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ABSTRACT

Studies on heterotrophic biomass conversion (HBC) process were carried out for the removal
of N–NH3 and organic carbon from wastewater. Ammonium sulfate and glucose were used
as nitrogen and organic sources, respectively. A range of parameters were studied such as
time, concentration variations of N–NH3, and organic nutrients keeping the biomass (total
volatile suspended solids, TVSS) concentration invariable in all the cases. The kinetics fol-
lowed dual rates, i.e. an initial faster phase, followed by the slower one. The rates of N–NH3,

and chemical oxygen demand (COD) removal depended on their initial concentrations. The
consumption of N–NH3 and COD followed first order kinetics. The unified rate equation
was also established. Two other kinetic models, such as Monod and diffusion, were studied.
The pH during the HBC process showed a decreasing trend. Other parameters studied were:
N–NO�

3 , N2O, N–NO�
2 , and DO. A part of N–NH3 utilized for emission of N2O may be due

to heterotrophic nitrification (HN). Statistical studies were carried out such as analyses of
variance (ANOVA), multi linear regression analysis and principal component analysis
(MLRA), and pricipal component analsis (PCA). Optimization studies were carried out
using response surface modeling (RSM) to maximize the removal efficiency of N–NH3 and
COD, minimizing the N–N2O emissions, along with maximizing the TVSS production
simultaneously.

Keywords: Heterotrophic biomass conversion; Kinetics; Monod; Diffusion; Wastewater treat-
ment; Optimization; Statistical technique

1. Introduction

Aquatic pollution is considered as one of the
important environmental problems presently. Rapid
growth in agriculture, industrialization, and urbaniza-
tion leads to the generation of a huge amount of
wastewater. This wastewater generally contains
various forms of nitrogen and organic carbon, which

act as pollutants. The nitrogenous wastes released to
aquatic bodies leads to eutrophication [1]. The organic
pollutants in water bodies usually decrease dissolved
oxygen (DO) leading to the death of aquatic animals
and plants.

Various methods are adopted for nitrogen removal
from wastewater, but the most economical one is the
biological treatment. Generally nitrifying and denitri-
fying bacteria are used in biological treatment [1–3].*Corresponding author.
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Emission of N2O has been observed during wastewa-
ter treatment [2,4], which is a significant green house
gas (GHG) [1,5,6]. It initiates global temperature swell
and causes ozone depletion [7–9]. Denitrifying and
nitrifying bacteria are reducing and oxidizing bacteria,
respectively. The former reduces NO�

3 to N2 whereas
the latter oxidizes NH3 to NO�

3 [2,10]. Therefore,

the total process goes through two steps: anaerobic
and aerobic [2,11]. To resolve the dilemma, other
processes, such as anaerobic ammonium oxidation
(ANAMOX) as well as heterotrophic biomass conver-
sion (HBC) have been developed. NH3 is converted to
N2 through an intermediate N2O in the ANAMOX
process, whereas HBC directly converts NH3 to
biomass total volatile suspended solids (TVSS), thus
retaining the nitrogen values. The HBC process
requires organic carbon source to convert NH3 to
TVSS. The HBC process is mostly carried out by the
facultative heterotrophs under aerobic conditions and
they may go for denitrification under anaerobic condi-
tions. The reaction kinetics depends on various
factors, such as pH, alkalinity, temperature, oxygen,
and NH3 concentrations [12]. The HBC process
consumes alkali and releases CO2 as a byproduct,
which reduces the pH [12]. Oxygen demand is slightly
higher in the process, which can be achieved through
proper aeration [12]. Since there is no N2O emission,
the process can be considered as environment
friendly. Customarily, in HBC process TVSS produc-
tion is 40 times greater than the TVSS generated in
nitrification process [12], which can be used as bio-
fertilizer. Conversion of NH3 to NO�

3 by heterotrophic

nitrification (HN) is reported to be carried out by het-
erotrophic bacteria under aerobic conditions releasing
NO�

3 as the final product through N2O as an interme-

diate product [10]. Although the substrate, intermedi-
ates, and products of heterotrophic and autotrophic
nitrification are the same, the enzymes of the two pro-
cesses have been shown to differ from each other [10].
The pathway of heterotrophs resembled that of the
autotrophs in HN. Ammonia is oxidized to hydroxyl-
amine by ammonia monooxygenase and then hydrox-
ylamine is oxidized to nitrite by hydroxylamine
oxidase, which is a key reaction. Co-respiration is an
important mechanism in aerobic denitrification, where
oxygen and nitrate are simultaneously used as elec-
tron acceptors [13].

The pH normally goes below 7 in HN course,
initiating higher N2O emission [10,14]. It may be
prevented by maintaining the pH at nearly neutral
level. Organic carbon is used by nitrifiers as a source of
energy. The substrates, intermediates and products are
the same for both heterotrophic as well as autotrophic

nitrifiers. Generally, the HN process produces a little
N2O but it gets maximized under circumstances like
high DO, low pH and, availability of organic source
[10]. Some bacterial species like Pseudomonas and
Alcaligenes, are termed as heterotrophic nitrifiers [15].
Yet, ample understanding of HN progression based on
the detailed physiological as well as parametric studies
in batch and continuous cultures is desirable.

The HBC process is an intricate one; hence, an
in-depth analysis is required to link it to various pro-
cess parameters. Keeping the above in view, attempts
have been made to study the kinetics, establishment
of rate equation, evaluation of rate determining steps,
statistical construal of results like analyses of variance
(ANOVA), multi-linear regression analyses (MLRA)
and, principal component analyses (PCA). However,
this treatment process involves emission of N2O
which in turn depends on the concentration of
nutrients like chemical oxygen demand (COD) and
nitrogen source along with microbial concentration.
Complicacy of the total process with insufficient
availability of literature in this field increases the size
of this problem. Response surface modeling (RSM)
technique is used to optimize the response of a multi-
variate system by exploring the relationships between
various variables and their combined effects on
response variables [16–18]. This technique is also used
to reduce the number of experiments and to develop
mathematical models to establish the interactions
between the process variables precisely. The model
was verified through experiments and tested statisti-
cally. Batch experiment studies were conducted to
study the effect of variables such as nitrogen and
organic source along with days. The main objective of
this study is to maximize the N–NH3 output along
with COD removal efficiency, minimize the N–N2O
emission and simultaneously maximize the TVSS
formation as various responses through RSM.

2. Material and methods

2.1. Sampling and enrichment

Soil sample was collected from a paddy field in
Tangibanta, a rural location 20 km away from
Bhubaneswar, India, at a depth of 0-15 cm using an
auger [19]. The typical soil analysis showed: Na: 1.5%,
Mg: 1.8%, Al: 20.5%, Si: 53.2%, K: 1.2% and Ca: 2.4%. It
also contained micronutrients like carbon, nitrogen and
phosphorous. The denitrifying heterotrophic bacteria
were isolated from the agricultural soil using MSN
(mineral, salt, and nutrient) liquid media (composition:
CH3COONa-7.86g/L, KH2PO4–0.2g/L, (NH4)2SO4–0.5 g/
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L, MgSO4.7H2O-0.04 g/L, and Ca(NO3)2-0.04 g/L) [1].
The isolated strains were enriched on a regular basis
by re-inoculating into freshly prepared MSN media to
enrich the TVSS and increase their activity. The mixed
consortium mainly contained species like Pseudomonas
aeruginosa, Proteiniphilum acetatigenes and Alcaligenes
faecalis. Identification of the species was carried out by
16S rDNA based method at the Indian Institute of
Technology, Roorkee. Each experiment was carried out
in duplicate and the average value was taken for the
interpretation of results. The variation of duplicate rate
was within a range of ± 5%.

2.2. Experimental setup

As the mixed bacterial consortium is facultative in
nature, incubation studies were carried under aerobic
conditions, which are favorable to carryout HBC and
HN process. The concentration of N–NH3 and organic
carbon were varied to study the HBC kinetics. Ammo-
nium sulfate [(NH4)2SO4] and glucose (C6H12O6) were
used as nitrogen and organic sources. The incubation
experiments were carried out in 100ml of solution
(synthetic wastewater) containing 90ml MSN media
excluding the nitrogen and organic source, 9ml mixed
consortium and 1ml of various concentrations of
nitrogen source using incubation bottles (Borosil,
250ml). The nitrogen and organic source concentra-
tions were ranged from 50 to 250mg/L and from 500
to 1,500mg/L, respectively. The incubation bottles
along with samples were kept in Julabo SW-22 shak-
ing incubators at 35˚C to maintain aerobic conditions.
The gas and liquid samples were drawn at regular
intervals (12 h) using hypodermics syringe for analyz-
ing N2O along with various water parameters. The
gas samples bottles were covered with air tight rubber
caps for one hour. Seventy milligram inoculums were
used for each bottle initially in incubation studies.
The entire sets of experiments were carried out for
three days.

2.3. Gas sampling and analysis

Air samples were drawn through disposable syr-
inge at 12-hours interval. A gas chromatograph (GC)
of make (Shimadzu AA30) with electron capture
detector was used to analyze N2O concentration. The
GC is equipped with auto gas samplers, semi-micro
columns and appropriate software to process the
acquired data. The GC was regularly standardized
using NIST primary standard gases. N2O in solution
was determined by drawing a known amount of
solution by a hypodermic needle and introduced to a
reactor under vacuum. After 5min, the N2O stripped

was drawn and analyzed in GC as explained previ-
ously. The dissolved N2O in solution was estimated
using Bunsen absorption coefficient as shown below
in Eq. (1) [20].

Y ¼ x� a

ðSolution volume/head space volumeÞ ð1Þ

where a= 0.485, x is mass in head space, and y is mass
in solution.

2.4. Water sample analysis

Parameters like Nitrate nitrogen (NO3–N), Nitrite
nitrogen (N–NO2), Ammonia nitrogen (N–NH3), DO
and COD were analyzed following standard methods
[19,21]. The pH of the samples was measured in 12 h
interval using EUTECH-pH 1,500 meter. Analysis of
TVSS was performed following standard methods
[21].

2.5. Kinetic study

Various approaches like evaluation of rate
equation, mass transfer coefficient, and Monod were
carried out to determine the reaction kinetics for
different variables like variation of (NH4)2SO4 and
C6H12O6 using Microsoft office excel 2007 program.

2.6. Statistical analysis

2.6.1. ANOVA

ANOVA studies were carried out using Microsoft
office excel 2007 program.

2.6.2. Multivariate statistical analyses

The incubation data were subjected to multivariate
statistical analysis to evaluate the inference of various
incubation parameters on the nutrients removal rates.
MLRA have been previously utilized [22] to determine
the significance of specific parameters among datasets.
MLRA was conducted using the step-wise forward
integration method using SPSS-10.

2.6.3. PCA

The incubation data were subjected to PCA for
evaluating the influence of various incubation parame-
ters on the HBC and HN rates. PCA was conducted
using SPSS-10 previously to determine significance of
various parameters [22]. Eigen values were used to
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determine the percentage of variance as well as the
cumulative percentage of variances in PCA. A
varimax rotation of different varifactors with factor
loading was calculated using Eigen values > 1 and
sorted by the results having value > 0.5 to have
p< 0.01.

2.6.4. RSM (optimization)

The incubation studies were carried out by statisti-
cally designed experiments [16–18,23]. The principal
steps are determination of response variables, factors
and factor level, choice of experimental design and
statistical analysis of data. Experiments were carried
out by using ammonium sulfate and glucose as
nitrogen and organic source for this purpose. Design-
Expert 8 was used for this work.

3. Results and discussion

3.1. Variation of ammonium sulfate as nitrogen source

A series of experiments were carried out by vary-
ing ammonium sulfate ((NH4)2SO4) concentration
from 50 to 250mg/LN–NH3 keeping glucose
(C6H12O6) at 5 g/L. Thus, the ammonium concentra-
tions can be considered as a limiting factor in the
present studies [12].

Fig. 1 shows the typical curve of biomass conver-
sion of N–NH3 (250mg/l) along with changes in other
parameters such as pH, TVSS, DO, COD, nitrogenous
compound like N–NO2, N–NO3, and N–N2O. Similar
curves are obtained for other (NH4)2SO4 concentra-
tions and so are not shown. In all the cases, the
removal efficiency for nitrogen can be divided into

two parts, i.e. initial faster rate followed by the slower
one. The faster rate accounted forP 80% of the total
removal of (NH4)2SO4. The faster kinetics lasted up to
40 h and thereafter followed by the slower one. The
initial faster rate may be due to easy availability of
the substrate and gradual depletion of the substrate
with time resulting in slower kinetics. Keeping in
view of the above observations, the subsequent
nutrient removal processes were limited to 60 h.

The pH during the reaction showed gradual
decrease as the reaction is acid producing one [12] as
shown below in Eq. (2).

NHþ
4 þ 1:18 C6H12O6 þHCO�

3 þ 2:06 O2

! C5H7O2Nþ 6:06 H2Oþ 3:07 CO2 ð2Þ

The DO concentration always remained at around
7 during the entire incubation period, which suggests
good aerobic condition for carrying out the reaction.
The theoretical O2 requirement for converting 1 g of
N–NHþ

4 to TVSS was calculated to be 4.71 g and this
amount of O2 cannot be provided considering the DO
value unless the same would have been diffused dur-
ing aeration. The COD concentration progressively
decreased with time as (NH4)2SO4 used it up while
converting to TVSS vide Eq. (2). On the contrary, the
TVSS concentration increased with time. Other nitro-
gen compounds like nitrite (NO�

2 ) and nitrate (NO�
3 )

showed some interesting results. The NO�
2 and NO�

3

concentration also increased with time. The HBC does
not involve in the formation of the said nitrogenous
compounds. The formation of these two compounds
during the reaction unequivocally suggests HN
[10,24]. During HN, the ammonia (NH3) is converted
finally to NO�

3 . It passes through various intermediate

Fig. 1. Behavior of variables like N–NH3, TVSS, pH, DO, COD, N–NO�
2 , N–NO�

3 , N–N2O and time during incubation
studies. (Initial conditions: ((NH4)2SO4)—250mg/L N–NH3, C6H12O6- 5 g/L, Temp- 35˚C, pH-7).
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products like hydroxyl amine, NO�
2 , and N2O gas

during the formation of the NO�
3 [10]. We observed

that N2O concentration, both in the liquid and gas-
eous phases, depends on NO�

2 concentration. The
increase of nitrite concentration in the solution
showed higher release of N2O gas [25]. The concentra-
tion of N2O in the liquid was less compared to air.
The reaction rates for N–NH3, N–NO�

2 , N–N2O
�,

N–NO�
3 , COD and TVSS are shown (Table 1) for all

the incubation studies. An attempt was made to
balance the nitrogen using the analyzed results. The
utilization of nitrogen for N–N2O was marginal, i.e.
< 0.1%. Hence, it can be concluded that the incubation
studies do not involve appreciable emission of GHG.

3.2. Variation of glucose as carbon source

A series of experiments were carried out by vary-
ing the C6H12O6 concentration from 500 to 1,500mg/L
keeping the (NH4)2SO4 concentration constant at
100mg/L N–NH3. These set of experiments were car-
ried out under COD limiting conditions. The parame-
ters like COD, N–NH3, N–NO�

2 , N–NO�
3 , N–N2O, pH,

DO and TVSS were measured at regular intervals fol-
lowing procedure followed earlier, the results of
which are shown in Fig. 2. N–NH3 depletion followed
dual rate: an initial faster rate followed by the slower
one. The DO in all cases was P7 indicating proper
aerobic conditions during the incubation studies.

Table 1
Determination of rates and dependence factor

Rate-ammonium sulphate variation

Dependence factor

N–NH3

(mg N/L)
N–N2O
(lg N/h)

N–NO�
3

(mg/L N/h)
N–NO�

2

(mg/L N/h)
N–NH3

(mg/L N/h)
COD
((mg/L)/h)

TVSS
(mg/h)

R2 n1

50 0.05 0.08 0.13 1.26 19.16 1.02 0.85 0.23

100 0.07 0.13 0.14 1.33 20.45 1.07

150 0.09 0.15 0.16 1.42 21.59 1.15

200 0.11 0.21 0.19 1.68 25.51 1.36

250 0.14 0.23 0.23 1.84 27.89 1.48

Rate-glucose variation

C6H12O6 (mg/L) N–N2O
(lg N/h)

N–NO�
3

(mg/L N/h)
N–NO�

2

(mg/L N/h)
N–NH3

(mg/L N/h)
COD
((mg/L)/h)

TVSS (mg/h) R2 n2

500 0.02 0.01 0.01 0.51 7.70 0.41 0.98 0.65

750 0.02 0.02 0.01 0.58 9.26 0.47

1,000 0.03 0.05 0.02 0.75 11.42 0.61

1,250 0.04 0.06 0.02 0.95 14.39 0.77

1,500 0.05 0.07 0.03 0.99 15.05 0.80

Fig. 2. Behavior of variables like N–NH3, TVSS, pH, DO, COD, N–NO�
2 , N–NO�

3 , N–N2O and time during incubation
studies. (Initial conditions: C6H12O6- 500mg/L, ((NH4)2SO4)—100mg/L N–NH3, Temp-35˚C, pH-7).
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The pH progressively decreased with time. The
N–NH3 reaction rate showed a positive correlation
with initial COD concentration. The rate of formation
of NO�

3 and NO�
2 was calculated to be less compared

to the earlier case as shown in Table 1, this may be
due to lower NO�

2 reaction rate. The rate of formation
of N2O was less due to lower formation of NO�

2 . The
TVSS formation rate is shown in Table 1. The calcu-
lated value for utilization nitrogen for the formation
of N–N2O was< 0.15%.

3.3. Kinetic consideration

3.3.1. Evaluation of rate equation

An attempt was made to evaluate the order of
reaction for different variables like variation of
(NH4)2SO4 as well as C6H12O6. Two different orders
of reactions were considered for this purpose, such as
first and second order. A reaction would be of first
order if the plot between log (concentration) vs. time
would give a straight line and the slope would give a
specific reaction rate. Similarly, for the second order, a
plot between the reciprocal of concentration vs. time
would give a straight line and specific reaction rate
would be obtained from the slope. The results are
shown in Table 1. By considering the coefficient of
determination values, it can be concluded that the
reaction rate in the both cases followed first order
kinetics. Since the reaction depends on the concentra-
tions of ammonium sulfate as well as glucose, the
reaction may be considered as pseudo-first order.
The HBC depends on the variables like ammonium
sulfate and glucose concentrations. For that reason,
the rate of equation can be written as:

Rate ¼ �dc=dt

¼ kð ammonium sulphateÞn1 ðglucoseÞn2 ð3Þ

where c= concentration of constituents determining
the HBC and n is the order of reaction [26]. By
converting the equation to logarithmic form, we get:

log ðRÞ ¼ log kþ n1

� log ðammonium sulfateÞ þ n2 log ðglucoseÞ
ð4Þ

Experimental data are arranged to fit into Eq. (4)
in order to determine the order of reaction. For this
purpose only one parameter was varied at a time
keeping the other parameter constant. The n values
were found to be 0.23 and 0.65 for ammonium sulfate
and glucose, respectively. Therefore, the rate equation
can be written as:

Rate ¼ �dc=dt

¼ k ðammonium sulfateÞ0:23 ðglucoseÞ0:65 ð5Þ

3.3.2. Evaluation of mass transfer coefficient

The substrate utilization kinetics in a HBC reaction
by bio-film can be explained through diffusion model
[27]. If the reaction is limited by diffusion then four
different situations may arise in the reactor [27] as
shown below:

(a) The deep bio-film and low substrate concentra-
tion scenario may result in pseudo first-order
kinetics for the substrate depletion rate and
would be independent of the thickness of
bio-film.

(b) If the bio-film thickness is high and so also the
substrate concentration; then the concentration
of the substrate on the bio-film would be
approaching that of the bulk. So, the reaction
rate can be considered as diffusion controlled
and the rate equation can be written as:

dCs=dt ¼ k2ðCsÞ0:5 ð6Þ

where k2 is diffusion constant

(c) If the bio-film is porous and the concentration
of the substrate is minimal, then the reaction
would follow a pseudo first order kinetics.

(d) If the bio-film is porous and the substrate con-
centration is high, then the reaction would fol-
low zero-order kinetics with the following rate
reaction:

dCs=dt ¼ k3 ð7Þ

where k3 is the rate constant; dCs/dt= rate of NH3

depletion, t = time and K=mass transfer rate constant.
Fig. 3 shows the plot between rates of substrate

depletion vs. (Cs)
0.5. The graphs show good co-linearity

as the coefficient of determination in all cases isP 0.9,
which suggests that the reaction would be diffusion
controlled and thereby chances of intra-particle
reaction would be minimal and may not be influencing
the rate determining step. The mass transfer rate for
N–NH3 and COD depletion conditions were calculated
to be 0.06 and 0.03 (h)�1 respectively.

3.3.3. Evaluation of Monod model

In case of single-substrate limited process Monod
equation as shown in Eq. (8) can be used to describe
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the microbial growth and degradation of materials
like ammonia and COD [11,27].

dCs=dt ¼ k4CxCs=ðKs þ CsÞ ð8Þ

where, dCs/dt= substrate consumption rate (mg/L/h),
Ks=half saturation constant (mg/L), Cs=concentration
of substrate (mg/L), Cx=TVSS concentration (mg/L),
k4 =maximum specific degradation rate (mg/L/h).

The kinetic parameters like k4 and Ks can be
estimated from the slope and intercept of the straight
line of Lineweaver-Burk type plots considering the Cx

concentration nearly constant. In all our experiments
the total volatile suspended solid (TVSS) ranged in
the range 0.75–1.6 g/L. The slope and intercept val-
ues were calculated by plotting 1/rate of substrate
(considering the substrate limitation only) (mg/L/h)
vs. 1/concentration (mg/L).

In the present case, two different substrate limiting
cases were considered, such as ammonium sulfate
and glucose. Thus, two different Ks and k4 values
would be obtained as shown in Fig. 4. The k4 and Ks

values for (NH4)2SO4 limiting case are 1.80 and
24.375, respectively. Similarly for C6H12O6 limiting
case the k4 and Ks values were 28.571 and 1503.114,
respectively. The data fit was good as the coefficient
determination values were high. The half saturation
constant in both cases are high [11] indicating that
the substrate removal rate depend on the substrate
concentration over a wide range.

3.4. Statistical interpretation

3.4.1. Significance level determination

Two parameters were varied in the experiments,
such as the concentration of (NH4)2SO4 and C6H12O6.

Fig. 4. Plot between 1/rate (mg/L/h) of substrate vs. 1/conc. (mg/L) for both N–NH3 and COD.

Fig. 3. Plot between rates of substrate depletion vs. concentrations for both N–NH3 and COD.
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A series of experiments were carried out to find out
the nutrient removal efficiency with time. Two-way
ANOVA was carried out for both the parameters and
the results are shown in Table 2. In all the cases the
variation of time and nutrient concentrations are
significant, which means that both the parameters
play important roles.

3.4.2. MLRA

Multiple linear regression analysis is a statistical
technique in which a single correlation is established
between a dependent variable and several indepen-
dent variables. In the present study, the TVSS concen-
tration was considered as dependent variable and
other parameters, such as COD, N–NH3, and time,
were the independent variables. The primary objective
of this analysis was to use independent variables with
values known to be capable of predicting the depen-
dent variable to estimate the TVSS concentration. The
reliability of this method can be evaluated based on
various statistical parameters, such as the coefficient
of determination (R2), standard error, beta, signifi-
cance, F-change, and significance of F change, as
shown in Table 3.

Using the coefficients and constant values the
theoretical TVSS concentrations in each case was
determined. The theoretical values were compared
with the experimental values as shown in Fig. 5(a). It

shows good matching between the theoretical as well
as experimental values, which indicates that the
theoretical TVSS concentration can be evaluated for
any unknown condition within the upper and lower
limit of the experimental conditions such as time and
nutrient concentrations.

Apart from the above, correlation studies were
also carried out for other parameters such as DO, pH,
and concentrations of nitrogenous compounds such as
N–NO�

3 , N–N2O and N–NO�
2 through MLRA. The

Fig. 5. Theoretical vs. experimental values of TVSS (a) and
N–NH3 (b) obtained from MLRA.

Table 2
ANOVA for various parameters

Variables glucose

F-value P-value F-critical Remarks

Depletion of N–NH3

Hours 31.63 7.674E-09 2.71 Significant

N–NH3 7.55 0.0007053 2.87 Significant

TVSS
formation

Hours 31.63 7.674E-09 2.71 Significant

TVSS 6.15 0.0021363 2.87 Significant

Ammonium
sulfate

Depletion of N–NH3

Hours 74.28 3.205E-12 2.71 Significant

N–NH3 363.01 2.329E-18 2.87 Significant

TVSS
formation

Hours 74.28 3.205E-12 2.71 Significant

TVSS 4.38 0.0104689 2.87 Significant

Table 3
Various statistical parameters obtained during MLRA

R Std.
error

F
change

Sig. F
change

Model
summary

0.88 11.84 64.33 2.71497E�18

Variable Coefficients Std.
error

Beta Sig.

Constant 65.106 4.719 8.09841E�20

Time 0.945 0.082 0.80 1.99725E�16

N–NH3 �0.018 0.034 �0.04 0.59

COD 0.005 0.001 0.43 9.38363E�08
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concentrations of nitrogenous compounds were
marginal and so also the change. DO and pH were
marginal in all experimental cases. These factors
greatly depend on the concentrations of N–NH3.
Consequently N–NH3 was considered as dependant
variable and all other above parameters as indepen-
dent variables. A correlation was made between the
dependant and independent variables and a compari-
son was done between the N–NH3 theoretical and as
well as experimental values. The results are shown in
Fig. 5(b). It shows good matching between the theoret-
ical as well as experimental.

3.4.3. PCA

PCA or factor analysis is a part of multivariate
statistical method. It usually analyzes the intra-
relationship of a large number of variable [28]. In the
present case, the variables are time, N–NO3

�, TVSS,
COD, pH, DO, N–NO�

3 , N–NO�
2 , and N–NO�

2 . The
factors are nothing but the inter correlation of
variables having same character or dimension. So the
primary use for factor analysis is summarization and
data reduction. In our present case most of the
variables can be classified under two factors. Inter-
correlation in a factor is obtained using correlation
matrix as shown in Table 4. Similar factor analysis
(PCA) have been reported by many authors [29–31].
PCA was carried out in order to determine the
intra-correlationship between different variables. The
correlation matrix is shown in Table 4. Time showed

positive correlation with TVSS, N–NO�
3 , N–NO�

2 and
N–N2O, which indicates that all these concentrations
would increase with time. N–NH3 showed positive
correlation with COD, which is obvious as both are
considered as nutrients and would be consumed by
heterotrophic microorganisms, vides Eq. (2). TVSS, on
the other hand, showed positive correlation with
N–NO�

3 , N–NO�
2 and N–N2O. In the present case,

HBC of the nutrient does not involve the production
of N–NO�

3 , N–NO�
2 and N–N2O and these can only

be possible through nitrifying bacteria and therefore
the positive correlation indicates that the TVSS might
have contained both heterotrophic and nitrifying bac-
teria. NO�

3 showed positive correlation as it relates to

bacterial nitrification reactions. Similarly, N–NO�
2

showed positive correlation with N–N2O, which sug-
gests that the increase in of N–NO�

2 would increase
the N–N2O emission.

The PCA is shown in Table 4. It contains two com-
ponents: Component-1 explains 45.88% with a Eigen
value of 4.23. It contains variables like time, TVSS,
N–NO�

3 , N–NO�
2 , and N–N2O. All are positively cor-

related signifying that the increase of one variable
would increase the other. The inclusion of N–NO�

3 ,

N–NO�
2 and N–N2O means it all relates to nitrifica-

tion. Therefore, Factor-I can be termed as “nitrifica-
tion.” The factor explained a cumulative variance
65.97% of total variance with a Eigen value of 1.7. It
contains two variables such as N–NH3 and COD. Both
the variables play a vital role during heterotrophic
nitrogen conversion to TVSS. Therefore, Factor-II can
be termed as “heterotrophic biomass conversion”.

Table 4
Principal component analysis

Correlation matrix

Time N–NH3 TVSS COD pH DO N–NO�
3 N–NO�

2 N–N2O

Time 1

NH3 �0.41 1

TVSS 0.77 �0.18 1

COD �0.1 0.44 0.33 1

pH �0.23 0.22 �0.23 0.22 1

DO �0.2 0.04 �0.13 0.02 0.16 1

N–NO�
3 0.55 �0.01 0.72 0.18 �0.33 �0.1 1

N–NO�
2 0.59 �0.07 0.74 0.22 �0.31 �0.11 0.98 1

N–N2O 0.75 �0.18 0.72 �0.03 �0.38 �0.14 0.84 0.83 1

Rotated component matrix

Component Time N–NH3 TVSS COD pH DO N–NO�
3 N–NO�

2 N–N2O Eigen values Cumulative variance

1 0.75 0.89 0.93 0.94 0.89 4.24 45.88

2 0.8 0.82 1.7 65.97
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3.4.4. Optimization of responses using RSM

HBC studies were carried out by varying two
parameters such as concentrations of (NH4)2SO4 and
C6H12O6. Samples were collected at regular intervals
to analyze the product such as N–NH3, COD,
N–NO�

2 , N–N2O, N–NO�
3 and TVSS. Among all these

parameters the concentrations of N–NH3, COD, N–
N2O, TVSS and Time were taken into consideration.
Keeping the above in view, efforts were made to opti-
mize the overall process through surface response
methodology. Coding was done to reduce the range
of each factor to a common scale regardless of the
magnitude; the typical scheme being to set-1 as lower
level, +1 as upper level and 0 as middle level with the
Eq. (9) given as:

Code ¼ Actual value � Factor mean

Range of factorial value=2
ð9Þ

Central composite design with two labeled
factorial points such as axial and center was done
[18,23]. The axial point having all factors was set to
zero, except one factor which had the value ± a. a rep-
resents the distance from the center of the designed
space to an axial point. Since in this study the factors
were6 5 the rotatable model was chosen which corre-
sponds to the a value 1.68. The factorial points such
as N–NH3, COD and time were considered as inputs
to analyze the responses like N–NH3, N–N2O, COD
and TVSS. It also shows the design summary along
with the solutions obtained during optimization.
Table 5 shows the final equation in terms of coded
factors and respective F values, Prob> F values,
remarks, R2 values and adequate precision along with
model fit. The actual and calculated values for the
responses are shown in Fig. 5(a) using the equation
shown in Table 5.

Table 5
Design summary

Factor Name Units Minimum Maximum Mean Std. dev.

A N–NH3 mg/L 5.57 249.43 127.5 59.91

B COD g/L 0.04 6.26 3.15 1.53

C Time Hrs 1.11 49.89 25.5 11.98

Response Name Units Minimum Maximum Mean Std. dev. Trans Model

Y1 N–N2O lg 0.001 2.75 0.87 0.79 Square
root

Linear

Y2 COD % removal 2.634 74.15 30.17 19.01 None Quadratic

Y3 N–NH3 % removal 0.001 98.20 48.71 31.99 None Quadratic

Y4 TVSS mg 0.002 72.64 38.20 25.48 None Quadratic

Solutions

Factors Responses Desirability

Number N–NH3 COD Time N–N2O COD N–NH3 TVSS

1 107.79 2.89 40.000 1.35 41.06 67.94 58.66 0.72

Best fit models

Responses Coded factors Model F
value

P value
Prob> F

Remarks R2 Adequate
precision

N–N2O (N–N2O)0.5 = 0.83 + 0.33C 13.00 0.002 Significant 0.42 10.38

COD COD=35.17 + 0.75A – 14.61B
+ 10.13C+3.66AB+ 7.93AC – 3.5BC –
7.66A2 + 4.43B2 – 4.08C2

18.81 <0.0001 Significant 0.94 15.81

N–NH3 N–NH3= 57.17 – 29.83A+ 13.18B
+ 11.6C+ 3.69AB+ 1.65AC+5.74BC
+ 1.80A2 – 8.24B2–5.95C2

17.24 <0.0001 Significant 0.94 15.89

TVSS TVSS= 59.02 – 0.26A+ 14.83B
+ 12.50C+9.68AB+ 5.86AC+7.66BC–
13.38A2 – 9.73B2 – 7.38C2

7.01 0.0027 Significant 0.86 9.33

Study type: response surface; design type: central composite; design model: quadratic: runs: 20.
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All the responses fit to the quadratic model except
N–N2O which follows linear model. In case of COD,
the model F value is observed to be 18.81, which
describes the model to be significant. The Prob> F
value6 0.0049 indicates the model term to be
significant. Adequate precision were taken so that the
measure of signal-to-noise ratio should beP 4. So in
conclusion, all the statistical values are significant,
which shows the validity of the model. Similar values
are obtained for all other responses as well as sets. A
number of solutions were available but the maximum
desirability was chosen.

In the present study, four responses were consid-
ered such as N–N2O, N–NH3, COD and TVSS along

with three factors like time, COD and N–NH3. To
evaluate the overall design, the effect of each factor on
the particular response was considered using the con-
tour and 3D plots. The surface and contour plots
using the quadratic model were developed by keeping
one variable constant at a time. The optimized contour
and 3D plots for responses like N–NH3, TVSS and
COD are shown in Fig. 6(b)—(d). Fig. 6(b) shows the
contour and 3D plot for two variables like COD and
N–NH3 keeping the other variable, i.e. time constant
at 40 h. The N–NH3% removal increased with the
increase of COD concentration and at lower N–NH3

concentrations. More than 80% N–NH3 removal could
be obtained when COD and N–NH3 concentration

Fig. 6. Predicted vs. actual plot for responses like N–N2O, COD, TVSS and N–NH3 (a). Contour with 3D plots showing
the optimization of four responses like N–NH3, TVSS and COD, ((b)–(d)).
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ranged between 2–5 g/L and 55–110mg/L, respec-
tively. Lower N–NH3 removal efficiency is observed
at higher N–NH3 with lower COD concentrations. The
reciprocal relations between COD and N–NH3 can be
explained through Eq. (2). In HBC route, the biomass
uses both N–NH3 and COD at a stoichiometric ratio
of 1:1.18. Therefore, at lower N–NH3 and higher COD
concentrations, the removal efficiency of the former
would be preferred. Fig. 6(c) shows the plot of
two variables like COD and N–NH3 keeping the
other variable (time) constant at 40 h. 80% TVSS
formation could be achieved in presence of COD and
N–NH3 concentrations ranging between 4.7–5 g/L and
145–190mg/L, respectively. Fig. 6(d) shows the plot
for two variables like COD and N–NH3 keeping the
other variable (time) constant at 40 h. The% of COD
removal increased with the decrease of COD concen-
tration and at higher N–NH3 concentrations. About
60% of COD removal was obtained at COD and
N–NH3 concentration ranging between 1.3–1.6 g/L
and 90–200mg/L respectively. The optimized value
for response N–N2O is shown in the solution part of
Table 5.

4. Conclusions

The COD and N–NH3 removal rates varied
between 0.5 to 1.9mg/L/h (N–NH3) for (NH4)2SO4.
The N–N2O emission was observed to be very mar-
ginal. Detailed statistical analysis like ANOVA, PCA
and MLRA were carried out. The ANOVA analyses
suggest the significance of incubation period, i.e. time
as well as nutrient concentrations. The PCA showed
that the variables can be accommodated in two
components explaining a total of 65.97% variance.
MLRA were carried out between dependent variables
like TVSS and N–NH3 concentration respectively.
Optimization studies were carried out to minimize
N2O emission, maximize the TVSS production along
with simultaneous maximization for the removal
efficiency of COD and N–NH3. The optimum values
of the process time, initial N–NH3, and COD concen-
tration in the aqueous solution were found to be 40h,
107.79mg/L, and 2.89 g/L, respectively. During the
optimal values of the process parameters, a maximum
N–NH3 removal of 67.94% and COD removal of
41.06% were obtained. Also the N–N2O formation was
minimized to 2.96lg along with 58.66mg of TVSS
production. The total desirability factor obtained was
0.72.
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