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ABSTRACT 
 

Present study was conducted in a continuous three-stage attached growth system 
consisting of anaerobic (R1) -anoxic (R2) -aerobic (R3) reactors with synthetic 
wastewater containing phenol (1800 mg/l), COD (5000 mg/l) and NH4

+-N (250 
mg/l) as pollutants. Well-acclimated heterogeneous microbial cultures were used for 
this work with sponge as the support media for biomass immobilization. The final 
effluent (containing nitrate) from aerobic reactor was recycled (recycle ratio 1) to 
R2 for denitrification with total system HRT of at 4 days. Anaerobic reactor 
removed almost 48% of phenol and reduced load on successive reactors. Specific 
methanogenic activity of anaerobic sludge was observed as 0.446 g CH4-COD/ g 
VSS. day. In anoxic reactor phenol was removed completely with partial 
denitrification. This reduced phenol toxicity on aerobic nitrifying reactor. Overall 
COD removal efficiency of 93% was achieved in three-stage system. Overall NH4

+-
N and total nitrogen removal efficiencies in three-stage system were 93% and 61% 
respectively. 
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INTRODUCTION  
Biological treatment generally a cost-

effective viable method for treating various 
industrial wastewaters, using micro-
organisms for degrading pollutants. Process 
effluents generated from chemical industries, 
oil refineries, coal gasification, coke and 
steel plant, synthetic fuel processing 
operations, coal carbonization, etc. contain 
high levels of phenolic compounds and 

ammonia-nitrogen along with other toxic 

substances. Due to the presence of these 
toxic and inhibiting pollutants, bio-
degradation is difficult and challenging. 
Activated sludge process (ASP) is the most 
common feature in most of the studies along 
with various pre-treatment options. However 
single and two stage ASPs are reported to be 
inefficient with inadequate nitrification1,2. 
Two and three stage anoxic–aerobic or 
anaerobic – anoxic – aerobic sequential 
treatment enhanced process performance3. 
The anaerobic stage was used as a pre-
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treatment step and anoxic– aerobic reactors 
were used for denitrification with organic 
removal and nitrification4,5,6. Also, attached 
growth reactors are known for their higher 
efficiency to remove pollutants due to 
retention of higher amount of biomass. In 
literature some works have been reported 
using sponge/foam as support media for 
biomass immobilization. However, very little 
information is available on performance of 
sponge as support media of treatment of high 
phenolic wastewater. A three-stage 
anaerobic–anoxic–aerobic attached growth 
continuous system with sponge as support 
media is selected for the present study with 
synthetic feed containing ammonia-nitrogen 
and high concentration of phenol. 

The aim of the study was to collect data 
for design the three-stage continuous growth 
system for biodegradation of phenol and 
ammonia-nitrogen.  

MATERIAL AND METHODS 
Sludge collected from an anaerobic 

biogas plant at IIT Guwahati was used as 
seed for start-up of anaerobic and anoxic 
reactors, where as for aerobic reactor sewage 
effluent was used as inoculums. Well 
acclimated heterogeneous anaerobic, anoxic, 
aerobic cultures were developed separately in 
batch reactors, with synthetic feed containing 
phenol (1800 mg/l) and NH4

+-N (250 mg/l), 
COD (5000 mg/l), phosphate buffer, yeast 
extract and trace metals at pH 7.8. 
Composition of trace metal solution was: 
MgSO4.7H2O: 10,000 mg/l, CaCl2.2H2O: 
10,000 mg/l, FeCl3.6H2O: 5000 mg/l, CuCl2: 
1000 mg/l, ZnCl2: 1000 mg/l, NiCl2.6H2O: 
500 mg/l and CoCl2: 500 mg/l6. Feed pH was 
adjusted to 7.0-7.5 by adding 0.1 N 
HCl/NaHCO3.  Three PVC (polyvinyl 
chloride) columns, each of diameter 15 cm 
and height 118 cm were used as reactors. A 
schematic representation of the experimental 
assembly is shown in Fig. 1. It consisted of 

three attached growth bioreactors in series, 
maintained under anaerobic (R1), anoxic 
(R2) and aerobic (R3) environments. Sponge 
sheets were procured from local market and 
cubes (dimensions: 1cmx 1cm x1cm) were 
made manually from sponge sheet. These 
sponge cubes were used as inert media for 
the present work. In each 15 l reactor 60 g of 
sponge cubes were added.  

Anaerobic (R1) and anoxic (R2) reactors 
were kept closed at top and bottom with 
biogas collection system by water 
displacement. An air compressor (airflow 1-
1.5 l/min) was used for supply of air in 
aerobic reactor, R3 and also to achieve 
mixing. No external unit was used for mixing 
of liquid and biomass in anaerobic (R1) and 
anoxic (R2) reactors. A blower was used to 
maintain the temperature of the reactor 
assembly at 30-32C throughout the study. 

All three reactors were operated in 
upflow mode. Each reactor was followed by 
a plastic clarifier (volume 500 ml) for 
biomass separation. Working volume (liquid 
and biomass) of each reactor was 15 l. The 
study was conducted at a feed flow rate of 
7.2 l/day and recycle ratio of 1. The 
supernatant from the clarifier of R1 was 
pumped to the next reactor R2 by using a 
peristaltic pump. Also, treated effluent from 
third reactor R3 (recycled flow rate 7.2 
l/day), was partially recycled to R2. The 
effluent from R2 was pumped to third reactor 
R3 (flow rate 15.4 l/day). Total system HRT 
was 4days (HRT of R1: 2days; R2: 1 day and 
R3: 1 day). In the supernatant of R1, 810 
mg/l of NO3

--N (as KNO3) was added daily, 
to supply adequate nitrate in anoxic reactor 
in order to maintain the anoxic condition in 
R2. Dissolved oxygen concentrations (mg/l) 
in the bioreactors were: 0 (R1 and R2) and 
4.5-4.8 (R3). 



Journal of Environmental Research And Development Vol. 3 No. 2, October-December 2008 

444 
 

 
The study was conducted for 40 days, 

until steady state performance was achieved. 
In steady state (18-40 days) a set of 8-10 
observations were made to establish the 
performance of the system at steady state. 
Samples of reactor effluents were collected 
on alternate days and centrifuged prior 
analysis according to Standard Methods7. 
Phenol was estimated by 4-aminoantipyrene 
at 500 nm and ammonia was measured by 
phenate method7. Chemical Oxygen Demand 
(COD) was estimated by closed reflux 
titrimetric method. Nitrate-nitrogen 
concentration was determined measuring 
absorbance at 210 nm in UV-
spectrophotometer. Specific methanogenic 
activity (SMA) test was carried out with the 
sludge from anaerobic reactor (R1) in a 
procedure similar to that mentioned by Isa et 
al.8. The test was conducted in 500 mL 
plastic container at 35±1°C using 100 mL of 
the sludge from anaerobic reactor (R1). A 
synthetic feed similar to three-stage system 
was added in plastic container. The feed 
solution of the container was immediately 
purged with nitrogen gas to keep it free of 
oxygen. Then the container was sealed using 
m-seal and the gas outlet was connected to 
another capped bottle containing KOH 

solution (11.2% w/v) having thymol blue as 
indicator for absorption of carbon-dioxide. 
KOH solution was collected by liquid 
displacement in to a beaker and collected 
volume of KOH was measured at regular 
time interval. The liquid contents of the 
container were mixed by gentle swirling 
motion at the start and after every interval. 
This process was continued for 48 h before 
next feeding was given. Each test was carried 
out for three times represented as cycle 1, 
cycle 2 and cycle 3. Cumulative methane 
production was plotted against time and 
specific methanogenic activities of the sludge 
were calculated8. Supernatant was decanted, 
sludge was washed and fresh feed was given 
after the completion of each cycle (48 hours).  

RESULTS AND DISCUSSION 
The three-stage system was operated for 

a period of 40 days and the profiles of 
observed concentrations of pollutants across 
the reactors during steady state (18-40 days) 
is shown in Fig. 2. The profiles depict the 
concentrations of the individual pollutants in 
the feed and the streams leaving the three 
reactors - R1, R2 and R3 as well as the 

  

Pump 

Feed

Compressed 
air 

Clarifier 
Clarifier 

Recycled supernatant 

R1 

Clarifier 

Biogas N2 gas 

R1: Anaerobic reactor 
R2: Anoxic reactor 
R3: Aerobic reactor 

R2 R3 
Sponge 
media 

Effluent 

KNO3 
 

Fig. 1 : Schematic of continuous three-stage attached growth reactor system 
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influent to anoxic reactor (R2) representing 
the weighted average of anaerobic reactor 
(R1) effluent and recycled effluent of R3. 
The graphs indicating the steady state was 
achieved during operation of the system from 
days 18 to 40. Table 1 gives the average 
concentration of different pollutants at the 
inlet and exit of each reactor based on the set 
of 10 observations made during steady state 
operation of the system.  

Performance of the reactors was 
evaluated by following parameters :  

Anaerobic reactor : Influent phenol 
loading in anaerobic reactor (R1) was 0.9 
kg/m3.day and phenol removal efficiency 
was almost 48% (influent 1800 mg/l). NH4

+-
N removal was quite less (nearly 26% from 
influent 250 mg/L). COD loading rate in R1 
was 1.05 kg/m3.day with removal efficiency 
of almost 58%.  

Daily biogas generation in R1 is shown 
in Fig. 2. Average daily biogas generation in 
R1 was 610 mL/day. Specific methanogenic 
activity (SMA) of R1 sludge was evaluated 
and shown in Fig. 3 as cumulative gas 
production against time. Slope of the 
methane gas production versus time graph 
for the third feeding yields methanogenic 
activity of the sludge in R1 as shown in 
equations 3 and 4 :  

Activity mL CH4/g VSS. day = 

4 / 24 /Slope mLCH h x h day
Amountofsludge gVSS

              (1) 

1 mL CH4 at T C =  
273 760 1 1

273 760 350
p x x g COD

T



              (2) 

where, T =  temperature (ºC), p = 
saturated water vapour pressure, mm Hg at T 
ºC (44 mm Hg at 35 ºC) and 350 = 
stoichiometric volume of  CH4 in mL 
equivalent to 1 g of COD at STP. 

Table 1 : Observed average steady state performance trends of anaerobic (R1)-anoxic 
(R2)-aerobic (R3) reactors 

Parameter 
(mg/L) 

Anaerobic (R1) Anoxic (R2) Aerobic (R3) Overall 
efficiency 

(%) Feed Effluent Rem 
(%) 

Influenta Effluent Rem 
(%) 

Influent Effluent Rem 
(%) 

Phenol 1800 928 
(24.4) 

48 464 
(12.2) 

1.5 (2.4) 99.7 1.5 0 100 100 

NH4
+-N 250 185 

(7.0) 
26 97 

(2.9) 
68 

(6.7) 
30 68 8.8 (2.1) 87 96.5 

COD 5000 2104 
(125.8) 

58 1228 
(83.2) 

557 
(50.3) 

54.6 557 352 
(73.3) 

36.8 93.0 

NO3
--N 0 0c - 624.2c 

(4.7) 
385.5 
(7.3) 

38 385.5 438.5 
(9.4) 

- - 

Biogas 
(mL/day) 

- 610 - - - - - - - - 

a : Influent to R2 expressed as weighted average of R1 and recycled R3 outlet streams.  
b: Numbers in parenthesis indicate standard deviation values. 
c: In R1 effluent 810 mg/l of NO3

--N was added externally.  
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Fig. 2 : Performance of three-stages attached growth system 
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At phenol concentration of 1800 mg/l, 
SMA was 0.446 g CH4-COD/g VSS. day. 
Gali et al.9 reported SMA of 0.19-0.33 g 
CH4-COD/ g VSS. day when phenol (2800 
mg/l) mixed with degradable synthetic 
wastewater (total COD of 4000 mg/l). Fang 
et al10 observed SMA of phenol degrading 
anaerobic granules as 0.64 g CH4-COD/ 
gVSS. day. The present results are within 
reported values.  

Anoxic reactor : Feed to the anoxic 
stage represents effluents from R1 mixed 
with recycled effluent from R3. Influent to 
R2 was calculated from effluent values of R1 
and R3 for any parameter 
Influent to R2 (R2inf)  

( 1) ( 3)
( )

Q Effluent of R RQ Effluent of R
Q RQ





   (3)  

In R2 NH4
+-N removal was almost 30% 

through out the period of reactor operation. 
However, phenol removal was essentially 
complete in R2 at influent phenol loading of 
0.464 kg/m3.day (Fig. 2). Influent COD in 
R2 was almost 1228 mg/l with effluent of 
557 mg/l.  

Almost 55% COD removal was achieved 
in R2. COD loading was 1.23 kg/m3.day. 
Complete phenol removal and incomplete 
COD removal in anoxic reactor suggests the 
generation of some intermediates.  

In the feed of R2, influent NO3
--N was 

almost 624 mg/l, which decreased to 386 
mg/L, suggesting almost 38% denitrification 
efficiency in R2. In R2 there was increase in 
pH, which confirms the progress of 
denitrification reactions. In the present study 
average COD removed in R2 was 671 mg/l 
and corresponding NO3

-N removed was 239 
mg/l, suggesting that 2.80 g COD was 
consumed for removal of 1 g of NO3

-N in 
R2. It is reported that theoretically, 2.86 g 
COD is required for removal of 1 g of NO3

-

N10. Present value of 2.80 is close to 
theoretical value.   

Aerobic reactor : NH4
+-N being the 

most difficult and critical pollutant was 
partially removed in R1 and R2 (from feed of 
250 mg/l). In aerobic reactor R3, influent 
NH4

+-N concentration was nearly 68 mg/l 
and nitrification efficiency was almost 87% 
with effluent NH4

+-N of 8.8 mg/l. HRT of R3 
was one day. In R3, influent NO3

--N from R2 
was 385.5 mg/l and effluent NO3

--N was 
438.5 mg/l, indicating generation of almost 
53 mg/l NO3

--N. In R3, influent COD was 
nearly 557 mg/l and COD removal efficiency 
was approximately 37%, as compared to 
COD removal efficiencies of R1 as 58% and 
R2 of 55%. This low COD removal 
efficiency and high nitrification efficiency in 
R3 indicates low concentration of 
heterotrophs in the microbial cultures.  

 
Fig. 3 : Plot of cumulative methane production v/s time by anaerobic sludege  

for three consecutive cycles 
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Concentrations of total nitrogen (TN = 
NH4

+-N + NO3
--N) in the feed and final 

effluent were 1060 and 448 mg/L 
respectively with total nitrogen removal 
efficiency of 61%, which is quite high than 
literature value of 50% at recycle ratio of 16.  

CONCLUSION 
In the present work a three-stage 

attached growth anaerobic-anoxic-aerobic 
system was used for treating synthetic 
wastewater containing high amounts of 
phenol (1800 mg/l) and ammonia-nitrogen 
(250 mg/l). It was observed that high 
concentration of phenol (1800 g/l) and NH4

+-
N (250 mg/l) can be efficiently treated by 
three-stage system with heterogeneous 
acclimated cultures at total system HRT of 4 
days. Anaerobic reactor removed almost 
48% of phenol, thus reducing load on 
successive reactors. Specific methanogenic 
activity of anaerobic sludge was observed as 
0.446 g CH4-COD/ g VSS. day. Complete 
phenol removal and 38% NO3

--N removals 
were achieved in the anoxic reactor and 2 g 
of COD was consumed for each g of NO3

--N. 
Overall COD removal efficiency of 93% was 
achieved in three-stage system. Overall 
NH4

+-N and total nitrogen removal 
efficiencies in three-stage system were 93% 
and 61% respectively. 
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