anox2 
Effluent clarifier tCOD concentration, 
(mg/L) 

 tCOD –e1 tCOD -e2 tCOD -e3 tCOD -e4 tCOD -e5 

Effluent clarifier sCOD concentration, 
(mg/L) 

 sCOD –e1 sCOD -e 2 sCOD - e3 sCOD - e4 sCOD - e5 

Effluent clarifier BOD concentration, 
(mg/L) 

 tBOD –e1 tBOD - e2 tBOD - e3 tBOD - e4 tBOD - e5 

IR ratio  4 4 4 4 4 
IR flow (IR Q), L/d 

 
72 76 80 84 88 

RAS ratio 
 

1.0 1.0 1.0 1.0 1.0 
RAS flow, (L/d)  18 19 20 21 22 
Target MLSS in oxidation chamber,  mg/L 

 
MLSS of 3000 mg/L maintained 

RAS MLSS (Xr), mg/L 
 

Thickened activated sludge,  MLSS in RAS as a function of daily waste 
Pre Anoxic HRT, Ɵpreanox 

 
10.6 10.1 9.6 9.1 8.7 

Aerobic HRT, ƟAer 
 

24.7 23.4 22.2 21.1 20.2 
Post Anoxic HRT, ƟPostanox 

 
13.3 12.6 12 11.4 10.9 

SRT, Ɵc (d) 
 

SRT 1 SRT 2 SRT 3 SRT 4 SRT 5 
Waste Sludge (mL / d), Qw 

 
Qw -1 Qw - 2 Qw - 3 Qw - 4 Qw - 5 

Aerobic dissolved oxygen (DO), (mg/L) 
 

2.0 – 6.0 
Anoxic zones dissolved oxygen (DO), 
(mg/L)  

< 0.2 

Alkalinity addition as (CaCO3) in 
oxidation chamber, g/d 

 6.0 – 12.0 

Temperature, o C  25 - 30 
pH  7.0 - 7.6 

 
The SRT was a function of solids in the system divided by the wasting rate during each phase of the 

extended aeration process [6, 17]. Equation 1 was used to determine the SRT at various sludge wastages (Qw), 
with the known MLSS values, volume of oxidation chamber, and the return sludge concentrations (Xr). The 
MLSS for each day was determined prior to wasting. The data for each phase was reported as averages and 
standard deviations, to evaluate the bio kinetic parameters according to Equation (4) and Equation (6) [6, 17, 18, 
31]. The linear regression plots to determine the coefficient were done using Microsoft excel 2010. 
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      In Equation (4) and Equation (5), SRT (θC) is the solids retention time (d), Y is biomass yield coefficient 
(mg VSS/mg sCOD), U is substrate utilization rate, (mg sCOD/mg VSS. d), Kd is endogenous decay coefficient 
(d-1), So is influent substrate concentration (mg sCOD/L), S is effluent substrate concentration (mg sCOD/L), X 
is biomass concentration (mg VSS/L), Ɵ is hydraulic retention time (hours), Ks is substrate concentration at half 
the maximum growth rate (mg sCOD/L), and K is maximum rate of substrate utilization (mg sCOD/mg VSS. d). 

In Equation (4), plot of 1/SRT vs. U will yield Y and Kd as slope and intercept, respectively. Whereas, plot 
of 1/U vs. 1/S in Equation (5), yields Ks/k and k as slope and intercept, respectively. Ks is estimated with k as a 
known value. This equation can be applied in case of system with recycle or non-recycle of biomass [32, 33]. 

The maximum specific growth rate, µmax (d
-1), was also determined by multiplying coefficients k and Y 

according to Equation (6). 
 

���� = ��                                                                                                                                               (6) 

 
RESULTS AND DISCUSSION 

 
The estimation of bio kinetics for the oxidation chamber: 

Figure 3 shows the data plotted based on Equation (1), where the relationship between sludge age and 
utilization of the soluble organic matter in wastewater is presented. The value for the correlation coefficient (R2) 
fitted with the model was obtained as 0.8565. Based on the data evaluated, decay coefficient (Kd) and biomass 
yield (Y) were obtained as -0.0130 d-1 and 0.759 mg VSS/mg sCOD, respectively. While, in Figure 4, the 
linearized model was according to Equation (2). The experimental data were fitted to the model and value for 
the correlation coefficient (R2) was obtained as 0.9519. The rate constant (k) and Monod’s constant (Ks) were 
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obtained as 1.17 1d-1 and 618.6 mg/L, respectively. The summary of the data generated for the period is as in 
Table 5. 

The kinetic coefficients for the ASP have been studied for various SRT’s and wastewater sources as 
provided in Table 4. Other empirical values for the bio kinetic coefficients used in design of the ASP are also 
detailed [11, 19]. Although, the values of k and µmax are comparatively within normal range from reported 
values in ASP, they vary relatively from one to another. The yield coefficient (Y) obtained as  
0.788 (mg VSS/mg sCOD .d) is also within the range of values reported for ASP. However, the decay rate 
obtained in this study obtained as 0.0130 d-1 is much lower than those reported for some ASP. The high value of 
half velocity constant (Ks) of 618.6 mg COD/L obtained could deduce that the wastewater is purely of organic 
nature. Nonetheless, the yield coefficient with a comparatively greater figure, and low value of the death rate 
can be due to the longer detention time (SRT and HRT), having a significant influence on the microbial growth 
within the medium. Additional reason could be the process is operated under relatively high MLSS of extended 
detention times. The variation could also be attributed to the type of substrate and the bacteria in the medium, 
which could have significant influence for the determination of these coefficients. The prior values of the 
kinetics reported in literature rarely have detention times in the extended aeration window. They are either high 
rate or normal conventional ASP.  

The decay rate is a lumped parameter that includes several processes that lead to loss of biomass due 
endogenous respiration, predation of bacteria by protozoa and lysis [34]. Grady et al. (1999) suggested the value 
of decay coefficient to be dependent on both the species of microorganisms, and the type of substrate on which 
they were grown, which can consequently, differ in a wide range [34]. Hence, the composition as well as 
properties of the influent could be a rational for the low value of the decay coefficient. It is worthy to note that 
common models of activated sludge wastewater treatment use a constant value for the decay rate of all 
heterotrophic organisms [35-37]. However, it was shown that cells which endure a starvation response during 
substrate pulse leading to periods of substrate limitation, and hence low growth rate have a reduced death rate 
compared to cells that do not experience a transition from active to dormant state. This reduced death rate allows 
these cells to be at a competitive advantage compared to cells with higher death rate [38]. Extended aeration is 
generally operated under low (F/M) between 0.04 – 0.1 kg BOD5/kg MLVSS.d [6]. In this aspect, interaction 
model that considers the transformation in death rate between different bacteria could well define the influence 
of decay rate on competition.      
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Fig. 3: Graph of U vs. 1/SRT on COD basis                     Fig. 4: Graph of 1/S vs. 1/U on COD basis 

 
Table 4: ASP kinetic coefficients reported for various organic sources (COD basis) 

Substrate Y (mg/mg) Kd (d-1) k (d-1) Ks (mg sCOD/L) µmax (d-1) Source 

Municipal 
sewage 

0.2 – 0.5 0.03   – 0.07 2.0 – 8.0 20 - 80 0.4 – 4.0 [15] 

Municipal 
sewage 

0.4 – 0.8 0.025 -  0.075 0.8 – 8.0 15 - 70 2 – 10 [6] 

Municipal 
sewage 

0.31 – 0.35 0.016 – 0.068 0.5 – 0.6 43 - 223 1.7 [39] 

Synthetic 
wastewater 

0.49 – 0.58 0.037 – 0.151 0.63 – 3.75 289 - 293 1.28 – 6.46 [17] 

Synthetic 
wastewater 

0.42 – 0.53 0.05 - 0.19 0.34 – 3.34 83 - 646 0.8 – 6.3 [17] 

Municipal 
sewage 

0.62 - 1.25 0.0198 - 0.0308 2.54 - 3.16 311.7 - 508 1.96 - 3.17 [18] 

Synthetic 
wastewater 

0.759 0.0130 1.17 618.6 0.88 
This 
work 
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The bioreactor carbon footprint  and operation & maintenance parameters: 
The daily wastage for the period must be carried out in order to maintain the SRT of the system for each 

phase. An average of 217±83 was wasted for the period, and the RAS MLSS of 8423±78 was maintained. The 
MLSS and MLVSS concentrations between phase 1 and phase 5 ranged between 3120/2058 (MLVSS/MLSS 
ratio 0.66) and 3298/2598 (MLVSS/MLSS ratio 0.79), respectively. The incremental recorded for each period 
was due to the increase in the organic loading, having prospective contribution on the sludge production [5, 25]. 
The increase in the working sludge wastage reduces the biomass, and subsequent decline in the SRT. The low 
MLVSS/MLSS ratio could be due to the system is operated under the endogenous process. The higher detention 
times in the bioreactor probably had significant effect on COD and BOD5 effluent quality. During phase 1 with 
maximum sludge age of 40.95 d and HRT of 24.7 hours, the system COD removal efficiency was 92 % (453 
mg/L influent and effluent 36 mg/L effluent). The decrease in SRT of 18.02 and HRT 0f 20.2 during phase 5 
had a little decline in effluent quality, with 90 % (851 mg/L influent COD and 85 mg/L in effluent). The influent 
and effluent tCOD/tBOD5 ratio in both influent and effluent for the whole period presented average of 2.1 and 
2.3, respectively. The higher ratio in the effluent could be due to possible substrate solubility with HRT in the 
system. The comprehensive tCOD and tBOD5 ratios for medium to high strength wastewater have been detailed 
[40-42]. The F/M ratio on COD and BOD5 basis, were the substrate offer to microorganisms, which was 
generally low, probably due to substrate requirement from pre-anoxic chamber and endogenous respiration. The 
F/M ratio on the COD basis during the study ranges between 0.054 – 0.109 kg sCOD/kg MLVSS. d. In the 
extended aeration ASP, 0.2 – 0.5 kg COD/kg MLVSS.d and F/M between 0.05 – 0.15 (kg BOD/kg MLVSS .d), 
have been reported on COD and BOD5, respectively [6, 43]. The values obtained in this present work have 
suggested low supply of soluble substrate offer to the microorganisms, which could be due to the extended 
aeration and low organic loading. These F/M ratios are possible due to relatively high MLSS and MLVSS level 
maintained for the extended aeration, as compared with other ASP, normally operated with MLSS levels below 
2000 mg/L [19]. The pool of high biomass concentration and complete retention of solids all combined could 
make the process to be operated at low F/M ratio. The volumetric loadings was low during the phase1 (0.1 kg 
COD/m3.d), but have improved due to increase in the volumetric loading between phase 2 and phase 5 (0.2 – 03 
kg COD/m3.d). The volumetric loading on BOD5 basis of  
0.1 to 0.3 kg BOD5/m

3.d has been reported for extended aeration system [6]. 
The anoxic denitrification and aerobic oxidation were operated in order to reduce the nutrients and organic 

pollutants in the wastewater. Figure 3 contains the footprint for the sequence reduction and utilization of the 
organic substrate. At the effluent anoxic chamber, the minimum average concentration for the sCOD was 113 
mg/L, and the maximum average concentration of 231 mg COD/L, were recorded between phase 1 and phase 5. 
The soluble COD for the effluent anoxic and effluent oxidation chambers were used for the modeling of the 
oxidation chamber. The biological process was implemented to accelerate biodegradation through oxidation of 
organic compounds in the wastewater. The microorganisms feed on the substrate supplied in raw sewage and 
produce sludge as by product of metabolism [11].  

 

                  
 

Fig. 3: Organic footprint in the bioreactor 
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Conclusion And Recommendations: 
The biological treatment of synthetic wastewater imitating medium to high strength wastewater has been 

effectively achieved in a compact extended aeration reactor. The range of COD removal between  
90 % - 92 % was obtained, in influent total COD concentration of between 453 mg/L - 851 mg/L. The 
operational SRT of 40.95 days and HRT of 18.02 hours have shown to be effective and stable. The COD 
effluent quality achieved were way below the standards of DoE Malaysia, with COD limits for standard A and B 
as 120 mg/L and 200 mg/L. However, further analysis with existent domestic/industrial wastewater, with 
elevated organic concentration above 1000 mg/L will be necessary, so as to keep the F/M ratio in the oxidation 
chamber within adequate boundaries. The proof of concept has been established for the SMALL FOOTPRINT 
bioreactor, capable of effective wastewater treatment. The present study can be applied for up scaling to an ASP 
pilot plant design for the domestic wastewater treatment, under field conditions and development of the required 
details for full scale design. 
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Table 5: Operational parameters for kinetic study at MLSS 3,000 mg/L in oxidation chamber 

Phase 

Bioreactor data 

 

Computed data 

Qo So S ϴc X ϴ (So-S) ϴ Xϴ 
Xϴ/So 
- S 

1/S 
So - 
S/Xϴ 

1/ϴc 
F/M 
Ratio 
(COD) 

Qw 

(Lpd) (mg/L) (mg/L) (days) (mg/L) (hrs) (mg/L) (d) 
(mg/L-
d) 

(d) 
(mg/L)-

1 
(d-1) (d-1) (d-1) (mL) 

1 18.0 113 24 40.95 2053 1.03 89.1 1.03 2110 23.7 0.0413 0.04222 0.0244 0.054 

217±83 

               

2 19.0 159 31 38.83 2266 0.97 128.6 0.97 2206 17.2 0.0326 0.05829 0.0258 0.072 

               

3 20.0 181 36 30.76 2370 0.93 145.0 0.93 2192 15.1 0.0276 0.06614 0.0325 0.083 

               

4 21.0 205 41 22.14 2434 0.88 163.7 0.88 2144 13.1 0.0242 0.07635 0.0452 0.096 

               

5 22.0 237 53 18.02 2598 0.84 183.9 0.84 2185 11.9 0.0188 0.08417 0.0555 0.109 

Note: Qo = Influent flow rate, So = Influent sCOD concentration, S = Effluent sCOD, ϴc = Solids retention time, X = Biomass concentration, ϴ = Hydraulic detention time, (HRT), F/M 
= Food to micro-organisms ratio, and Qw = Average Waste Sludge  
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