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Abstract



Knowledge of relative NH+
4 –N to NO2 –N oxidation and NO2 –N to NO3 –N oxidation dynamics is essential before
application of either single-step or two-step nitriﬁcation models to ﬁt batch nitriﬁcation respirograms. We have
previously shown that two step nitriﬁcation models based on respirometry permit the estimation of kinetic parameters

for both nitriﬁcation steps from a single respirogram associated with NH+
4 –N to NO3 –N oxidation. However, two-step
model parameter estimates are meaningful only under circumstances when the respirograms contain sufﬁcient kinetic
information pertaining to both steps. In this study, we present an operationally amenable extant batch nitriﬁcation
respirometric assay to engender maximal information content in the resulting respirograms with respect to both
constituent nitriﬁcation steps. The developed design consists of an initial NH+
4 –N pulse to a nitrifying biomass sample
followed by an additional NO
–N
pulse
at
an
optimal
time
point,
which
can
be rigorously determined by maximizing
2
the value of the determinant of the Fisher information matrix, Det(F) or, alternatively, by visually identifying the point
of NH+
4 –N depletion during the respirometric assay. The proposed design is applicable for accurate determination of
the Monod kinetic parameter estimates for both nitriﬁcation steps from batch respirograms even when the pseudo-ﬁrst
order rate coefﬁcients for the two nitriﬁcation steps are nearly equal; a condition under which standard NH+
4 –N to

NO
3 –N respirograms typically lack information with respect to NO2 –N oxidation.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
The increasing stringency in permissible total-N (as
opposed to only NH+
4 –N) efﬂuent wastewater discharge
limits, coupled with a diverse array of NH+
4 –N and
NO
2 –N oxidation inhibitors in inﬂuent wastewater,
Corresponding author. Columbia University, 918 S. W.
Mudd, New York, NY 10027, USA. Tel.: +1 212 854 9027.
E-mail address: kc2288@columbia.edu (K. Chandran).

warrants a mechanistic description of both NH+
4 –N and
NO
2 –N oxidation kinetics and inhibition for adequate
design and control of biological nitrogen removal
reactors. Traditional single-step modeling of nitriﬁcation is adequate under sole rate limitation by NH+
4 –N to
NO
2 –N oxidation (Chandran and Smets, 2000b).
However, such modeling yields meaningless kinetic

parameter estimates when NO
2 –N to NO3 –N oxidation
or both oxidation steps limit overall nitriﬁcation during
periods of the test assay (Chandran and Smets, 2000b).
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Nomenclature
NH+
4 –N ammonium–nitrogen
NO
2 –N nitrite–nitrogen
NO
3 –N nitrate–nitrogen
NOD
nitrogenous oxygen demand
SNH
NH+
4 –N concentration
S NO2
NO
2 –N concentration
So
initial concentration
mmax
maximum speciﬁc growth rate (t1)
KS
half saturation constant (M L3)
q
maximum speciﬁc substrate consumption
rate (M M1 t1)
k
pseudo ﬁrst order rate coefﬁcient
(M M1 t1)
fS
biomass yield coefﬁcient (M M1)
r
parameter correlation coefﬁcient
F
Fisher information matrix
Det(F) determinant of F
X
covariance matrix

On the other hand, (for e.g., rate-limitation of overall

nitriﬁcation by NH+
4 –N and NO2 –N oxidation rather
than sole rate-limitation by NH+
4 –N oxidation), respirometry-based two step nitriﬁcation models can
permit biokinetic estimation of both NH+
4 –N to


NO
2 –N oxidation and NO2 –N to NO3 –N oxidation

from a single NH+
4 –N to NO3 –N oxidation respirogram (Chandran and Smets, 2000a). Thus, for any
nitriﬁcation design or control endeavors based on batch
respirometry derived biokinetic estimates, it is beneﬁcial
to identify the rate-limiting step in overall nitriﬁcation
by estimating and comparing the kinetics of each step.
Such identiﬁcation is possible by metabolically uncoupling the two steps via selective inhibition of NO
2 –N
oxidation and explicitly quantifying each nitriﬁcation
step via two separate batch respirometric assays
(Chandran and Smets, 2000b). Alternatively, it may be
possible to maximize the information content of the

NH+
4 –N to NO3 –N oxidation respirogram with respect
to both nitriﬁcation steps, thereby facilitating the
accurate biokinetic estimation of both nitriﬁcation steps
from a single batch respirometric assay.
The primary objectives of this study were focused on
the second approach:

To optimize a batch respirometric assay associated

with NH+
4 –N to NO3 –N oxidation for maximal
information content with respect to both constituent
nitrification steps, irrespective of the rate-limiting step.
To formulate an operationally amenable systemindependent optimal design for estimating the bioki-

xi,j

element of covariance matrix in ith row and
jth column
RMS
residual mean square
SEi
standard error associated with ith parameter
y
vector of model predictions at time tj (j ¼ 1
to N); (in this case: DO concentrations)
Q
vector containing weighting coefﬁcients
(each set to unity in this work)
y
vector of model parameter (i ¼ 1 to P, in
this case 4)
SSE
sum of squared errors between measured
and simulated state variables (in this case
DO concentrations) (M2 L6)
NP (Eq. (8)) degrees of freedom for parameter
estimation, which is the difference between
number of data points (N) and number of
parameters estimated (P)
Subscripts

ns
NH+
4 –N to NO2 –N oxidation


nb
NO2 –N to NO3 –N oxidation


netic parameters of both NH+
4 –N to NO2 –N and

NO
–N
to
NO
–N
oxidation
that
does
not
require a
2
3
priori knowledge of biokinetic parameter estimates of
the steps.

2. Materials and methods
2.1. Cultivation of a nitrifying enrichment culture
A nitrifying enrichment consortium was grown and
maintained in a 10 L continuous reactor with an internal
settling chamber, operated at an HRT of 1 d and a target
SRT of 20 d. Details of reactor operation have been
described previously (Chandran and Smets, 2000b).
Upon attainment of steady state, mixed liquor was
periodically withdrawn from the reactor and used in
respirometric tests.
2.2. Extant respirometric assay for monitoring
nitrification activity

The kinetics of NH+
4 –N and NO2 –N oxidation were
measured via extant respirometry (Chandran and Smets,
2000b; Ellis et al., 1996). Biomass samples were withdrawn from the parent nitrifying reactor and amended
with MOPS buffer at 20 mM for providing sufﬁcient
buffering to offset acidiﬁcation caused by NH+
4 –N
oxidation. Biomass samples were saturated with pure
oxygen prior to the initiation of the respirometric assays.
Parallel respirometric assays were performed at 25 1C in
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two 40 ml glass vessels according to a previously detailed
procedure (Chandran and Smets, 2000b).
2.3. Reagent solutions
Substrate stock solutions were freshly prepared prior
to each set of respirometric assays using laboratory
grade ammonium sulfate ((NH4)2SO4, Fisher Scientiﬁc
Co., NJ) and sodium nitrite (NaNO2, Sigma Chemical
Co., MO). In select experiments, sodium azide (NaN3,
Fisher Scientiﬁc Co.) was used to selectively inhibit

NO
2 –N to NO3 –N oxidation per (Chandran and
Smets, 2000b).
2.4. Convention for expressing state variables
We follow a previously introduced convention to
track state variables during respirometric nitriﬁcation
assays by expressing reduced nitrogen species concentrations in terms of the nitrogenous oxygen demand
(NOD), computed with respect to an appropriate
reference nitrogen species (Chandran and Smets, 2001).
2.5. Determination of biomass concentrations
Biomass concentrations were measured as total
chemical oxygen demand (tCOD) using commercially
available reagents (Hach Chemical Co., Loveland, CO).
Since the inﬂuent was devoid of soluble COD, the

NH+
4 –N oxidizing biomass and NO2 –N oxidizing
biomass concentrations are proportional to their respective biomass yield coefﬁcients (Chandran and
Smets, 2000b).
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2.6. Kinetic models for NH+4 –N and NO
2 –N oxidation
The differential equations representing nitrogen removal, oxygen uptake and biomass synthesis have been
derived earlier and are summarized here in a matrix
format (Table 1) (Chandran, 1999). Differential equations for each species can be obtained by multiplying
the kinetic terms in the last column of Table 1 with
the appropriate stochiometric term in columns two
through ﬁve.
2.7. Simulation-based optimization of initial NH+4 –N and
NO
2 –N concentrations
A preliminary estimate of optimal initial NH+
4 –N
(SNH,o) and NO
2 –N ðS NO2 ;o Þ concentrations for extant

respirometric assays describing NH+
4 –N to NO2 –N

oxidation and NO
–N
to
NO
–N
oxidation,
respec2
3
tively, was determined from simulations. The simulations were performed at different So values using
previously reported parameter estimates (Chandran
and Smets, 2000b) and incorporated random experimental noise coincident with instrument accuracy
speciﬁcations provided by the manufacturer of the
dissolved oxygen electrode (YSI model 5331, YSI
Instruments, Yellow Springs, OH, normally distributed
with m ¼ 0 mg O2/L, s ¼ 0:05 mg O2/L). The simulations
were ﬁt to mathematical models describing NH+
4 –N to


NO
2 –N oxidation and NO2 –N to NO3 –N oxidation
(Table 1), which do not contain terms for experimental
noise, to determine qmax and KS estimates for each So
value. Brieﬂy, the differential equations linking biomass
growth, substrate consumption and oxygen uptake were

Table 1
Elements of the two-step nitriﬁcation model
State variable
ns
nb

SNH


ð1 þ ð0:3  f S;ns ÞÞ
f S;ns

SNO2
1
3  f S;ns
1

f S;nb

þ

Ouns
þ

Ounb

ð1  f S;ns Þ
f S;ns

Xns

Xnb

+1

þ

ð1  f S;nb Þ
f S;nb

X ns Snh
K S;ns þ Snh
X nb SNO2
mmax;nb
K S;nb þ SNO2

mmax;ns
+1

Note:
1
SNH NH+
4 –N concentration (mg NOD L ).
Xns NH+
–N
oxidizing
biomass
concentration
(mg COD L1).
4
1
+
mmax,ns maximum speciﬁc growth rate for NH4 –N to NO
2 –N oxidation (h ).

KS,ns half-saturation coefﬁcient for NH+
–N
to
NO
–N
oxidation
(mg
NOD
L1).
4
2
+


fS,ns biomass yield coefﬁcient for NH4 –N to NO2 –N oxidation (mg  COD/mg NH+
4 –NOD oxidized to NO2 –N).
1

Ouns oxygen uptake accompanying NH+
–N
to
NO
–N
oxidation
(mg
O
L
).
4
2
2
1
SNO2 NO
2 –N concentration (mg NOD L ).
1

Xnb NO2 –N oxidizing biomass concentration (mg COD L ).
1

mmax,nb maximum speciﬁc growth rate for NO
2 –N to NO3 –N oxidation (h ).

KS,nb half-saturation coefﬁcient for NO
–N
to
NO
–N
oxidation
(mg
NOD
L1).
2
3



fS,nb biomass yield coefﬁcient for NO2 –N to NO3 –N oxidation (mg  COD/mg NO
2 –NOD oxidized to NO3 –N).

1
Ounb oxygen uptake accompanying oxidation of NO
–N
to
NO
–N
(mg
O
L
).
2
3
2
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simultaneously solved using a fourth-order Runge–Kutta method. The biokinetic parameters describing the
appropriate nitrogen oxidation step, mmax and KS, were
estimated by minimizing the sum of the squared errors
(SSE) with respect to the experimental oxygen uptake
proﬁles using the SOLVERs utility in MS Excels. The

maximum speciﬁc NH+
4 –N and NO2 –N oxidation
activities were expressed in terms of the maximum
speciﬁc substrate consumption rates (qmax) rather than
speciﬁc growth rates (mmax) since qmax is less sensitive
than mmax to possible variability in the biomass yield
coefﬁcient, fS, which was also estimated from the batch
nitriﬁcation respirograms (Chandran and Smets, 2001).
The relationship between mmax and qmax for NH+
4 –N to


NO
2 –N oxidation and NO2 –N to NO3 –N oxidation is
summarized in Eqs. (1) and (2), respectively, which are
derived from an electron balanced scheme for the two
nitriﬁcation steps (Chandran and Smets, 2000b, 2001)
qmax;ns ¼ mmax;ns
qmax;nb ¼

ð1 þ ð0:3  f S;ns ÞÞ
,
f S;ns

mmax;nb
.
f S;nb

(1)

(2)

The optimal initial substrate concentration was
deﬁned at the minimum beyond which values of a
pseudo-ﬁrst-order coefﬁcient, k (k ¼ qmax X o =K S ) were
relatively constant. Previous works have identiﬁed
parameter combinations, which are structurally identiﬁable from respirometric data, not corrupted by experimental noise (Dochain et al., 1995; Petersen et al., 2003;
Sperandio and Paul, 2000). On the other hand, the
presence of noise in experimental data and limitations to
numerical parameter estimation algorithms that process
such data can result in poor practical parameter
identiﬁability, leading to several parameter combinations resulting in equally good best-ﬁt proﬁles (Holmberg, 1982; Marsili-Libelli, 1992; Vanrolleghem et al.,
1995). For Monod-based functions, practical identiﬁability of mmax (or alternately, qmax) and KS depends upon
the initial substrate concentration, noise level and
sampling time points (Holmberg, 1982; Vanrolleghem
et al., 1995). Therefore, rather than using qmax and KS
estimates, which can be highly correlated (as depicted in
the results herein as well), we used k to draw inferences
on So.
2.8. Experimental optimization of initial NH+4 –N and
NO
2 –N concentrations
Following simulation-based determination, the optimum SNH,o and SNO2 ;o values were subsequently
experimentally determined from batch respirometric

assays describing NH+
4 –N to NO2 –N oxidation and


NO2 –N to NO3 –N oxidation, respectively. Extant
respirometric assays were conducted at different initial


NH+
4 –N and NO2 –N concentrations in the range
4.5–25 mg NH+
–NOD/L
and 1.5–15 mg NO
4
2 –NOD/
L, respectively. The optimum initial NH+
4 –N and
+
NO
2 –N concentrations were the minimum NH4 –N

and NO2 –N concentrations at which the running slope
(n ¼ 6–7, corresponding to three So concentrations) of
the k vs. So proﬁle was closest to zero, indicating that k
was no longer impacted by So.

2.9. Kinetics of NH+4 –N and NO
2 –N oxidation from
isolated respirometric assays

The kinetics of NH+
4 –N to NO2 –N oxidation were
determined from a respirogram obtained in response to

a NH+
4 –N pulse, with selective inhibition of NO2 –N to

NO3 –N using 24 mM NaN3 (Chandran, 1999; Ginestet

et al., 1998). The kinetics of NO
2 –N to NO3 –N
oxidation were obtained from a respirogram in response
to a NO
2 –N pulse. These assays in which the two
nitriﬁcation steps were explicitly quantiﬁed are termed
isolated assays. Kinetic parameter estimates for each
nitriﬁcation step were determined by ﬁtting the bioki
netic expressions for NH+
4 –N to NO2 –N oxidation

(Table 1, row 2, denoted by ns) or NO2 –N to NO
3 –N
oxidation (Table 1, row 3, denoted by nb) to respiro
grams from the isolated NH+
4 –N oxidation or NO2 –N
oxidation assays.

2.10. Kinetics of NH+4 –N and NO
2 –N oxidation obtained
using the two-step nitrification model
In addition, respirograms were also obtained that

represented NH+
4 –N to NO3 –N oxidation from complete respirometric assays conducted at the optimal
SNH,o determined above. In select experiments, the

initial NH+
4 –N pulse was followed by an NO2 –N pulse,
also at the optimal initial concentration determined
above (see section below on Optimal experimental
design for biokinetic estimation of nitriﬁcation). Kinetic
parameter estimates for each nitriﬁcation step were
estimated by ﬁtting the complete respirograms to the two
step model (Table 1, rows 2 and 3).
2.11. Accuracy of two-step model parameter estimates
The kinetic parameter estimates obtained by
ﬁtting the two-step nitriﬁcation model to complete
respirograms were compared with those obtained by
ﬁtting the model describing each nitriﬁcation step to
isolated respirograms. Due to practical identiﬁability
limitations of qmax and KS in Monod-type functions,
mentioned above, the accuracy of the two-step model
parameter estimates was determined by comparing
the pseudo ﬁrst-order coefﬁcient, k, obtained from the
complete and isolated assays, for the different designs
considered.
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2.12. Optimal experimental design for biokinetic
estimation of nitrification
Optimal experimental design for biokinetic estimation
of nitriﬁcation was based on following an initial
NH+
4 –N pulse to the test nitriﬁcation biomass with a
subsequent NO
2 –N pulse at an optimally determined
tpulse value, in order to increase the information content
of the nitriﬁcation respirogram with respect to NO
2 –N
to NO
3 –N oxidation. Brieﬂy, as we have demonstrated
previously (Chandran and Smets, 2000a), complete
nitriﬁcation respirograms describing NH+
to
4 –N
NO
3 –N oxidation lack information pertaining to the
biokinetics of the second nitriﬁcation step, NO
2 –N to
NO
3 –N oxidation, when the ﬁrst nitriﬁcation step,

NH+
4 –N to NO2 –N oxidation is the sole rate determining step. Indeed, under progressively higher overall rate

limitation by NO
2 –N to NO3 –N oxidation, the
information content of complete nitriﬁcation respirograms is increasingly enriched with respect to this step
(Chandran and Smets, 2000a). Recognizing that the rate
determining step in nitriﬁcation may not always be
known a priori, the information content on NO
2 –N to
NO
3 –N oxidation might also be increased by providing
a region in the respirogram, which is experimentally
weighted towards NO
2 –N oxidation. Therefore, we seek
to enrich the information content of complete nitriﬁcation respirograms by following the initial NH+
4 –N pulse
with an additional NO
2 –N pulse.
Bioassay optimization and parameter identiﬁability
calculations were based on the computation of the
Fisher information matrix, F, which is a measure of the
information content of experimental data (Bates and
Watts, 1988). The optimal tpulse value, which corresponded to the maximum practical identiﬁability in

parameters of NH+
4 –N and NO2 –N oxidation was
determined by maximizing the value of the determinant
of F, Det(F), computed based on two-step model best-ﬁt
parameter estimates, as previously described (Chandran
and Smets, 2000a) at each simulated tpulse.
The Fisher information matrix (F) expresses the
information content of experimental data and equals
(Ljung, 1987):
F¼

N 
X
qy
j¼1

qyi

T
ðtj Þ




qy
Qj
ðtj Þ .
qyi

(3)

Q was considered to be an identity matrix since only
one state variable was measured (oxygen uptake) and
the measurement errors were assumed to be constant
over time. Therefore, the Fisher information matrix a
P  P matrix with diagonal elements of the form:

f i;i ¼

N 
X
qy
j¼1

qyi

2
ðtj Þ

(4)

and off-diagonal elements of the form:


N 
X
qy
qy
f i;k ¼
ðtj Þ
ðtj Þ .
qyi
qyk
j¼1
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(5)

To calculate the elements of F for a given experimental data set, a numerical respirometric proﬁle was
generated with one of the four two-step model
parameters perturbed a small distance (dyi, typically
1%) from its optimum estimate, keeping all other
parameters at their respective optima. The difference
between the respirogram thus obtained and the best-ﬁt
respirogram was evaluated at each time point (tj) to give:
qy
Dy
ðtj Þ 
ðtj Þ.
qy
Dyi

(6)

This procedure was repeated with small perturbations
for all other parameters and the resulting F was
calculated with Eqs. (4) and (5). Linearity of the SSE
function in the region
PN of perturbation was conﬁrmed by
the equality of
j¼1 ðqy=qyÞðtj Þ on either side of the
optimal parameter estimate.
Correlation between parameters of the single-step or
two-step nitriﬁcation models was inferred from the
correlation coefﬁcients rik from the covariance matrix
(X), which is the inverse of F (Robinson, 1985):
xi;k
ri;k ¼
,
(7)
ðxi;i xk;k Þ0:5
where xi,k is the value of the element of the matrix X on
row i and column k.
The precision of the ith kinetic parameter estimate of
the two-step model was determined by calculating its
standard error (Robinson, 1985).
SSE
,
NP
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SEi ¼ RMSxi;i .
RMS ¼

(8)
(9)

Numerically evaluated sensitivity coefﬁcient proﬁles,
yi ðqy=qyi Þðtj Þ were plotted for all parameters simultaneously to illustrate relative parameter sensitivities
(Brouwer et al., 1998).
2.13. Preliminary simulations: rigorous determination of
tpulse,opt
Batch respirograms corresponding to NH+
4 –N to
NO
3 –N oxidation were simulated using a mechanistically derived two-step nitriﬁcation model (Chandran
and Smets, 2000a), estimated values of biokinetic
parameters (Chandran and Smets, 2000b) (Table 2,
column 2) and representative random experimental
noise. Simulated respirograms consisted of an initial
1
10 mg NH+
pulse followed by a 5 mg
4 –NOD L
1

NO2 –NOD L pulse at tpulse values varying between
0.03 and 0.52 h after the time point of the NH+
4 –N
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Table 2
Simulations indicating bias and correlation of best-ﬁt parameter estimates to the two-step model

vessel at different time points before and after the time

point of NH+
4 –N exhaustion ðS NH4 ;o ¼ 10 mg NO2 2
NOD=LÞ. The difference in time points between the

NH+
4 –N and NO2 –N pulses was recorded. Kinetic
parameter estimates for each nitriﬁcation step, obtained
at each experimental design (tpulse) considered were
estimated by ﬁtting the resulting respirograms to the two
step model (Table 1, rows 2 and 3).

3. Results
3.1. Optimum initial NH+4 –N and NO
2 –N concentrations

2.14. Preliminary simulations: system independent
determination of tpulse,opt
We considered optimization based on universally
applicable factors such as identiﬁcation of the time
point that signals the end of NH+
4 –N oxidation in the
oxygen uptake rate (OUR) proﬁle. Different end-points

in time for NH+
4 –N to NO3 –N oxidation were
simulated using different initial NH+
4 –N concentrations
1
(S NH;o ¼ 5, 10, 15 mg NH+
4 –NOD L ). The optimum
tpulse for each SNH,o was at the maximum value of
Det(F). For each SNH,o tested, possible coincidence
between tpulse,opt and the end point of NH+
4 –N
oxidation was examined.

3.2. Improved accuracy and precision of nitrification
biokinetic parameter estimates due to NO
2 –N pulsing:
results from simulations
In the absence of an additional NO
2 –N pulse, there
was considerable bias in parameter estimates for

NO
2 –N to NO3 –N oxidation describing the simulated
respirograms, but not in parameter estimates for

NH+
4 –N to NO2 –N oxidation (Table 2). Simultaneous
+
NH4 –N and NO
2 –N pulses at tpulse ¼ 0 h, still resulted
in considerable bias in parameter estimates of NO
2 –N
Sno2,o = 5 mg
NOD/L

300

Snh,o = 10 mg
NOD/L

150

200

100

100

50

0

2.15. Experimental validation of system independent
optimization

Pulse injections of NO
2 –N ðS NO2 ;o ¼ 5 mg NO2 2
NOD=LÞ were performed to the extant respirometric

knb (1/h)

pulse. This rigorous approach to determine tpulse,opt via
computation of Det(F), however, requires an a priori
knowledge of the kinetic parameter estimates for

NH+
4 –N and NO2 –N oxidation. Therefore, we explored
possible system independent characteristics that could
be used for optimizing nitriﬁcation respirometric assays
for parameter estimation.

kns (1/h)

Shaded rows depict signiﬁcant decrease in bias for kinetic
parameters of NO
2 –N oxidation.
SNH;o ¼ 10 mg NH+
4 –NOD/L, X ns;o ¼ 667 mg COD/L; X nb;o ¼
333 mg COD/L, f S;ns ¼ 0:084 mg  COD=mg NH+
4 –NOD,
f S;nb ¼ 0:1 mg  COD=mg NO
2 –NOD.

From simulations using previously reported biokinetic

parameter estimates for NH+
4 –N to NO2 –N oxidation


and NO2 –N to NO3 –N oxidation, we determined
optimum SNH,o and SNO2 ;o values of 10 mg NH+
4 –NOD/
L and 5 mg NO
–NOD/L,
respectively
(data
not
shown).
2
These simulations were intended to describe isolated

NH+
4 –N and NO2 –N oxidation assays. From experimen
tal isolated NH+
4 –N and NO2 –N oxidation assays
conducted at SNH,o in the range 4.4–25 mg NH+
4 –NOD/
L and SNO2 ;o in the range 1.5–15 mg NO
2 –N/L, optimum
SNH,o and SNO2 ;o values of 10 mg NH+
4 –NOD/L and 5 mg
NO
2 –N/L were determined (Fig. 1). Therefore, the
simulation-based and experimental optimization of SNH,o
and SNO2 ;o yielded consistent results.

0
0

5

10

15

20

25

So (mg NOD/L)
Fig. 1. Experimental optimization of SNH,o and SNO2 ;o (~: kns,
}: knb). The solid and dashed vertical lines represent the
optimum SNH,o and SNO2 ;o values, respectively.
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1E+17

1.E+14

A
optimum t pulse = 0.33 h

C
optimum t pulse = 0.49 h

1.E+13

1E+15

Det(F)

Det(F)

1E+16

B
optimum t pulse = 0.47 h

1E+14

1.E+12

1E+13
0

0.1

0.2

0.3

0.4

0.5

0.6

t pulse (h)
+
Fig. 2. Evolution of Det(F) for different tpulse for different SNH,o: (A) 5 mg NH+
4 –NOD/L (left-hand y-axis); (B) 10 mg NH4 –NOD/L
(right-hand y-axis); (C) 15 mg NH+
4 –NOD/L (right-hand y-axis).

3.3. System independent optimization based on end point
of NH+4 –N oxidation
From simulations, we observed that estimates of
optimum tpulse can be related to the time required for

20
d(O2)/dt (mg O2/L/h)

to NO
3 –N oxidation (data not shown). For all tpulse
values in the range 0.03–0.52 h, parameter estimates


describing NH+
4 –N to NO2 –N oxidation and NO2 –N
oxidation were within 5% of the values used for
simulating the batch respirograms (data not shown).
Further, with increasing values of tpulse, the value of
Det(F) monotonically increased approximately 10-fold,
irrespective of SNH,o, till the point of NH+
4 –N exhaustion, indicating a signiﬁcant improvement in the
information content of the respirograms (Fig. 2).
However, a relative plateau was observed in Det(F)
beyond the region of NH+
4 –N exhaustion, visible
especially for cases A and B (Fig. 2). For the optimal
value of SNH,o at 10 mg NH+
4 –NOD/L, the optimal
design corresponding to maximum Det(F) at tpulse ¼
0:47 h (Fig. 3, Case B) resulted in accurate estimates for
both nitriﬁcation steps (Table 2). The improvement in

parameter accuracy of NO
2 –N to NO3 –N oxidation
was much more evident than the improvement in the

accuracy of NH+
4 –N to NO2 –N oxidation parameters
(Table 2). Parameter correlation between steps
ðrmmax;ns 2mmax;nb rK s;ns 2K s;nb Þ was signiﬁcantly lower at the
optimal design compared to parameter correlation
within each step ðrmmax;ns 2K s;ns rmmax;nb 2K s;nb Þ (Table 2,
column 4). Uniformly high values of correlation
coefﬁcients (r40:9) within each step are attributed to
low practical identiﬁability of parameters in the Monod
model, estimated from extant respirometric assays
(Chandran and Smets, 2000a; Vanrolleghem et al.,
1995). A similar behavior in parameter correlation was
observed for all designs considered (respirograms at
different tpulse values, data not shown).
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Fig. 3. Close correspondence of optimum tpulse estimated at

maximum Det(F); with the end point of NH+
4 –N to NO3 –N
oxidation. Different end points were simulated using different
1
+
initial NH+
4 –N concentrations: (A) 5 mg NH4 –NOD L ; (B)
1
1
+
+
10 mg NH4 –NOD L ; (C) 15 mg NH4 –NOD L . Arrows
correspond to rigorously determined tpulse,opt for simulations
1
1
with 5 mg NH+
(A), 10 mg NH+
(B) and
4 –NOD L
4 –NOD L
1
(C).
15 mg NH+
4 –NOD L



complete NH+
4 –N to NO3 –N oxidation (no NO2 –N

pulse) (Fig. 3). The end point of NH+
–N
to
NO
4
3 –N
oxidation is clearly manifested in a sharp change in the
OUR vs. time proﬁle (Fig. 3) or a dissolved oxygen, DO,
vs. time proﬁle (Fig. 4) and may therefore be used as an
experimentally applicable factor in determining tpulse,opt.

3.4. Increased accuracy of two-step model parameter
estimates by optimal design: experimental validation of
system independent optimization
Improved accuracy of the parameter estimates was
determined by comparing estimated two-step model
pseudo ﬁrst-order coefﬁcients, k, from complete nitriﬁcation respirograms for different tpulse values with
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Fig. 4. Experimental (grey line) and modeled (black line)

respirograms and NH+
4 –N and NO2 –N proﬁles based on a best
ﬁt respirogram for tpulse ¼ 0:55, or 0.39 h after the initial
NH+
4 –N injection.

estimates obtained from isolated assays. In the absence
of an NO
2 –N pulse, considerable bias was observed in
the two-step model parameter estimates from complete
respirograms (Table 3, column 3) relative to estimates
from isolated respirograms (Table 3, column 2). In the
presence of an NO
2 –N pulse, two-step model parameter

estimates for both NH+
4 –N to NO2 –N oxidation and


NO2 –N to NO3 –N oxidation were much closer to
estimates from isolated assays (Table 3, columns 5–7)
for tpulse values in the vicinity of the optimal design
(Table 3, cases 2–4). For sub-optimal designs (Table 3,
cases 1 and 5), parameter accuracy was lower. Therefore, the optimal design reduced the bias in kinetic
parameter estimates compared to sub-optimal designs.
Further, the increase in accuracy of two-step nitriﬁcation model parameter estimates via the visual
approximation of mathematically based optimal experimental design underlines the validity of this approximation.
3.5. Increased precision of two-step model parameter
estimates by optimal design: experimental validation of
system independent optimization
In the absence of an NO
2 –N pulse, the poor
information content of the resulting complete respirogram was reﬂected in the much lower Det(F) value
associated with the best-ﬁt parameters compared to
those obtained with the added NO
2 –N pulse (Table 3,
row 5). For the NO
2 –N pulse times considered, the
average value of Det(F) was more than one order of
magnitude higher for an NO
2 –N pulse performed close
to the point of complete NH+
4 –N oxidation (Table 3,
cases 2–4), rather than during rapid NH+
4 –N oxidation
(Table 3 high SNH, case 1) or substantially after NH+
4 –N
oxidation (Table 3, case 5). The average value of Det(F)
and the information content of the batch respirograms
was maximum when the additional NO
2 –N pulse was

Shaded rows correspond to optimal tpulse conditions.
Note: Single-step model was used for parameter estimation from the isolated assay respirograms.

NH4+-N pulse

Table 3
Experimental validation of optimal tpulse—variation of bias in estimates, Det(F), parameter correlation and standard error (SE) for best-ﬁt two-step model parameter estimates from
experimental respirograms, Avg7SD.

NH4+-N, NO2--N (mg NOD/L)

10

DO (mg O2 /L)
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performed between 0.33 and 0.39 h after the initial
NH+
4 –N pulse (Table 3).
Further, in keeping with the simulation results,
parameter correlation within each nitriﬁcation step was
uniformly 40.9 for the different tpulse values tested
(Table 3). However, at the lowest and highest tpulse
considered, the magnitude of the correlation coefﬁcients
between the nitriﬁcation steps was signiﬁcantly higher
than that close to the point of NH+
4 –N exhaustion
(Table 3). In addition, the superior quality of the
parameter estimates in the region of the optimum tpulse
was evident from the lower corresponding parameter
standard errors for Cases 2–4 compared to the
parameter standard errors from the sub-optimal designs;
Cases 1, 5 (Table 3). Further, in contrast to our
simulation results, there was a decrease in information
content and quality (decrease in Det(F), increase in
parameter correlation coefﬁcients, decrease in parameter
precision) when the NO
2 –N pulse was performed
substantially after NH+
4 –N depletion (case 5), compared
to injections close to NH+
4 –N exhaustion (cases 2–4). In
general, the precision of parameters estimated from the
complete optimally designed respirograms was higher,
especially for mmax estimates, than those estimated from
isolated respirograms (Table 3).

4. Discussion
Step-wise quantiﬁcation of nitriﬁcation kinetics via
respirometry is possible by kinetic or metabolic uncou

pling of NH+
4 –N to NO2 –N oxidation and NO2 –N to
NO
–N
oxidation
(Chandran
and
Smets,
2000b;
Chu3
doba et al., 1985). Alternatively, explicit kinetic characterization of the two nitriﬁcation steps can be further
simpliﬁed, if we recognize that the overall nitriﬁcation
respirogram contains biokinetic information pertaining

to both NH+
4 –N and NO2 –N oxidation.
+
When the rate of NH4 –N to NO
2 –N oxidation is
comparable to or lower than the rate of NO
2 –N to
+
NO
–N
oxidation,
complete
NH
–N
oxidation
respir3
4
ograms may not contain sufﬁcient information pertaining to NO
2 –N oxidation (Chandran and Smets, 2000a).
Consequently, application of a two-step model nitriﬁcation model to describe such respirograms may result in
high bias, high parameter correlation and low precision,
of the estimated parameters, especially those for

NO
2 –N to NO3 –N oxidation (Table 2). We have
previously shown that severe rate limitation by NO
2 –N
to NO
3 –N oxidation (kns4knb), which may cause
transient accumulation and persistence of NO
2 –N even
after NH+
4 –N depletion during a batch respirometric
assay can signiﬁcantly improve the information content
of complete NH+
4 –N oxidation respirograms with

respect to NO
2 –N to NO3 –N oxidation (Chandran
and Smets, 2000a). The dual rate-limitation of NH+
4 –N
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+

to NO
3 –N oxidation by both NH4 –N to NO2 –N

oxidation and NO
–N
to
NO
–N
oxidation,
in
this
2
3
study, is evident from the near equality of the pseudoﬁrst-order rate coefﬁcients of the two nitriﬁcation steps
obtained from isolated assays (Table 3, column 2).
Therefore, the poor parameter quality obtained by
correlating the two-step nitriﬁcation model to complete nitriﬁcation respirograms is expected (Table 3,
column 3).
The information content of experimental data can be
enhanced by sampling more frequently or selectively
during deﬁned periods of the experiment or alternatively
ﬁnding the input functions that lead to the most
informative experiments (Munack, 1991; Robinson,
1985; Vanrolleghem et al., 1995). In this study, we
increased the information content of a complete
NH+
4 –N oxidation respirogram by following the initial

NH+
4 –N pulse with a NO2 –N pulse.
Optimal experimental design for parameter estimation
is a recursive process, since the design is dependent upon
the parameter estimates itself and therefore, system
speciﬁc (Petersen, 2000). The difference in the value of
tpulse,optimum determined from the simulation-based and
experimental respirograms highlights the strong dependence of the optimal design on the values of the
governing biokinetic parameter estimates (Tables 2
and 3). Further, the parameters characterizing nitriﬁcation in continuously operated bioreactors may themselves vary with time due to transients in inﬂuent
wastewater or reactor microbial population dynamics
(Petersen, 2000; Vanrolleghem et al., 1995). Our
simulations and experimental results reveal that rather
than determining a speciﬁc tpulse,opt for a given kinetic
parameter set, the NO
2 –N pulse maybe performed close
to the point of NH+
4 –N depletion and still adequately
portray a more rigorously formulated optimal design.
Since the point of NH+
4 –N depletion is manifested by a
sharp change in curvature in DO vs. time (or OUR vs.
time) proﬁles, this point can be chosen as the point of
the NO
2 –N pulse for an operationally amenable
optimal experimental design. It is not surprising that
tpulse,opt (corresponding to the maxima for det(F))
coincides with the point of NH+
4 –N depletion, since
under this scenario, the information pertaining to

NO
2 –N to NO3 –N oxidation is separated from the

region of concurrent NH+
4 –N and NO2 –N oxidation.
The accompanying parameter identiﬁability analysis
corroborates that such a combined respirogram contains
adequate information pertaining to both steps (Tables 2
and 3). Therefore, there is a sound basis for choosing
this approximation.
The presented optimal design involves a simple

extension to a NH+
4 –N to NO3 –N respirometric assay
and is therefore experimentally more favorable
than performing two isolated respirometric assays via

selective inhibition of NO
2 –N to NO3 –N oxidation
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(Chandran and Smets, 2000b). Further, the approach
necessitates parameter estimation and identiﬁability of
only one respirogram (for both oxidation steps) and is
also more analytically favorable than via the selective
inhibition approach (Chandran and Smets, 2000b).
Therefore, the optimized nitriﬁcation assay maybe
adapted for rapid routine monitoring of nitriﬁcation
kinetics in continuously operated bioreactors.

5. Conclusions
In this study, we developed an optimal experimental
design criterion to enable maximization of nitriﬁcation
batch respirograms with respect to both NH+
4 –N to


NO
2 –N oxidation and NO2 –N to NO3 –N oxidation.
Further, we present a simple extension to a conventional
nitriﬁcation respirometric assay that signiﬁcantly enhances the accuracy and precision of kinetic parameters

describing both NH+
4 –N to NO2 –N oxidation and

NO
–N
to
NO
–N
oxidation
from
a single respiro2
3
gram. The developed method involves following an

initial NH+
4 –N pulse with an NO2 –N pulse at an
optimally determined time point. The optimum time
point can be rigorously determined based on the
maximum value of the determinant of the Fisher
information matrix associated with the parameter
estimates. Alternatively, the optimum time point can
be adequately approximated by visually identifying the
point of NH+
4 –N depletion during the actual course of
the batch respirometric assay.
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