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Abstract 

   
Sequential application of aerobic and anaerobic system for domestic wastewater treatment experiences certain 

limitations under low temperature regime and further requires optimization of exogenous inoculum size and 

treatment time. In order to address the aforesaid issues, a sequential aerobic-anaerobic digester was locally 

designed and operated for 8-14 days for wastewater treatment. Overall, the treatment efficiency varied from 92-

100 % in terms of biochemical oxygen demand (BOD), chemical oxygen demand (COD), turbidity and NO2-N at 

25ºC (non-significantly differed at 45ºC). Increase in aerobic retention time from 1-3 days helped improvement 

in treatment efficiency by 5-20 % in most of the parameters. However, a slight increase in COD (94 - 97%) and 

BOD (95- 97%) removal was observed when temperature raised from 25 to 45ºC. Whereas, almost 60% decrease 

in treatment efficiency was observed in term of BOD and COD removal when temperature decreased from 45-

5ºC.The low temperature treatment efficiency of the whole system was recovered to maximum within 6-8 days 

when reactor was bioaugmented with activated sludge (amount/L).  Nitrifying bacteria including Nitrososmonas 

sp. and Nitrobacter sp were enriched and identified from wastewater and activated sludge using specific activity 

analysis on different concentration of substrates. The specific activity verification was confirmed with their 

oxidizing capability of utilizing ammonium nitrogen and nitrite nitrogen. Thus, integrated aerobic and anaerobic 

system in sequence showed its feasibility to treat municipal wastewater under low to moderate temperature 

regimes. 
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Introduction 

Biological treatment of wastewater and sludge under 

aerobic and anaerobic conditions has been practiced 

globally mainly due to their low operational cost, easy 

handling and have less harmful effects on the 

corresponding environment compared to physical 

and chemical methods (Shalayby, et al.; 2008; Naz et 

al., 2014). Different aerobic and anaerobic processes 

include activated sludge systems, trickling filters, 

rotating biological filters, aerobic treatment, 

anaerobic treatment, septic tanks etc. Each system is 

limited to treatment of certain environmental and 

associated economical factors that ask for further 

improvement in process variables (USEPA, 2000; 

UN, 2003; Ali, et al. 2012; Naz et al., 2014). Activated 

sludge technology is most commonly used for 

domestic wastewater, but it still faces few problems 

when dealing with high concentration of effluent 

solids due to their poor settleability along with 

maintenance cost. Moreover, it aggravates 

environmental risk due to high bacterial 

contamination, thereby creating high risks to public 

health and water ecosystem (Martins et al., 2004; 

Kim et al., 2010). 

 

Trickling filter system is used for the removal of 

organic matter from wastewater, however, requires 

additional treatment due to low BOD removal rates at 

high concentration of suspended solids in the effluent 

(20-30 mg/L). Besides, this system has a very little 

operational control (USEPA, 2000). Aerobic 

treatments remarkably reduce organic and inorganic 

pollutants, reduces 1-2 log unit of pathogens, require 

relatively little working space, and produce 

comparatively less undesirable odors but require 

additional mechanical aeration and produce high 

concentration of suspended solids. Anaerobic 

treatments comparatively reduce more solid content, 

produce renewable energy and comparably cost-

effective. Anaerobic treatment comparatively reduces 

more solid content, and produces energy, however it 

is more complex and difficult to manage and control. 

Moreover, low pathogen removal rates and moderate 

acidogenic and methanogenic activity have been 

reported if only anaerobic treatment is utilized alone 

(Demirel and Yenigun, 2002; Keller et al., 2004; Pant 

and Mittal, 2007; Yenigun and Demirel, 2013). 
 

 

So both processes have strong and weak features to 

deal with and to consider for performance 

optimization. In the light of these individualities, 

many researches proposed the combination of two 

processes in sequence, as a promising strategy. In the 

last decades, the dual anaerobic-aerobic digestion 

process has gained increased interest due to the 

validity of this approach to improve the performance 

of conventional digestion processing (Kumar et al., 

2006; Zupancic and Ros, 2008; Kassab et al., 2010; 

John et al., 2011; Shi et al., 2014). However, very few 

studies have been investigated the sequential 

application of aerobic-anaerobic digestion for the 

treatment of wastewater specifically at low to 

moderate temperature (5-25°C). This is due to the 

assumption that limited activity of microorganisms 

occurs within this temperature range.  

 

Despite some drawbacks, the obvious economic and 

environmental advantage of biological treatment over 

other processes has cemented its pivotal place in any 

integrated wastewater management system (Hosseini 

Koupaie et al., 2014; Crites et al., 2014). 

Comparatively, dual or sequential aerobic-anaerobic 

treatment has been considered as a viable alternative 

by harmonizing the advantages and disadvantages of 

both systems in a most cost effective setup. An 

additional positive effect of the aerobic pretreatment 

step is the ammonia nitrogen removal (about 85-

90%) in the wastewater that can significantly reduce 

the nitrogen load recycled to the environment 

(Zupancic and Ros, 2008; Kim and Novak, 2011). 

Although anaerobic process has been increasingly 

used for organic matter removal, its effluent is rich in 

ammonia nitrogen, COD, suspended solids, nitrogen, 

phosphorus and sulfate (John et al., 2011). 

Additionally, denitrification takes place over a time 

and sometimes requires an additional anaerobic 

phase when the sequential anaerobic-aerobic 

configuration is applied to the waste treatment 

system (Kumar et al., 2006; John, et al., 2011). For 

this reason, the integration of an aerobic treatment 

step prior to anaerobic digestion promotes the 

simultaneous carbon oxidation, 

nitrification/denitrification, and phosphorus removal 

(Florante, 2009). 
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Thus, application of sequential aerobic-anaerobic 

treatment could provide dual opportunity at both 

technological and economical level in terms of 

resource recovery and compliance with current 

legislation on effluent discharge. Still these 

conventional dual treatments confront with issues of 

low treatment efficiency under low to moderate 

temperature ranges (Chan et al., 2009). The present 

study is designed considering the aforesaid issues 

mentioned in sequential anaerobic-aerobic treatment 

of wastewater and sludge. A simple and low cost 

laboratory scale dual/sequential aerobic-anaerobic 

digestion system was evaluated for the treatment of 

municipal wastewater and to produce pathogen free 

water. The treatment efficiency of the system was 

evaluated under varying aerobic treatment time (1-3 

days), temperatures (5, 25 and 45°C) and inoculum 

sizes of activated sludge (2, 4 and 6g/L) in order to 

reduce the overall treatment time (retention time). 

The different effective bacteria were enriched and 

analyzed for their nitrification ability. 

 

Materials and methods 

Environmental samples collection and handling 

Municipal wastewater collected from residential 

colony (population equivalent of about 1000 persons) 

of Quaid-i-Azam University, Islamabad, while the 

activated sludge inocula used in bioaugmentation 

strategy was taken from Wastewater Treatment Plant 

I-9, Islamabad, Pakistan using grab 1 manual method 

according to NPDES Compliance Inspection 14 

(Operating Procedures Wastewater Sampling, 2013). 
 

Sequential aerobic-anaerobic setup and operation 

The experimental set-up was based upon integrated 

aerobic-anaerobic bioreactors was built from thermos 

table plastic material (height 12ʺ, diameter 8ʺ, radius 

4ʺ) as shown in the Fig.1. The first aerobic reactor was 

cylindrical in shape and has 8Liter of volumetric 

capacity. It consisted of single recipient aeration tank 

of slight conical bottom, used to process wastewater. 

It was made up of single outlet at the bottom for 

sampling and transferring the effluent. For aeration, 

it was operated with an overhead stirrer at 150 rpm 

(VELP Scientifica’s electronic).  

 

The second anaerobic reactor of 8 Liter volumetric 

capacity made upon of thermos table plastic material 

was run separately (Figure 1). It was similar to 

aerobic reactor except that the tank was permanently 

covered from the top to avoid contact with air, 

containing three ports for sample feeding (at the top 

left), decanting and N2 purging (at bottom right and 

center) and biogas collection and measurement (at 

the top left). The working volume of wastewater was 

kept 6 Liter. The hydraulic retention time (HRT) of 

influent was kept 24hours and flow rate was 

calculated as 1.5 L/min (0.0015m3/min). The 

hydraulic loading rate of the digester was 0.25 m/m3. 

 

Anaerobic culture was obtained from wastewater 

treatment plant, while the aerobic cultures were 

obtained from the aeration tanks of the activated 

sludge (sludge age = 12 days) units of the Islamabad 

Sewage Treatment Plant.  

 

Experiments were conducted in three phases. In the 

first phase of the research the effect of aerobic 

operation time on the wastewater treatment was 

evaluated. The wastewater samples (feed) were 

aerobically digested for 1, 2 and 3 days and then 

subjected to 8-14 days anaerobic treatment at 25°C 

with 24 hours HRT. In the second phase of the study, 

the effect of incubation temperature was considered 

on the sequential aerobic and anaerobic treatment of 

wastewater.  

 

The wastewater samples (three) were aerobically 

treated at different temperatures; i.e. 5°C, 25°C and 

45°C for 2 day and then exposed to anaerobic 

treatment for 12 days. In the final phase, the effect of 

seed size on wastewater treatment efficiency by 

integrated aerobic and anaerobic system was 

evaluated. For this purpose three different 

concentrations of activated sludge such as 2, 4 and 

6g/L were used as inocula (seed) in the reactors at 5 

and 25°C. On the other side, in order to investigate 

autotrophic bacteria specifically nitrifiers within 

municipal wastewater and activated sludge, five batch 

experiments were conducted with different 

concentrations of NH3-N and NO2-N in modified 

specific media.  
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Analysis 

Physico-chemical characterization of wastewater 

In order to estimate the wastewater treatment 

efficiency of the integrated aerobic and anaerobic 

system, the influent and effluent samples were 

analyzed by considering parameters like; chemical 

oxygen demand (COD), biochemical oxygen demand 

(BOD), total dissolved suspended (TDS), Total 

suspended solid (TSS), pH, turbidity, phosphates 

(PO4), sulfates (SO4), nitrates nitrogen (NO3-N) and 

nitrates nitrogen (NO2-N) according to standard 

methods for water and wastewater analysis (APHA, 

2005). 

 

Microbiological characterization of wastewater and 

activated sludge 

Verification of pathogenic bacteria 

The pathogen removal efficiency of the sequential 

aerobic-anaerobic system was evaluated by 

considering Most Probable Number (MPN) technique 

to determine the presence and absence of coliforms 

and Viable cell counts of Salmonella sp., Shigella sp., 

Klebsiella sp., Proteus sp., E. coli, Pseudomonas sp., 

Streptococcus sp., Staphylococcus sp. and Bacillus 

sp. were conducted in terms Colony Forming Unit 

(CFU) following Bergeys Manual of Bacteriology 9th 

Edition (Bergey et al., 1994).   

 

Verification of nitrifying bacteria 

Ammonium oxidizing activity of Nitrosomonas sp. 

was carried out by using  Nitrosomons europaea  

medium. Whereas, Nitrobacter medium B was used 

to check the nitrite oxidizing ability of Nitrobcater sp.  

according to the hand book of media for 

environmental microbiology, 2nd edition in 1000 ml 

flask (Atlas, 2005). The Nitrososmonas medium 

contained  0.15 g of K2HPO4, 0.2 g of MgSO4.7H2O, 

0.02 g of CaCl2.2H2O, 1.7 g of (NH4)2SO4, and 1.0 g of 

Ferric EDTA per Liter and 1ml of trace element 

solution. Nitrobacter medium B contained  2.0 g of 

MnSO4, 0.5g of K2HPO4, 0.5g of MgSO4, 1.0 g of 

NaNO2, 0.3g of NaCl, 5.0 g of Fe2(SO4)3 per Liter 

and 1 ml of trace elements. 

Trace elements including MnCl2.4H2O, 0.02; 

CuSO4.5H2O, 2.0g/L; CoCl2.6H2O, 0.2g/L; 

ZnSO4.7H2O, 0.01g/L; Na2MoO4.2H2O,0.01g/L, 

were added in both media. The medium was sterilized 

by autoclaving and then cooled. The pH was adjusted 

to 7.5 ± 2. 

 

For the screening of ammonia oxidizers 

(Nitrosomonas sp), activity verification regarding the 

strength of nitrites (NO2-N) in the liquid growth 

medium containing inoculum isolated and identified 

from waste water and activated sludge samples.   

Different concentrations (5, 10, 15, 20 and 25 mM) of 

Ammonium sulphate and sodium nitrite were used in 

Nitrosomonas medium and Nitrobacter B medium 

were taken in 250 mL Erlenmeyer flasks. After 

sterilization and cooling at room temperature, media 

were inoculated with 2 mL volume of enriched 

cultures isolated from waste water and sludge 

separately and then were incubated on shaking 

incubator at 30°C. For activity measurement, the 

strength of nitrites nitrogen and nitrate nitrogen 

formed from ammonium sulphate and sodium nitrite 

by pure isolated cultures was determined before 

incubation and periodically after incubation i.e. after 

24, 48, and 72 hrs by standard method 4500 (NO2-N) 

for water and waste water (APHA, 2005). 

 

Results and discussion 

The efficiency of sequential aerobic-anaerobic 

digestion system for the treatment of municipal 

wastewater was evaluated under varying operational 

conditions. Overall, the treatment efficiency of the 

system improved from moderate to significant levels 

when operational conditions specifically treatment 

time and temperature were manipulated. Besides, 

supplementation of process with activated sludge 

(Bioaugumentation) proved to be considerably 

improving the efficiency of the process and making it 

feasible even at low temperature condition.  

 

Physicochemical properties of untreated municipal 

wastewater 

Municipal wastewater samples were physico-

chemically analyzed by considering COD, BOD, TDS, 

TSS, Turbidity, etc. 
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These parameters vary strongly depending upon the 

loading rate of organic and inorganic materials. 

Levels of COD (249 ± 3.5 mg/L), BOD (175.2 ± 5.7 

mg/L), TDS (784.6 ± 2.0 mg/L), TSS (1110 ± 9.8 

mg/L), 

alkalinity (53 ± 5.0 mg/L) and turbidity (3175 ± 1.8 

NTU) was significantly higher than Environmental 

Protection Agency (2004) and World Health 

Organization standards (2006) as shown in the Table 

1.  

 

Table 1. Characteristics of untreated wastewater and its comparison with USEPA and WHO guidelines. 

Parameters EPA Guidelines WHO Guidelines Real Municipal Wastewater (Ave ± SD) 

COD (mg/L) 8-10 NGV 249.3 ± 3.5 

BOD (mg/L) 5-8 NGV 175.2 ± 5.7 

TDS (mg/L) 500-1000 ˂1000 784.6 ± 2.0 

TSS (mg/L) NGV NGV 1110 ± 9.8 

Phosphates( mg/L) 0.05 NGV 0.847 ± 1.3 

Sulphates (mg/L) NGV 250 0.721 ± 0.3 

Nitrites (mg/L) ˂0.5 3 2.870 ± 1.4 

Nitrates (mg/L) ˂0.05 50 0.980 ± 0.9 

pH 6.0-9.5 6.5-8.5 6.671-7.00 

Alkalinity (mg/L) 0.05 250 53.0 ± 5.00 

Turbidity (NTU) ˂0.5 NGV 3175 ± 1.8 

EC (µS/cm) NGV 400-1215 713.0 ± 1.3 

Fecal Coliform (CFU/100mL) 103-104 103-104 2×109 ± 2.0 

Key: NGV=not given value. 

While, PO4 (0.847 ± 1.3 mg/L) and SO4 (0.721 ± 0.3) 

were lying within the permissible limits of EPA and 

WHO standards. Though, these parameters followed 

the same trends of a typical medium strength 

untreated domestic wastewater. However, the value of 

alkalinity (53 mg/L) was noticeably less than high 

strength domestic wastewater but was much higher 

than medium strength wastewater. On the other 

hand, concentration of nitrite (2.87 ± 1.4 mg/L) and 

nitrate (0.98 ± 0.9 mg/L) was significantly higher 

compared to high strength raw domestic wastewater. 

The bacterial count, MPN index of 1100 (150 – 4800) 

and 2 × 109 CFU/mL of raw wastewater exceeded the 

said standards. Likewise, Metcalf and Eddy (2004) 

reported that bacterial count ranged from 105 to 108 in 

real wastewater from domestic use (Table 1). Thus, 

the wastewater originated from local colony of QAU 

was certainly objectionable and required treatment 

before release into water ways. 

 

Effect of the aerobic treatment time on wastewater 

treatment efficiency of the sequential aerobic-

anaerobic digestion system 

In the first phase of the study, the effect of different 

aerobic treatment time (1, 2 and 3 days) on  

Waste water treatment efficiency was studied in 

terms of significant reduction in physicochemical and 

bacterial parameters. The treatment efficiency of the 

process increased (9-20%) when the aerobic 

treatment time increased from 1 to 3 days specifically 

in case of COD (61.8 ± 1.9% to 76.8 ± 1.9%), BOD 

(63.2 ± 1.2% to 81.5 ± 1.2%), TDS (24.2 ± 0.8% to 

38.9 ± 1.7%) and NO2-N (99.5% to 99.9 ± 0.2%) 

relative to the overall system efficiency (Table 2).  

 

However, concentration of nitrate was increased by 

10% (Table 2) suggesting process of nitrification 

within the system (Sakuma et al., 2008). The 

bacterial count also followed the same pattern of 

reduction. Overall, total treatment efficiencies in dual 

treatment (aerobic = 1-3 days; anaerobic = 12-14 

days) remained almost same in parameters like COD, 

BOD, nitrite, nitrates and turbidity. However, there 

was observed a significant variation in parameters 

like TDS (10%), PO4 (8%) when aerobic retention 

time increased from 1-3 days (Table 2). 
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Table 2. Effect of aerobic retention time on the overall sequential aerobic and anaerobic treatment of domestic 

wastewater.   

Parameters Influent Concentration 

(Ave ± SD) 

Temperature Aerobic Retention 

time (Days) 

   Treatment Efficiency 

 (% ± SD) 

Aerobic Aerobic-Anaerobic 

(Total) 

COD (mg/L) 249.3 ± 3.5  1 

2 

3 

61.8 ± 1.9 90.8 ± 1.70 

25°C 73.4 ± 1.7 94.2 ± 1.71 

 76.8 ± 1.9 94.6 ± 1.11 

BOD (mg/L) 175.7 ± 5.7  1 

2 

3 

63.2 ± 1.2 93.2 ± 1.40 

25°C 79.0 ± 1.3 95.6 ± 1.70 

 81.5 ± 1.2 95.9 ± 1.80 

 

TDS (mg/L) 

 

784.6 ± 2.0  1 

2 

3 

24.2 ± 0.8 37.2 ± 0.60 

25°C 38.7 ± 1.3 45.8 ± 1.42 

 38.9 ± 1.7 47.3 ± 0.58 

TSS (mg/L) 1110 ± 2.0 25°C 1 

2 

3 

20.8 ± 2.1 25.5 ± 2.42 

28.3 ± 1.8 33.2 ± 1.02 

28.8 ± 2.5 37.9 ± 1.50 

PO4 (mg/L) 0.847 ± 1.3  1 

2 

3 

32.6 ± 0.5 32.9 ± 0.50 

25°C 39.0 ± 0.7 40 5 ± 1.20 

 40.2 ± 0.5 40.9 ± 1.60 

SO4 (mg/L) 0.721 ± 0.3  1 

2 

3 

22.3 ± 0.5 59.8 ± 3.80 

25°C 25.1 ± 1.0 60.9 ± 0.10 

 25.1 ± 0.7 60.3 ± 2.20 

NO2 (mg/L) 2.870 ± 1.4  1 

2 

3 

99.5 ± 0.0 99.5 ± 0.00 

25°C 99.6 ± 0.2 99.6 ± 0.20 

 99.9 ± 0.1 99.9 ± 0.06 

NO3 (mg/L) 0.980 ± 0.9  1 

2 

3 

̵ 74.0 97.3 ± 0.50 

25°C ̵ 84.6 97.8 ± 1.00 

 ̵ 84.6 98.2 ± 0.40 

Turbidity (NTU) 3175 ± 1.8  1 

2 

3 

80.0 ± 2.1 99.6 ± 1.40 

25°C 99.4 ± 1.5 99.6 ± 1.50 

 99.5 ± 2.0 99.9 ± 2.00 

MPN/100mL 1100  1 

2 

3 

240 <3 

25°C 210 <3 

 240 <3 

 2×109 ± 2.0  1 

2 

3 

2.4 × 104 <30 

CFU/mL 25°C 2.4 × 104 <30 

  2.1 × 104 <30 

Key: SE = Standard Error; SD = Standard Deviation; Ave = Average. 

Biochemical changes in the wastewater have always 

been attributed to the metabolic capabilities of 

enriched indigenous microbial community and it has 

been well established in the said system. Overall, 

aerobic step contributed about 70-90% in the overall 

organic and inorganic matter removal efficiency of 

the whole system. Previously, in one case it was 

reported that the efficient solubilization and partial 

digestion (acidification) of particulate organic matter 

took about 12–24 hours, through the fermentative 

metabolism of thermophilic bacteria (Warakomski et 

al., 1967). Therefore, overall operation time i.e. 2 day 

aerobic first phase followed by 12-14 days of 

anaerobic treatment was considered to be optimum 

for producing high quality effluent having no 

hazardous effects on the corresponding environment 

at 25°C temperature. 

Both COD and BOD are two key factors that indicate 

respective total and only biodegradable compounds in 

the wastewater. Comparatively, COD has been 

considered better than BOD for monitoring of total 

energy removal rates (Makaya et al., 2007). Time did 

not effect on the overall treatment of waste water in 

terms of COD and BOD reduction (90-95 %). 

However, under aerobic treatment COD and BOD 

removal rates varied by 20 and 16 % when treatment 

time increased from 1-3 days (Fig. 2 and Table 2).  

 

Singh and Srivastava (2010) reported the sequencing 

batch reactor (SBR) treatment of 82% reduction in 

carbonaceous energy. An additional 20% COD 

destruction was achieved with an aerobic digestion 

after anaerobic digestion. 
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In an another report, Gonzalez-Gonzalez and Cuadros 

(2014) studied the influence of aerobic treatment 

time of 5 and 7 days on the anaerobic treatment of 

olive oil mill wastewater and 

they suggested 5 days aerobic pretreatment for the 

complete digestion and stabilization of wastewater 

with a total COD reduction of 65% along with 0.38 

m3/kg COD methane production. 

 

Table 3. Microscopic and biochemical characteristics of bacterial strains from sludge samples.  

Strains 

Codes 

Microscopy Biochemical Characteristics Identified 

Species 
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Secondary Sludge (SS) 

1 Gram 

negative 

Rod  

AG 

 

AG 

 

AG 

  

-- 

 

+ 

 

-- 

 

± 

 

± 

 

+ 

 

+ 

 

+ 

 

-- 

Klebsiella 

pneumonia 

2 Gram 

negative 

Rod  

-- 

 

AG 

 

AG± 

  

+ 

 

+ 

 

+ 

 

+ 

 

-- 

 

± 

 

+ 

 

+ 

 

-- 

Proteus 

vulgaris 

3 Gram 

negative 

Rod  

AG 

 

AG 

 

A± 

  

-- 

 

+ 

 

+ 

 

+ 

 

-- 

 

-- 

 

-- 

 

+ 

 

A/NC 

Escherichia coli 

4 Gram 

negative 

Rod  

-- 

 

A+ 

 

-- 

  

-- 

 

+ 

 

-- 

 

+ 

 

-- 

 

+ 

 

-- 

 

+ 

 

K/NC 

Pseudomonas 

fluorescens 

5 Gram 

positive 

Cocci  

-- 

 

-- 

 

-- 

+  

-- 

 

± 

 

-- 

 

-- 

 

-- 

 

-- 

 

+ 

 

+ 

 

K/NC 

Streptococcus 

lactis 

6 Gram 

positive 

Cocci 

bunches 

 

A 

 

A 

 

A 

+  

-- 

 

-- 

 

-- 

 

+ 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

Bacillus subtilus 

7 Gram 

positive 

Diplo 

cocci 

 

-- 

 

A+ 

 

A+ 

+  

-- 

 

+ 

 

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

+ 

 

-- 

Enterobacter 

aerogenes 

8 Gram 

negative 

Rod  

AG 

 

AG 

 

AG 

  

-- 

 

+ 

 

-- 

 

-- 

 

+ 

 

+ 

 

-- 

 

+ 

 

K/A 

Shigella 

dysenteriae 

9 Gram 

negative 

Short 

Rods 

 

-- 

 

A 

 

A± 

  

-- 

 

+ 

 

± 

 

+ 

 

-- 

 

-- 

 

-- 

 

+ 

K/A, 

H2S 

Alcaligenes 

faecalis 

10 Gram 

negative 

Rod  

-- 

 

-- 

 

-- 

  

-- 

 

-- 

 

-- 

 

-- 

 

-- 

 

± 

 

-- 

 

+ 

 

-- 

Pseudomonas 

aeruginosa 

11 Gram 

negative 

Cocci  

-- 

 

-- 

 

-- 

+  

-- 

 

+ 

 

-- 

 

-- 

 

-- 

 

+ 

 

-- 

 

+ 

 

-- 

Bacillus cereus 

12 Gram 

positive 

Rod  

-- 

 

A 

 

A 

+  

-- 

 

+ 

 

-- 

 

-- 

 

± 

 

-- 

 

-- 

 

+ 

 

A/NC 

Staphylococcus 

aureus 

13 Gram 

positive 

Cocci  

A 

 

A 

 

A 

+  

-- 

 

+ 

 

-- 

 

+ 

 

± 

 

-- 

 

-- 

 

+ 

 

A/A 

Salmonella 

typhimurium 

14 Gram 

negative 

Cocco-

bacillus 

 

-- 

 

AG± 

 

A± 

  

+ 

 

+ 

 

-- 

 

+ 

 

-- 

 

+ 

 

-- 

 

+ 

K/A, 

H2S 

Klebsiella 

pneumonia 

Key: AG = Acid and gas; + = Positive; -- = negative; ± = Variable reaction; A = Acid production; K = alkaline 

reaction; NC = No change; H2S = Sulfur reduction; K/A = Red/yellow; K/NC = Red/no color change; K/A, H2S = 

Red/yellow with bubble and black precipitate; K/A, H2S = Red/yellow with black precipitate; A/NC = Acid/no 

color change; A/A = Yellow/yellow. 

An about 10-15% increase in the removal of TDS 

(24.2-38.9%), TSS (20.8-28.8%) and PO4 (32.6-

40.2%) was recorded from 1-3 day of aerobic 

treatment (Table 2). Reduction in the concentration 

of the PO4 (32.9-40.9%) might be due the presence of 

the phosphate accumulating microorganisms (PAOs). 

Strom (2006) also reported PO4 removal by 

intercellular accumulation of PAOs. Further, more 

reduction was observed during aerobic conditions, as 

PAO’s require aerobic and anaerobic conditions for 

phosphorus uptake.  

Kerrn-Jespersen and Henze (1993) also observed 

rapid phosphorus uptake in aerobic conditions. 

Helness and Odegaard (1999) investigated 

simultaneous nitrification and phosphorus removal 

under aerobic conditions than under anoxic 

conditions. Peng et al., (2011) reported denitrifying 

phosphorous reduction in sequencing batch reactor 

(SBR). Considering an overall low removal rates i.e., 

45-55% TDS, 40.5-57% TSS and 32.9-40.9% PO4, 

further finishing of treated effluent is recommended.  
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Still high contents of these two said factors purely 

reflected that digestion of organic fraction of effluent 

is almost completed. This observation is positively 

correlated with the high removal of BOD and COD in 

effluent. 
 

During the experiments, the pH remained 6.4-7.9. 

Generally, acidic conditions are created due to 

accumulation of different acidic products during 

anaerobic digestion (Lahav and Morgan, 2004).  

While, buffering capacity of the system tends to 

change the pH (neutral) by neutralizing the acidic 

conditions. The optimal pH for nitrifying and 

denitrifying bacteria has been reported between 7.5 to 

8.5 for complete nitrification and denitrification 

(Metcalf and Eddy, 2004). 

 

  

 

Table 4. Pathogen removal efficiency of the sequential aerobic-anaerobic treatment of wastewater at different 

operational conditions.    

Treatments of Untreated 

Water 

Aerobic Treatment Time (days) Incubation temperature (°C) Activated Sludge Inoculum  (g/L) 

1 2 3 5 25 45 2 4 6 

MPN/100mL 1100 1100 1100 1100 1100 1100 1100 1100 1100 

CFU/mL TNC TNC TNC TNC TNC TNC TNC TNC TNC 

MPN After Aerobic 240 210 240 120 210 240 64 43 39 

MPN After Anaerobic <3 <3 <3 <3 <3 <3 <3 <3 <3 

CFU After Aerobic 2.4 × 104 2.4 × 104 2.1 × 104 2.5x 103 1.5x 103 3.5x 102 1.9 × 103 1.7 × 103 2.0 × 103 

CFU After Anaerobic <30 <30 <30 <30 <30 <30 <30 <30 <30 

 

In an aerobic system, nitrification and denitrification 

tends to change the pH of the system. Nitrification 

consumes alkalinity and decreases pH; it converts 

ammonium to nitrite and nitrate under high DO level 

(2 ± 0.2 mg/L). Denitrification reduces nitrate to 

nitrogen gas under reducing or low DO conditions 

(0.1–0.2 mg/L) and increases the pH. Nitrate serves 

as the terminal electron acceptor under anaerobic 

condition. 

When both nitrification and denitrification are 

occurring together, all the ammonium is converted to 

nitrogen gas, as given by the equation 4C5H7O2N + 

23O2 → 20CO2 + 2N2 + 14H2O (Grady, et al., 1999). 

Therefore, nitrification and denitrification are the 

processes occurring at different environmental 

conditions that can be achieved in a system composed 

of aerobic and anaerobic reactors sequentially 

arranged. 

 

Table 5.  Morphological, microscopic and biochemical characterization of enriched cultures of wastewater and 

sludge. 

Growth media Isolated 

strains 

Morphology Microscopy Biochemical Characteristics Identified strain 
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Nitrosomonas 

europia medium 

2 Small Nil Irregular Entire ̶ Rods ­ - + + + - - A/A Nitrosomonas sp. 

 

Nitrobacter medium 

B 

2 Small Nil Rhizoid Serrate ̶ Rods ­ ­ ­ + ­ - + K/A Nitrobacter sp. 

 

 

From the available data it is evident that the mode of 

nitrogen removal in the aerobic treatment was 

nitrification. 

 

The average concentration of NO2-N in the influent 

was 2.870 ± 1.4 mg/L and 99.5-99.9% oxidized to 

NO3-N (74-85%) as the aerobic treatment time 

increased from 1-3 day (Table 2). 
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Conversely, following anaerobic treatment 98% of 

NO3-N was reduced to N2 (Table 2) which purely 

reflected process of denitrification within the system. 

The process of simultaneous nitrification and 

denitrification is usually controlled by the relative 

concentrations of carbon, nitrogen and phosphorus 

ratios. By adjusting the ratio C:N:P to 100:5:1 and a 

high total nitrogen removal efficiency of up to 88.3% 

has been reported by various researchers (Singh and 

Srivastava, 2010; Ghehi, et al., 2014). Generally, 

decline in concentration of NO2 and raise in NO3 

under aerobic conditions was attributed to the NO2 

oxidizing activity of nitrifying bacteria Nitrosomonas 

sp. and Nitrobacter sp. (Sakuma, et al. 2008). 

 

Fig. 1. Schematic diagrame of labscale sequential aerobic-anaerobic treatment system. 

 

Fig. 2. COD (A) and BOD (B) reduction rates (%) of municipal waste water treatment under different aerobic 

pretreatment time. 

In the present study, fecal coliforms were chosen as 

an important indicator to monitor the quality of raw 

and treated wastewater. The organisms existing in the 

untreated samples were deduced using information of 

all these microbiological analyses. 

These included Klebsiella pneumonia, Proteus 

vulgaris, Escherichia coli, Pseudomonas fluorescens, 

Micrococcus luteus, Streptococcus lactis, Bacillus 

subtilus, Enterobacter aerogenes, 
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Shigella dysenteriae, Alcaligenes faecalis, 

Pseudomonas aeruginosa, Bacillus cereus, 

Staphylococcus aureus and Salmonella typhimurium 

(Table 3).  According to WHO (2006) and USEPA 

(2004) guidelines, the fecal coliform count must not 

increase from log value of 103 fecal coliforms per 100 

ml in water used for irrigational purposes 

(Messenger, 1993). After aerobic treatment under 

different retention time, bacterial count reduced by 

more than half i.e. 200-240 MPN/100 ml (MPN 

index of 200) and 2×103 CFU ml-1 water. However, it 

was reduced to undetectable limits (MPN index = < 3) 

(CFU = <30), when water was given 8 days anaerobic 

treatment (Table 4).  

 

Fig. 3. COD (A) and BOD (B) reduction rates (%) of domestic waste water treatment under different 

temperatures (5, 25 and 45°C) regimes. 

 

Fig. 4. Phosphate, sulphate NO2-N and NO3-N reduction rates (%) of domestic waste water treatment under 

different temperatures regimes (5, 25, 35 and 45°C). 

This was in accordance to (Zhang, et al., 2004) where 

they reported complete stabilization and removal of 

pathogens takes place in the anaerobic step in the 

dual digestion process. Our findings showed that the 

production of sludge along with treated wastewater 

remained comparatively low i.e 0.5-1 g/l, besides it 

represented as nutrients rich chiefly free of specific 

pathogenic bacteria. 

According to a study by von Sperling and Chernicharo 

(2005) aerobic treatment provided pathogenic 

bacterial removal log of about 1–2. Hence, the 

integrated aerobic and anaerobic digestion proved to 

be efficient in reduction of fecal coliforms as 

compared to independent digestion process. These 

results were in conformity with the previous studies 

on sequential aerobic and anaerobic digestion and 

SBR (Singh and Srivastava, 2010). 
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Besides, these declining microbial counts after dual 

aerobic and anaerobic treatment might be related to 

depleting of nutritional sources in water (Zhang, et 

al., 2004).  

 

Effect of the operational temperature on wastewater 

treatment efficiency of the sequential aerobic-

anaerobic digestion system 

Domestic wastewater was treated under three 

different temperatures viz. 5, 25, and 45°C regimes. 

Under aerobic condition of 2 days, ≥92% efficiency (P 

value ˂ 0.05) was achieved in most of the parameters 

like COD (91.9 ± 0.7%), BOD (93.1 ± 0.8) and 

turbidity (98%) whereas; it was only 45.8, 47, 53.9, 

and 59.8 % in parameters like TDS, TSS, PO4 and SO4, 

respectively. 

 

 

Fig. 5. Change in the concentration of COD (A) and BOD (B) reduction rates under different concentrations (2, 4 

and 6g/L) of activated sludge. 

 

Fig. 6. TDS, TSS, phosphate and sulphate reduction rates (%) of domestic waste water treatment addition of 

activated sludge (inocula) at 25°C. 

Treatment efficiency was increased by 40-60% in 

terms of parameters like COD/BOD and turbidity 

when temperature increased from 5-25ºC. These 

reductions signified that the degradation of organic 

and inorganic matter was highly effected by 

temperature. 

 

However, further increase in temperature up to 45ºC 

caused slight increase (2-6%) in the reduction COD 

(96.1 ± 1.7%) and BOD (97 ± 0.4%) as shown in the 

Fig. 3. In other words, the group of microorganisms 

involved in the aerobic process worked at its 

maximum capability at ambient temperature (25°C) 

and the treatment efficiencies not significantly 

increased as the temperature increased. 
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Aerobic thermophilic pretreatment of wastewater for 

1-2 day proved to be reducing the anaerobic retention 

time by around 30% (Borowski and Szopa et al., 

2007). Low temperature treatment generally reduces 

the substrate utilization pattern to minimum and 

microbial physiology mostly works only for survival 

patterns (Lettinga et al., 2001). In addition, specific 

microbes like nitrifiers quantitatively reduced to 

minimum at low temperatures which are highly 

required for the digestion of the organic material in 

wastewater (Twafik et al., 2005). Contrarily, removal 

of NO2 and NO3 even kept 89.8-93.2% at low 

temperature condition but it remained only 39% for 

COD/BOD, 60 ± 1% for turbidity and 5-7% other 

parameters (Fig. 4). 

 

Treatment of domestic wastewater has always been 

found reducing microbial counts specifically 

pathogens. Total viable counts of pathogenic bacteria 

(Salmonella sp., Shigella sp., Klebsiella sp., Proteus 

sp., E. coli, Pseudomonas sp., Streptococcus sp., 

Staphylococcus sp., and Bacillus sp.,) in raw 

wastewater was considerably high i.e., 150-4800 

(MPN index of 1100) as shown in Table 3 and 4.  

After aerobic treatment it reduced to more than half 

(MPN index of 200). However, it was significantly 

declined to minimum i.e., 9 (MPN index of < 3) (99.5 

± 0.5%) when wastewater was given 8 days anaerobic 

treatment (Table 3 and 4).  

 

This illustrated that anaerobic treatment 

comparatively gave higher wastewater treatment 

efficiency in the removal of pathogenic bacteria. In 

the present research, CFU per ml of the wastewater 

before treatment was 2 × 109  and was reduced to 2.5 

× 104 after aerobic treatment and became too less to 

count after anaerobic treatment (Table 4).  

 

Effect of the activated sludge inocula as a 

bioaugmentation strategy on wastewater treatment 

efficiency of the sequential aerobic-anaerobic 

digestion system 

For the effective function of any biological treatment 

for wastewater the role of microbial community 

within it is crucial. 

 
 

Fig. 7. COD (A) and BOD (B) reduction rates (%) of domestic waste water treatment addition of activated sludge 

(inocula) at 5°C. 

Bioaugmentation has been one of the strategies for 

such systems in introducing and more actively 

growing bacterial community in order to improve the 

efficiency (Stephenson and Stephenson, 1992). This 

technique has frequently been applied to aerobic 

systems after multiple upsets from uncontrolled 

biomass loss, fluctuations in pH, toxic events, or 

temperature decrease (Abeysinghe et al., 2002). 

Further aeration of this system helped reducing the 

organic substrates by biological oxidation (Rojas et 

al., 2010). When activated sludge was used as a 

seed/inoculum in the aerobic reactor for domestic 

wastewater treatment, it decreased the overall 

treatment time to 4-6 days (2 days aerobic, 6-8 days 

anaerobic) as shown in the Fig. 5. 
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The overall treatment efficiency remained almost 

same and remained 90-100 % for most of the 

parameters except TDS (41, 47, and 50 %), TSS (32, 

44, and 44.5%), PO4 (40, 47 and 50 %) and SO4 (55, 

62 and 63 %) at 2, 4 and 6g/L sludge inocula (Fig. 6). 

COD reduction (96.5-97%) was significantly higher 

than the previously established data by Dhouib et al. 

(2006). He reported the improvement in COD 

reduction by 65% and better detoxification of 

wastewater treated with activated sludge containing  

white rot fungi in a batch aerobic reactor in 7 days. 

Similarly, Li-ping, et al., (2000) reported enhanced 

reduction of quinolone rich domestic wastewater by 

bioaugmenting the aerobic system with 43g/L 

inoculum of Burkholderia picketti W2 (a quinoline 

degrader) in 5 hours. Further Jianlong et al., (2002) 

suggested that the oxic-reactor/phase was the best 

situation for bioaugmentaion in the sequential 

anaerobic-anoxic-oxic treatment, where COD removal 

increased by more than 55% within HRT of 35 hours 

at 28°C. 

 

Fig. 8. TDS, TSS, phosphate and sulphate reduction rates (%) of domestic waste water treatment addition of 

activated sludge (inocula) at 5°C. 

In order to increase the treatment efficiency at 5°C 

the aerobic treatment time was kept at 2 and 3 days in 

subsequent experiments without the addition of 

inocula. However, there was observed no substantial 

increase in wastewater treatment efficiency (Fig. 7). 

This is because of the fact that in winters the nitrifiers 

and many Pseudomonas sp. are in low quantity 

(Twafik et al., 2005) Most studies on the effect of 

temperature on anaerobic digestion showed a strong 

negative effect on the metabolic activity of mesophilic 

anaerobic methanogenic bacteria at lower 

temperature (Lettinga et al., 2001).  

 

To increase the treatment efficiency at low 

temperature (5°C), additional sludge i.e. 4g/L was 

used during aerobic treatment and it resulted in a  

 

significant improvement (P value ˂ 0.05) in removal 

of COD (97.8 + 1.2%), BOD (95.3 + 0.9%), turbidity 

(61 + 1.2%), NO2 (99.2%), NO3 (99.9%) and 38-70% 

removal of parameters like TDS, TSS, PO4 and 

sulphate (Fig. 8). Nitrification rate (99.8%) was 

significantly higher than previously established data 

by Cui et al., (2014).  

 

They demonstrated the improvement in nitrification 

efficiency by 85% with cold adapted ammonia and 

nitrite oxidizing bacteria in sequential batch reactors 

(SBRS). Studies also highlighted the impact of sludge 

seeding for improving; process performance, stability, 

BOD removal, prevention of sludge bulking, and 

removal of specific pollutants by specially adapted 

bacteria (Stephenson and Stephenson, 1992). 
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Fig. 9.  Activity analysis of ammonia oxidizers from wastewater (A) and activated sludge (B); Nitrite oxidizers 

from wastewater (C) and activated sludge (D). 

Isolation and identification of nitrifiers from 

wastewater and activated sludge inocula used in 

sequential aerobic-anaerobic digestion 

The present research also emphasized on the 

culturing of nitrifying bacteria by their enrichment in 

the specific growth media (Nitrosomonas europia 

medium and Nitrobacter medium B). According to 

cultural, microscopic and biochemical characteristics, 

the enriched bacterial strains were identified as 

Nitrosomonas and Nitrobacter sp. (Table 5). Both of 

these strains were gram negative rods have negative 

H2S production, indole production and catalase 

activity confirmatory tests. However Nitrosomonas 

sp. was identified by their positive response to MR-VP 

reaction, citrate utilization, urease activity and 

production of yellow color in TSI reaction. On the 

other hand, Nitrobacter sp. has shown negative MR-

VP reaction, urease activity and positive citrate 

utilization and oxidase activity tests. A red coloration  

was also noticed in its TSI test (Table 5). 

Assessment of nitrifying abilities of enriched 

nitrifying bacteria 

Batch experiments were inoculated with the nitrifying 

bacterial isolates of municipal wastewater (MWW) 

and activated sludge inocula (AS) and then activity 

analysis were performed according to their substrate 

utilization rate. The nitrifying species Nitrososmonas 

was tested for the oxidation of ammonium nitrogen 

(NH4-N) to nitrite nitrogen (NO2-N) and Nitrobacter 

for nitrite (NO2-N) to nitrate (NO3-N) in their specific 

liquid growth media. The conversation rates of 

ammonium to nitrite varied from 20-40% per 48 hrs 

at 5, 10, and 15 mM by Nitrosomonas. However, it 

increased up to 71% at 20 mM of ammonium (Fig. 

9A). While, Nitrosomonas strain isolated from 

activated sludge also showed maximum rate of 

nitrification (85.8%) at 25 mM concentration after 72 

hrs (Fig. 9B). This revealed that the time to degrade 

substrate depends on the concentration of feed i.e. 

higher the concentration, longer the time is required 

for degradation. 
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These observations clearly indicate the newly 

enriched Nitrosomonas sp. has the capability to 

tolerate against high ammonia load. These findings 

also correspond to various previous reports, that 

Nitrosomonas europia/eutropha is primarily found in 

the environment with high concentration of NH3 

(Bollmann and Laanbroek, 2001; Koops and 

Pommererning-Roser, 2002). 

 

Correspondingly, maximum nitratification was 

verified by calculating increase in nitrates level in the 

specific growth medium (Nitrobacter medium B). 

Investigations revealed significant decline in the 

concentration of NO2-N with increased levels of NO3-

N in all media amended with different concentrations 

of Na2NO2 (5, 10, 15, 20 and 25mM) while incubated 

with enriched strains of Nitrobacters sp.  This 

showed maximum degradability (73%) at 20mM 

concentration NO2-N after 72hrs (Fig. 9C). While, in 

case of Nitrobacters sp. isolated from activated 

sludge, there was observed a thorough linear increase 

in nitratification rate at 5 and 10 mM concentration. 

However, an exponential increase in concentration of 

NO3-N (77.88 and 77.98%) was found in media 

having 20 and 25mM of NO3-N (Fig. 9D).  

 

Conclusion 

The performance of locally designed sequential 

aerobic-anaerobic digesters varied under the effect of 

different temperature regimes, aerobic treatment 

time and activated sludge inocula (Bioaugmentation). 

The optimal aerobic treatment of 2 days up graded 

the overall treatment efficiency of dual digestion 

system by contributing 60-70% reduction in 

physicochemical and microbiological parameters. 

Overall treatment efficiency of about 90-99.8% was 

achieved in the parameters like COD, BOD, Turbidity 

NO2-N and NO3-N under the combined effect of 

aerobic and anaerobic treatments. The existence of 

the enriched nitrifying bacteria was the underlying 

reason why the process was efficient and was further 

improved to about 10-20% nitrification and 60-80% 

reduction in other physicochemical parameters  at 

5°C when 4g/L activated sludge in the system 

(Bioaugumentation) 

 

Thus sequential aerobic-anaerobic digestion system 

can be scaled up because of its low energy cost and 

maintenance requirements, sustainability and 

environmental compatibility for the treatment of 

domestic wastewater. 
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