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a b s t r a c t
Biological aerated filters (BAF) are attached growth aerobic systems used for the treatment of waste-
water. This system can establish the physical filtration of solids along with the biological decompo-
sition of organic matter. The performance of the BAF depends on the type of support media and 
its ability to meet objective of the treatment process. Natural zeolites, with properties such as ion 
exchange, larger surface area, capability to form biofilm, adsorption, regenerative properties etc., are 
a promising filter material in BAF systems. This paper investigates and discusses the effect of vari-
ous factors like hydraulic retention time (HRT), carbon to nitrogen (C/N) ratio, aeration rate, depth 
of filter and particle size of natural zeolite which influence the performance of BAF. Based on the 
experimental results and optimization study using response surface methodology, carried out on the 
BAF system with varying process variables like HRT, C/N ratio, aeration rate and depth of filter, the 
natural zeolite media with particle size 1–3 mm range showed improved performance as compared 
to the coarser particles, that is, 3–5 mm and 5–10 mm. On conducting a final run using natural zeo-
lite particle size of 1–3 mm under optimized value of HRT = 3.25 h, C/N = 6.2, aeration rate = 69 L/h, 
depth of filter = 83 cm, the BAF system observed chemical oxygen demand, biological oxygen 
demand, NH3–N, turbidity and total dissolved solids removal percentage of 97%, 96%, 99%, 98%  
and 58%, respectively.

Keywords:  BAF; Natural zeolite; Bio-film; Particle size; Response surface methodology; Central 
composite design

1. Introduction

Most of the natural sources of water like lakes, rivers 
and groundwater are increasingly getting contaminated 
and becoming less suitable for consumption due to the dis-
charge of wastewater. A variety of treatment methods and 
systems including rainwater harvesting, reuse of wastewater, 
desalination etc. are receiving more attention and becoming 
popular for the treatment of wastewater nowadays. Among 
those systems, biological aerated filter (BAF) technology has 
the distinctive ability to remove solids, carbonaceous mate-
rial and nitrogenous compounds in single unit [1]. The BAF 
reactors make use of granular media which allows separation 

of solids and secondary or tertiary biological treatment in 
one unit [2]. They generate high performance even with 
their compact size and low cost. Its important features like 
stability in operation, minimum noise and odour during 
operation, and small space requirements make BAF a use-
ful technology [3]. The BAF system typically consists of a 
medium that removes organic matter by biofilm formation 
and entrapment of suspended solids [4].

In a BAF system, selecting the appropriate granular 
media is very important since the quality of effluent depends 
on the capability of the media to maintain a high amount 
of active biomass and a variety of microbial populations 
[5]. The characteristics of the media, like surface area, sur-
face roughness and porous nature also influence the biofilm 
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formation and concentration. The media should be inert, sta-
ble, have a capacity to remove organic matter, strong to sup-
port self-weight and can grow biofilm on the surface [6]. So, 
selection of an appropriate support media forms a challenge 
in the designing and operation of the BAF system in addi-
tion to the aeration and backwash systems. It ensures that the 
effluent quality parameters attained are as per the regulated 
standard. The operation of the BAFs may be in an up-flow 
or down-flow manner. The BAF operating in the down-
flow manner provides efficient supply of oxygen to biofilm 
attached to the support media of the biofilter [3].

In the present study natural zeolite is used as the filter 
media in the BAF system. Natural zeolites are hydrated 
alumino-silicates with honeycomb structure [7]. The three- 
dimensional structure of zeolite has tetrahedrons of SiO4 
and AlO4

– connected with one another by common oxygen 
atoms. The isomorphous replacement of Si4+ ions by Al3+ 
ions create a negative charge density within the minute 
pores and acts as good cation exchange sites [8]. They are 
highly selective cation exchange materials as far as waste-
water contaminants like ammonium ion are considered. 
They have adsorption properties along with the ability to 
form biofilm by bacterial attachment. They possess high 
porosity and large specific surface area for adsorption and 
biofilm attachment. Some organic matter which are pres-
ent in dissolved or colloidal forms are larger molecules and 
cannot penetrate the fine pores of zeolite and get adsorbed 
on their surface. Microorganisms like bacteria gets trapped 
in between the intraparticle pores. Thus, the large surface 
area helps in maintaining a high amount of active bacterial 
population for the decomposition of organic matter present 
in the wastewater. The performance of BAF system is also 
influenced by the shape, size and surface roughness of the 
media. The rough surface of zeolite media provides a greater 
surface for the attachment of bacteria and formation of bio-
film [9,10]. Also, the irregular surface of the zeolite media 
improved the performance as compared to any regular 
spherical media. In addition, natural zeolites have ability to 
undergo filtration for removal of organic matter and other 
solids from the deep, submerged reactor. The properties of 
the natural zeolite like inertness, low-cost, non-metallic and 
non-toxic nature makes it a very economical support media 
for wastewater treatment process. These physical features 
of the natural zeolite make it a suitable material as support 
media in BAFs. An additional benefit of using natural zeo-
lites is their regenerative properties. The efficiency of nat-
ural zeolite-based BAF decreases only after operation for a 
long duration of time. Regeneration methods like heating 
regeneration, acid regeneration or NaCl/KCl regeneration 
can be applied to the zeolite media [11].

An efficient aeration system is necessary for BAFs with 
any type of support media. This system maintains the dis-
solved oxygen for the growth of the biofilm by bacterial 
activity. The activity of the aerobic bacteria increases signifi-
cantly depending on the aeration provided to the system. 
The average percentage removal of various parameters like 
chemical oxygen demand (COD), biological oxygen demand 
(BOD), NH3–N etc. depends on the activity of bacteria 
and in turn on the volume of aeration provided [12].

The BAF is provided with a backwash system to remove 
the accumulated solids and excess of biomass on to the 

surface of the support media so as to prevent the clog-
ging of media and for maintaining the active population of 
the bacteria on the biofilm. Backwash system also helps to 
minimize the energy requirement in the treatment process 
[10]. However, if backwashing is done excessively, it can 
cause reduction of biomass resulting in poor performance 
of BAF. If the backwash frequency is less, the biochemical 
processing performance decline and the removal of both 
BOD and ammonia nitrogen also reduces [13,14]. Usually, 
for BAF system, backwashing is carried out every 24–48 h 
when used for secondary treatment [15].

The primary objective of the present study is to evalu-
ate the capacity of the natural zeolite on the removal of 
organic matter from the wastewater including COD, BOD, 
NH3–N (ammonia-nitrogen), turbidity and TDS (total dis-
solved solids) and the influence of hydraulic retention time 
(HRT), carbon to nitrogen ratio (C/N ratio), aeration rate, 
depth of filter and zeolite particle size on the removal capac-
ity. An optimization study was conducted on the BAF sys-
tem using the central composite design (CCD) and response 
surface methodology (RSM) of Minitab 19 which involves 
the use of statistical approaches of modelling and analys-
ing mathematical problems. RSM is a design method capa-
ble of providing a large amount of information using small 
number of experiments performed in an economical man-
ner [16,17]. RSM determines the best value of independent 
variables to optimize responses for an operation [18]. It illus-
trates the output behaviour of the responses in the experi-
ment and analyses it to interpret the level of optimization of 
the independent variables. The CCD and RSM employed in 
the present situation helped in the design of experiments, 
analysis and optimization of its responses in terms of per-
centage removal of COD, BOD, NH3–N, turbidity and TDS 
under the influence of varying values of HRT, C/N ratio, 
aeration rate, depth of filter and zeolite particle size.

2. Materials and methods

2.1. Experimental set-up

To determine the feasibility of the natural zeolite-based 
biologically aerated filter (NZBAF) system, a laboratory 
scale bio-filter in the form of a transparent rigid column 
made of glass was built. The reactor had a square cross-sec-
tion of size 15 cm × 15 cm and height of 120 cm. An inlet was 
provided at a distance of 5 cm from the top and an outlet at 
5 cm from the bottom of the filter. A perforated plate was 
used below the inlet of the biofilter column to uniformly 
distribute influent and another one was kept above the 
effluent outlet at the bottom to evenly withdraw the back-
wash water. The zeolite media was filled inside the biofilter 
between the two perforated plates which holds the media 
in place. Initially the depth of the media was maintained 
to 50 cm from the bottom of the perforated plate and was 
later varied based on the experimental needs. Two cubical 
glass tanks of cross-section size 30 cm × 30 cm and height 
of 30 cm were used, one as an equalizing tank for supply-
ing influent and another one served as the settling basin for 
collecting effluent. The influent was pumped to the biofil-
ter column using a submersible pump. An aeration system, 
consisting of an aerator and air diffusers were introduced 
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to provide aeration at equal intervals along the depth of 
the filter and rate of aeration was monitored. A backwash 
system was provided and operated at regular intervals to 
remove the suspended matter and excess amount of bio-
mass accumulated so as to prevent the system from clog-
ging. The effluent collected in the settling basin served the 
purpose of backwash water. A schematic diagram of the 
NZBAF is shown in Fig. 1.

2.2. Preparation of natural zeolite

To understand the influence of particle size on the 
performance of NZBAF, the natural zeolite was broken 
into small pieces and were graded into coarse (5–10 mm), 
medium (3–5 mm) and fine (1–3 mm) particles. The import-
ant physical characteristics of the coarse, medium and fine 
grained natural zeolite were then calculated in the labora-
tory and is as shown in Table 1.

2.3. Aeration system

The aeration system here consists of an air compressor 
for supplying air and an air diffuser to make the air sup-
ply smooth and homogenous within the NZBAF. The sys-
tem under study is provided with an air compressor and 4 
air diffusers which are provided at 4 different levels of the 

media at equal intervals. The performance of the system 
under varying rates of aeration is studied for better removal 
efficiency.

2.4. Backwash system

For the NZBAF system under study, backwashing on a 
weekly basis was sufficient to prevent the clogging of the 
bioreactor. The treated water from the settling basin was 
pumped in an up-flow direction for backwashing of the 
zeolite media.

3. Analytical methods

3.1. Preparation of synthetic wastewater

The synthetic wastewater having similar characteristics 
as that of real greywater was prepared based on the com-
position shown in Table 2. The physicochemical parameters 
like COD, BOD, NH3–N, turbidity and TDS were analyzed 
as per the standard methods [19] shown in Table 3. The 
dissolved oxygen, temperature, and pH were regularly 
monitored during the treatment process.

Fig. 1. Schematic diagram of NZBAF.

Table 1
Characteristics of coarse, medium and fine grained natural 
zeolite

Characteristics Coarse grain 
(5–10 mm)

Medium grain 
(3–5 mm)

Fine grain 
(1–3 mm)

Bulk density (kg/L) 1.054 1.102 1.187
Void ratio 1.28 1.11 1.17
Porosity 0.56 0.55 0.54
Specific gravity 2.40 2.49 2.57

Table 2
Composition of the synthetically prepared wastewater

Chemical product Quantity

Distilled water, mL 1,000
Glucose (C6H12O6), mg/L 300
Sodium acetate trihydrate (C2H3NaO2·3H2O), mg/L 400
Ammonium chloride (NH4Cl), mg/L 225
Disodium hydrogen phosphate (Na2HPO4), mg/L 150
Potassium dihydrogen phosphate (KH2PO4), mg/L 75
Magnesium sulphate (MgSO4), mg/L 50
Cow dung, ml/L 0.2
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3.2. Bacterial inoculation and acclimation

The biofilm formation on the surface of the biofilter 
media is influenced by its distinctive properties such as 
porosity, surface area and roughness. To reduce the start-up 
time of the NZBAF, the prepared synthetic wastewater was 
seeded with the activated sludge obtained from an efflu-
ent treatment plant and the nutrients required by the bac-
teria (including peptone, beef extract and NaCl). The bac-
teria present in the natural zeolite support media of the 
bio-filters were allowed to acclimatize for a period of 21 d. 
Aeration was provided at a rate of 15 L/h. After this period 
the COD in the effluent was constant and low which indi-
cated that the bio-film was firmly formed.

After the process of bacterial acclimatization, the NZBAF 
was supplied with fresh set of synthetically prepared waste-
water and its performance was studied by optimizing the 
operation of the NZBAF with natural zeolite of particle 
size 5–10 mm under varying conditions of HRT, C/N ratio, 
aeration rate and depth of filter. The study was further 
continued by operating the NZBAF with particle size of 
3–5 mm and 1–3 mm and the observation made is discussed.

4. Results and statistical analysis

4.1. Performance of NZBAF using natural zeolite of different 
particle size, that is, 5–10 mm, 3–5 mm and 1–3 mm under 
varying operational conditions:

4.1.1. Hydraulic retention time

The influence on the performance of NZBAF under 
varying values of HRT on the removal of different process 
parameters were studied while all other variables such as 
C/N ratio, aeration rate and depth of filter were kept con-
stant. The NZBAF was run under HRT values of 1, 2, 3, 4 
and 5 h while maintaining the C/N ratio to 3, aeration rate 
to 15 L/h, depth of filter to 50 cm. The effluent characteris-
tics were then determined after 1, 2, 3, 4 and 5 h of opera-
tion of NZBAF using coarse grained (5–10 mm), medium 
grained (3–5 mm) and fine grained (1–3 mm) particles.

The performance of biofilter in terms of COD, BOD, 
NH3–N, turbidity and TDS removal was then observed for 
all particle sizes. For particle size of 5–10 mm, the COD, 
BOD, NH3–N, turbidity and TDS were recorded as 72%, 81%, 
85%, 68% and 17%, respectively. For 3–5 mm particle sizes 
the recorded values were 81%, 83%, 88%, 73% and 22% and 
for particle size of 1–3 mm the values obtained were 85%, 
86%, 95%, 76% and 30%, respectively. Fig. 2a–c shows the 

percentage removal of the various process parameters at 
varying HRTs for different particle sizes.

The increase in HRT, showed the increase in the 
removal of the carbonaceous and nitrogenous organic mat-
ter. The results indicated that percentage removal of the 
various process parameters was of little significance after 
3 h. So, the optimum HRT for the further experiments was 
fixed as 3 h.

4.1.2. C/N ratio

The NZBAF was run with varying values of C/N ratios, 
that is, 4, 5, 6, 7 and 8 while maintaining the value of HRT 
to the optimal value of 3 h, aeration was provided at the 
rate of 15 L/h and the depth of the filter was maintained to 
50 cm. At the end of each operation, the characteristics of 
the effluent were determined.

The results showed that maximum percentage removal 
was obtained for 1–3 mm particles as compared to 5–10 mm 
and 3–5 mm particles at a C/N ratio of 6. For particle size 
of 5–10 mm, the COD, BOD, NH3–N, turbidity and TDS 
were recorded as 78%, 83%, 85%, 75% and 21%, respectively. 
For 3–5 mm particle sizes the recorded values were 81%, 
83%, 88%, 73% and 22%. The values obtained for 1–3 mm 
particles were 85%, 85%, 89%, 78% and 30%, respectively 
for COD, BOD, NH3–N, turbidity and TDS at a C/N ratio 
of 6. Fig. 3a–c shows the percentage removal of the vari-
ous process parameters at varying C/N ratios for differ-
ent particle sizes.

The further increase in C/N ratio to 7 or 8 was not quite 
effective in the percentage removal of any of the param-
eters like COD, BOD, NH3–N, turbidity or TDS.

4.1.3. Aeration rate

The system was now operated with varying aeration 
rate of 15, 40, 65, 90 and 100 L/h maintaining the optimum 
HRT of 3 h and C/N ratio to 6. The depth of filter was kept 
as 50 cm. The zeolite particle sizes of 1–3 mm showed bet-
ter performance as compared to 5–10 mm and 3–5 mm 
particle sizes at aeration rate of 65 L/h.

Fig. 4a–c shows the percentage removal of the various 
process parameters at varying aeration for different par-
ticle sizes. For particle size of 5–10 mm, the COD, BOD, 
NH3–N, turbidity and TDS removal were recorded as 86%, 
80%, 90%, 88% and 29%, respectively. For 3–5 mm particle 
sizes the observed values were 87%, 87%, 92%, 90% and 
42%. For 1–3 mm particle sizes, the maximum removal 

Table 3
Standard methods and instruments for analysis of various water quality parameters

Parameter Method Instrument

Chemical oxygen demand Potassium dichromate reflux method Reflux apparatus
Biological oxygen demand Dissolved oxygen determination by Winkler method BOD incubator
Ammonia nitrogen Nesslerization method Spectrophotometer
Turbidity Nephelometric method Nephelometer
Total dissolved solids Electrometric method Water quality analyzer
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(a) (b)

Fig. 2. Effect of varying hydraulic retention time on (a) 5–10 mm, (b) 3–5 mm and (c) 1–3 mm.

     

  

(a) (b)

(c)

Fig. 3. Effect of varying C/N ratio on (a) 5–10 mm, (b) 3–5 mm and (c) 1–3 mm.
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percentage attained for COD, BOD, NH3–N, turbidity and 
TDS was 90%, 92%, 96%, 92% and 49%, respectively.

Further increase in aeration rate to 90 L/h or 115 L/h was 
less effective in the removal of any of the process parame-
ters to an appreciable value.

4.1.4. Depth of filter

The effect of the variation in the depth of filter was 
studied by operating the system at depth of filter of 50, 60, 
70, 80, 90 and 100 cm. The HRT was kept at the optimal 
value of 3 h, C/N ratio was maintained to 6 and aeration 
rate to 65 L/h. The fine-grained particles (1–3 mm) showed 
improved performance as compared to medium and fine-
grained particles at a depth of 80 cm. Fig. 5a–c show the 
percentage removal of the various process parameters at 
varying filter depths for different particle sizes.

For particle size of 5–10 mm, the COD, BOD, NH3–N, tur-
bidity and TDS were obtained as 86%, 80%, 90%, 88% and 
29%, respectively. For 3–5 mm particle sizes the recorded 
values were 87%, 87%, 92%, 90% and 42%. The NZBAF 
with fine grains of 1–3 mm showed maximum removal 
efficiency of 93%, 94%, 98%, 96% and 56%, respectively for 
COD, BOD, NH3–N, turbidity and TDS, respectively.

It was observed with the increase in the depth of fil-
ter the performance of the NZBAF increased but increase 
beyond 80 cm reduced the effectiveness of the performance.

4.1.5 Particle size

The particle size comparison on the performance of 
NZBAF depending on the optimal value of HRT, C/N ratio, 
aeration rate and depth of filter are shown in Table 4 and 
Fig. 6. The results show that performance of the NZBAF 
improved with the decrease in the particle size of the media. 
The removal of COD, BOD, NH3–N turbidity and TDS was 
at the highest value when the NZBAF contained the nat-
ural zeolite media of particle size 1–3 mm as compared 
to coarser particle sizes of 5–10 and 3–5 mm.

4.2. Optimization of the operational condition using CCD and 
RSM

The effects of the four significant independent variables 
or design variables viz., HRT, C/N ratio, aeration rate and 
depth of filter were analysed using Minitab 19 software and 
its CCD to build a RSM. To explain the performance of the 
NZBAF depending on the removal of COD, BOD, NH3–N, 
turbidity and TDS in percentages for the various particle 
sizes, the CCD with four-factors consisting of 31 experi-
mental runs was employed.

4.2.1. Analysis of variance results

For BAF media using natural zeolite of particle sizes 
1–3 mm, the results were analysed and interpreted using 

        

  

(a) (b)

(c)

Fig. 4. Effect of varying aeration rate on (a) 5–10 mm, (b) 3–5 mm and (c) 1–3 mm.
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analysis of variance (ANOVA) and the results are as 
shown in Fig. 7a–e for COD, BOD, NH3–N, turbidity and 
TDS removal, respectively.

The tabulated variables such as the p-value illustrates the 
significance of the model in statistical terms. The ANOVA 
tables for all process variables indicate that the p-value for 
the model is less than the level of significance of α = 5% or 
0.05 (i.e., 0.000 for COD removal, 0.003 for BOD removal, 
0.000 for NH3–N removal, 0.007 for turbidity removal 
and 0.000 for TDS removal).

In the ANOVA for COD removal (Fig. 7a) the p-value 
for HRT, aeration rate and depth of filter are 0.000, 0.001, 
0.033, respectively which are below 0.050 and shows their 
significance on the model. For BOD removal (Fig. 7b) the 
p-value for HRT, aeration rate and depth of filter are 0.000, 

    

   

(a) (b)

(c)

Fig. 5. Effect of varying depth of filter on (a) 5–10 mm, (b) 3–5 mm and (c) 1–3 mm.

Table 4
Particle size comparison for the removal of chemical oxygen demand, biological oxygen demand, NH3–N, turbidity and total 
dissolved solids at optimum values of hydraulic retention time, C/N ratio, aeration rate and depth of filter

Particle size Chemical oxygen demand Biological oxygen demand NH3–N Turbidity Total dissolved solids

10–5 mm 88% 83% 92% 92% 42%
5–3 mm 90% 88% 94% 94% 49%
3–1 mm 93% 94% 98% 96% 56%

 

Fig. 6. Performance of NZBAF based on particle sizes.
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    (a) (b)

  

 

(c) (d)

(e)

Fig. 7. ANOVA for (a) chemical oxygen demand, (b) biological oxygen demand, (c) NH3–N, (d) turbidity, and (e) total dissolved 
solids removal.
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0.024 and 0.005, respectively which denotes the significant 
effect of these variables. The ANOVA for NH3–N removal 
(Fig. 7c) has p-value of 0.000, 0.0440, and 0.0400 for HRT, 
aeration rate and depth of filter, respectively. For removal 
of turbidity the ANOVA table (Fig. 7d) denotes p-value as 
0.035, 0.005 and 0.020 for HRT, aeration rate and depth of 
filter, respectively and the ANOVA for TDS removal (Fig. 7e) 
has p-value of 0.016 for HRT. The above p-values implied 
the significant effect of HRT, aeration rate and depth of 
filter on the model which indicates that they are the most 
important factors which significantly influence the per-
centage removal. The effect of C/N ratio was found to be 
less important for the removal of contaminants from the  
wastewater.

The model summary with the R2 and R2 adjusted val-
ues for COD, BOD, NH3–N, turbidity and TDS removal are 
shown in Fig. 8a–e, respectively. The coefficient of determi-
nation or R2 value is a statistical tool to evaluate the model 
accuracy. The higher the R2 value, the better the model fits 
the data. A higher R2 value, that is, 91.89% and 90.08% was 
achieved for COD and BOD removal respectively and a 
good R2 value of 85.41% for NH3–N removal, 86.41% for tur-
bidity removal and 86.15% for TDS removal was obtained. 
This denotes that the model is a good fit to describe the 
variation in the percentage removal as a function of the 
independent variables viz. HRT, C/N ratio, aeration rate 
and depth of filter.

The responses of RSM were also obtained in the form of 
contour plots based on the experimental values. The effect 
of two variables at a time on the responses were also eval-
uated, that is, C/N ratio vs. depth of filter, aeration rate vs. 
C/N ratio and depth of filter vs. aeration rate, HRT vs. C/N 
ratio, aeration vs. HRT and depth of filter vs. HRT and are 
as shown in Fig. 9a–e, respectively.

4.2.2. Residual analysis

The adequacy of the regression model was examined 
based on residual plots. Fig. 10a–e shows the residual plots 
for the percentage removal of COD, BOD, NH3–N, turbidity 

and TDS, respectively. It shows that almost all data points 
are normally scattered close to the straight line for COD, 
BOD, NH3–N, turbidity and TDS removals.

5. Optimized condition validation

Applying defined information in final step of optimi-
zation, experimental data were compared to theoretical 
expected values. At optimal conditions, additional exper-
iments were performed to compare the predicted values 
with experimental results. Based on the optimum condi-
tions obtained from RSM, a final run was conducted with 
the optimum value of HRT = 3.25 h, C/N = 6.2, aeration 
rate = 69 L/h, depth of filter = 83 cm. Table 5 and Fig. 11. show 
the percentage removals of the various process parameters.

6. Discussion

Experiments were conducted using natural zeolite-based 
BAF technology under laboratory conditions to evaluate the 
effect of size of media using natural zeolite. As far as parti-
cle size is considered, the performance of the biofilter with 
finer grained natural zeolite of particle size 1–3 mm was 
superior to that of medium grained (3–5 mm) and coarse 
grained (10–5 mm) particles.

6.1. Effect of HRT

The efficiency in the removal of pollutants increased 
when the value of HRT was increased from 1 to 3 h. But 
the removal was not substantial beyond it. So, optimum 
HRT was fixed as 3 h. Organic matter removal was at a 
faster rate initially due to availability of sufficient absorbent 
sites. Later, due to decrease in active sites, the removal rate 
slowly decreased [20]. Shorter HRT means smaller footprint, 
which can save the construction costs of BAFs.

6.2. Effect of C/N ratio

When the C/N ratio was varied from 4 to 6, the percent-
age removal of the different process parameters increased 

 

(a) (b)

(c) (d)

(e)

Fig. 8. Model summary for (a) chemical oxygen demand, (b) biological oxygen demand, (c) NH3–N, (d) turbidity, and (e) total 
dissolved solids removal.
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but was found to decrease beyond C/N ratio of 6. So, the 
optimum C/N ratio was fixed as 6. The efficiency in the 
removal of the carbonaceous and nitrogenous organic mat-
ter was due to its good contact with the bacterial biofilm 
which in turn is due to its porous nature and large surface 
area [20]. Performance of biofilter decreases with increase 
of organic loading rate beyond a limit because at higher 
organic loading rate the activity of the bacteria is prohib-
ited significantly.

6.3. Effect of aeration

All the parameters showed better percentage removal 
when aeration was provided at the rate of 65 L/h and 
increasing the rate of aeration to 90 and 115 L/h did not 
show any appreciable improvement in performance. So, 

rate of aeration was fixed to 65 L/h. The bacterial activity 
increased when sufficient oxygen was available as result of 
aeration provided to the system.

6.4. Effect of depth of filter

The percentage removal for all the parameters increased 
with the increase in the depth of filter from 60 to 80 cm. But 
the percentage removal was not appreciable beyond 80 cm 
depth of filter. Performance of the biofilter after some time 
in operation deteriorates with further increase in depth of 
the media, and accumulates biomass. The pressure built-up 
in the bed due to the accumulation of organic matter 
causes uneven distribution of influent and air which ulti-
mately reduces the biological activity of bacteria and effi-
ciency of the BAF [21].

     

     

 

(a) (b)

(c) (d)

(e)

Fig. 9. Contour plot for percentage removal of (a) chemical oxygen demand, (b) biological oxygen demand, (c) NH3–N, (d) turbidity 
and (e) total dissolved solids.
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Fig. 10. Residual plot for (a) chemical oxygen demand, (b) biological oxygen demand, (c) NH3–N, (d) turbidity, and (e) total dissolved 
solids removal.

Table 5
Comparison of predicted values and experimental results for 1–3 mm particles

Method Chemical oxygen 
demand

Biological oxygen 
demand

NH3–N Turbidity Total dissolved 
solids

Theoretically expected value (%) 96 96 98 97 57
Experimental value (%) 97 96 99 98 58
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6.5. Effect of particle size

The NZBAF with fine grain sized particles (1–3 mm) 
showed good results compared to medium grain sized par-
ticles (3–5 mm) and coarse grain sized particles (5–10 mm). 
Finer particles have more sites for ion exchange, more spe-
cific surface area for adsorption and for bio-film formation 
by bacteria. They also remove minute solids from wastewa-
ter by mechanisms like straining, sedimentation, intercep-
tion etc. It thus helps to reduce the volume of BAF required 
but the frequency of backwash increases [22]. Thus, BAF 
with fine grains as support media showed optimal perfor-
mance under optimal conditions of HRT = 3 h, C/N ratio = 6, 
aeration rate = 65 L/h and filter depth = 80 cm.

During optimization, the results of the ANOVA using 
the RSM tool of Minitab 19 showed a lower p-value for the 
independent variables HRT, aeration rate and depth of fil-
ter while a higher p-value was observed for the variable 
C/N ratio. This denotes that HRT, aeration rate and depth of 
filter has significant impact on the removal of COD, BOD, 
NH3–N, turbidity and TDS whereas the impact of C/N ratio 
was comparatively less significant.

After the optimization process using RSM and CCD, 
a final run was conducted on the NZBAF using natural 
zeolite of 1–3 mm. It was operated at optimum value of 
HRT = 3.25 h, C/N = 6.2, aeration rate = 69 L/h, depth of fil-
ter = 83 cm and the performance in terms percentage removal 
of COD, BOD, NH3–N, turbidity and TDS was recorded 
as 97%, 96%, 99%, 98% and 58%, respectively.

7. Conclusion

The overall removal efficiency of contaminants from the 
wastewater in the NZBAF system was affected by the parti-
cle size of the natural zeolite media, HRT, C/N ratio, aeration 
rate and depth of filter. The smaller the media size, greater 
was the surface area per unit volume available for adsorp-
tion, ion exchange and biofilm development which in turn 
reduces the size of the BAF. The zeolite media with finer 
particle size (1–3 mm) gave better results than the coarser 
particles (3–5 mm and 5–10 mm). The optimization study of 

the process variables, that is, HRT, C/N ratio, aeration rate 
and depth of filter was conducted using RSM for optimizing 
the removal of COD, BOD, NH3–N, turbidity and TDS and 
to understand the overall performance of NZBAF system. 
It is a powerful tool which illustrates the output behaviour 
of the responses in the experiment and analyses it to inter-
pret the level of optimization of the four process variables. 
It was observed that HRT, aeration rate and depth of filter 
had significant effect on the percentage removal as com-
pared to C/N ratio. Finally, an experiment was conducted 
using natural zeolite of 1–3 mm with optimized values 
of process variables, that is, HRT = 3.25 h, C/N = 6.2, aera-
tion rate = 69 L/h, depth of filter = 83 cm and the percent-
age removal achieved was 97% for COD, 96% for BOD, 99% 
for NH3–N, 98% for turbidity and 58% for TDS. Thus, the 
study suggests NZBAF with natural zeolite of particle size 
1–3 mm as media is a potential solution to the wastewater 
treatment. The substantial enhancements in performance 
in terms of the organic matter and nutrient removal under 
the optimum conditions was possible mainly due to pro-
cesses like ion exchange, adsorption, bacterial adherence, etc.
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