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Abstract

A respirometric technique (open respirometry) and a titrimetric technique (pH-stat) were compared to monitor the first nitrification
step (ammonia oxidation to nitrite) by providing a titrimetric biosensor (ANITA), previously developed to measure ammonia
oxidation kinetics, with an oxygen electrode. Then, a new procedure for the simultaneous estimation of kinetic constants related
to both ammonia and nitrite oxidisers which couples both open respiration and titration, is presented. This procedure allows for the
complete characterisation of the nitrifying biomass kinetics with simple and short (1 to 1.5 h) tests without any analytical substrate
determination. All data handling was implemented on Excel data sheets in order to be able to follow data interpolation step by step
instead of using software packages which automatically perform data processing.

Introduction

In order to increase the performance and reliability of biological
wastewater treatment plants, effective and fast on-line monitoring
is required to promptly identify malfunctioning factors and to
upgrade the control level of the overall biodegradation process
(Nielsen and Onnerth, 1994). New control technologies, such as
biosensors, which enable us to obtain more complete information
than conventional physico-chemical sensors, such as DO (dis-
solved oxygen), pH, ORP meters etc., are being developed in order
to attain this goal.

Nitrifying bacteria are considered to be, among the aerobic
microbial populations, the most sensitive to inhibition and toxicity
effects, especially in activated sludge processes (Dutka et al., 1983;
Beg and Hassan, 1987; Blum and Speece, 1991; Kroiss et al.,
1992). Nitrification requires the simultaneous presence of two
bacterial groups which perform two reactions in series: the oxida-
tion of ammonia to nitrite (brought about by ammonia oxidisers,
hereafter referred to as AO) and, subsequently, the oxidation of
nitrite to nitrate (carried out by nitrite oxidisers, referred to as NO).
Usually, nitrite is overlooked as an intermediate reaction product,
and the overall nitrification kinetics are more simply described as
the direct oxidation of ammonia to nitrate, using the kinetics
parameters of the first reaction. This procedure is followed by
several authors, e.g. Henze et al. (1995) in defining the IAWQ
model No. 2. This approximation is acceptable if, as it occurs in
most practical applications, the rate-limiting step is the first reac-
tion, i.e. the oxidation of ammonia is appreciably slower than the
oxidation of nitrite, thus making accumulation of nitrite negligible.
However, there are cases in which the kinetics related to the second
step are slower than those related to ammonia oxidation and
appreciable nitrite concentrations build up (Alleman, 1985;
Holiencin and Gujer, 1996; Nowak et al., 1995). Environmental
conditions which slow down nitrite oxidation rate include: high
temperature levels (Randall and Buth, 1984; Nowak et al., 1995),

low DO concentrations associated with high pH values (Yang and
Alleman, 1992), high free ammonia concentrations (Suthersan and
Ganczarczyk, 1986; Balmelle et al., 1992) and the presence of
specific inhibitors to nitrite oxidisers (Hynes and Knowles, 1993).
On account of the very low nitrites concentration in final effluents
imposed by national regulations (e.g. 0.6 mg·�-1 NO

2
-N in Italy,

1 mg·�-1 NO
2
-N in Switzerland and Austria), it is crucial to detect

incoming conditions unfavourable to nitrite oxidation. A model
describing the two steps separately was proposed by Nowak et al.
(1994). In order to calibrate this model it is necessary to evaluate
the kinetic parameters of the two oxidation reactions but, according
to the authors’ knowledge, this separate determination is seldom
carried out.
  Biosensors for the estimation of the kinetics of autotrophic
bacteria may be classified into two main categories: respirometers
and titrimetric systems. Respirometers allow for the measurement
of kinetic parameters of heterotrophic and autotrophic populations
by processing DO concentration data. These instruments may be
further subdivided into closed and open respirometers. Among the
former, the NITROX respirometer (Surmacz-Gorska et al. 1995,
1996; Gernaey et al., 1997) was proposed to evaluate the maximum
nitrification rate based on the difference between the oxygen
uptake rate (OUR) due to the overall heterotrophic and autotrophic
populations and the OUR obtained after selective inhibition of
ammonia (AO) or nitrite (NO) oxidisers through addition of
specific inhibitors (allylthiourea or sodium chlorate respectively).
Through this method, the separate determination of the activity
related to the two groups of nitrifying bacteria is attained (see also
Nowak et al. 1994; Andrews et al., 1980). However, the inhibition
step in this procedure requires biomass inactivation and, therefore,
a new sludge sample for each test, which may be a drawback in
laboratory-scale investigations. Moreover, this method uses in-
hibitors whose specificity has been questioned (Hynes and Knowles,
1983). Vanrolleghem and Verstraete (1993) have proposed the
evaluation of the kinetic constants of both heterotrophic and
autotrophic populations in a single test by simultaneously dosing
carbonaceous and nitrogenous substrates in the RODTOX appara-
tus which is an open respirometer (Vandebroek, 1986; Vanrolleghem
et al., 1990). From the resulting oxygen profile, which depends on
the oxygen diffusing through aeration into the mixed liquor and on
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the oxygen consumed by microbial respiration (endogenous and
exogenous respiration), the OUR profile is derived (the
respirograph). A proper calibration of the mixed substrate injection
allows for the identification of a first part of the respirograph where
the OUR is due to both heterotrophic and autrophic activity and a
second part, after the consumption of all carbonaceous substrates,
related to the autotrophic population only. Kong et al. (1996) set
forth a similar procedure which allows for the automatic estimation
of the effects of an inhibitor on the kinetic constants of hetero-
trophic and nitrifying populations, but this procedure does not
allow for the evaluation of the kinetics of AO and NO oxidising
bacteria separately.

Few experimental procedures related to titrimetric biosensors
are available in literature, mainly because of their more recent
development compared with respirometers. They are based on the
measurement of acidifying or alkalising biological reactions by
titrating with a neutralising solution at constant pH. The first
applications of titrimetric biosensors (Ramadori et al., 1980;
Aivasidis et al., 1992; Massone et al., 1995; 1998) refer to the
determination of the ammonia oxidation rate by AO bacteria.
Titration biosensors were also applied for the evaluation of the
effect of inhibitors on ammonia oxidisers (Maffei, 1995; Gernaey,
1997). On-line applications of the titrimetric biosensor ANITA are
reported by Massone and Rozzi (1997) and Gernaey et al. (1998).
These authors applied the biosensor to measure ammonium con-
centrations in the aeration basin and to estimate the nitrification
capacity of the activated sludge, the former on wastewater treat-
ment plant processing industrial wastewater, the latter on a 150 �
pilot plant. Both these experiences showed a satisfactory relation-
ship between biosensor estimations and laboratory analyses.

In this paper, a comparison between titrimetric and respiro-
metric techniques to measure reaction rates of AO bacteria is first
set forth and thereafter a procedure to couple open respirometry to
titration is described in order to determine kinetic parameters for
both the AO and NO populations. From the stoichiometry of the
two reactions:

NH
4

+ + 1.5O
2
 → 2H+ + NO

2
- + H

2
O (1)

NO
2

- + 0.5 O
2
 → NO

3
- (2)

it may be observed that the biological activity of ammonia oxidisers
implies a production of acidity and a consumption of oxygen, while
the activity of nitrite oxidisers only brings about oxygen consump-
tion. Therefore, it is possible to derive the kinetic constants for AO
populations either by titration or by DO measurements and the
kinetics related to NO bacteria by titration plus DO measurements,
as indicated below. Earlier attempts to compare titration and
respirometry were performed by Devisscher (1997) and Ficara et
al. (1998).

Materials and methods

The modified biosensor ANITA-DO

The titration biosensor used in this research is named ANITA
(Ammonium NITrification Analyser) and manufactured by Austep
(Milan, Italy). The layout of the instrument with those parts which
were modified for this experimentation are indicated in Fig. 1. The
system controls  the pH of the nitrifying sludge contained into the
reaction vessel by adding base (NaOH 0.05 M) to neutralise the
protons produced by the biological process. Therefore, it works as
a pH-stat reactor. Taking into account the stoichiometric relation-
ship (see Eq. (1)) between ammonium oxidation and acidity

production (and thus the corresponding base addition by the
titration system), the following relation is obtained:

d[NH
4
] 14  d[H+] 14 d[OH-]

  = =  - (3)
    dt  2    dt  2    dt

where [NH
4
] is expressed in mgN·�-1 and [H+] and [OH–] are

expressed in mM. Eq. (3) enables us to calculate [NH
4
] and NH

4

oxidation rate as a function of time from the recorded titration data,
see Massone et al. (1995) and (1998) for more details.

For experimentation purposes, the ANITA biosensor was
modified as follows:

(i) The beaker used as the reaction vessel was substituted with a
thermostated Erlenmeyer flask.

(ii) A DO probe (Endress and Hauser mod. OM8, Germany) was
inserted into the reaction vessel and connected through a pre-
amplifier to the data acquisition card which interfaces the
instrument hardware to the controlling PC.

(iii)A flow meter was incorporated in the aeration line.

Modification (i) was needed to avoid interfering oxygen transfer
from the atmosphere into the nitrifying sludge during re-aeration
experiments for K

l
a (oxygen mass transfer coefficient) estimation.

Modification (ii) enabled on-line DO concentrations data to be
recorded. These determinations were used in comparison and in
combination with titration data. Finally, modification (iii) allowed
for a precise control of the aeration flow during open respirometry
experiments. The simultaneous monitoring of DO and titrant
addition was thus achieved, while temperature and air-flow rate,
which affect the DO concentration in the mixed liquor, were
controlled and kept constant.

Figure 1
ANITA-DO Layout: 1 – aerator and flow meter (*); 2 – magnetic
stirrer; 3 – pH-meter; 4 – oxygen electrode (*); 5 – temperature

probe; 6 – flask (*); 7 – electrovalve; 8 – signal amplifier and
actuator; 9 – Mariotte bottle: (modified from Massone, 1997).

(*): parts which have been modified for this experimentation.
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Nitrifying sludge

The nitrifying sludge used during this investigation was drawn
from a batch-fed reactor where an enriched culture of nitrifiers
(volume of 8 �) was grown from an activated sludge inoculum
sampled in a domestic sewage treatment plant. The concentrated
feed was added four times per day by a peristaltic pump. The
volumetric loads were: 100 mg·�-1·d–1 NH

4
-N, 250 mg·�-1·d–1 COD

and 800 mg·�-1·d–1 NaHCO
3
). The latter, together with the alkalinity

of the tap water, balanced the protons produced by ammonia
oxidation. The carbonaceous substrate was provided as powdered
skimmed whey. Once a day the sludge was settled until about 3 � of
concentrated sludge were obtained. Then, 5 � of supernatant were
replaced by the same volume of tap water. Therefore, the culture
hydraulic retention time was 1.6 d. The average sludge concentra-
tion of the enriched culture was about 1.1 g·�-1 VSS, and the pH was
between 8.1 and 8.5. The enrichment culture was kept at room
temperature (20 to 25°C). Activity tests were carried out using 1 �
of culture sludge settled to a concentration of about 3 g·�-1 VSS.

Reagents

A 0.05 M standardised NaOH solution was used as titrant. As
substrates, a standard solution of NH

4
Cl (1g·�-1 NH

4
-N) pH cor-

rected to 7.9 by NaOH 1M addition (this pH value being close to
the sludge equilibrium pH under endogenous conditions) and a
standard solution of NaNO

2
 (1 g·�-1 NO

2
-N) were used. All chemi-

cals were reagent grade and were obtained from commercial
sources.

Test procedure and data processing

The 1 � nitrifying sludge sample drawn from the enriched culture
was transferred into the biosensor reaction flask, aerated (about
150 � air �–1 mixed liquor h–1 resulting in an oxygen mass transfer
coefficient K

l
a of 0.33 ± 0.06 min–1) and thermostated until endo-

genous equilibrium conditions were reached. Equilibrium is con-
sidered to be achieved when oscillations keep within 1/10 of the
unit for temperature (°C) and DO (mg·�-1) and within 1/100 of the
unit for pH. This preliminary operation was usually completed
within 1 h. The nitrogenous substrate was then added, i.e. ammo-
nium (3 to 15 mg·�-1 NH

4
-N) and/or nitrite (3 to 7 mg·�-1 NO

2
-N).

Every 10 s the ANITA-DO biosensor recorded the following
parameters: volume of titrant, in-solution temperature, DO and pH
values. During the test, the latter was kept within the range of pH
setpoint (the aerated mixed liquor equilibrium pH) ± 0.02 pH units.
Tests were considered to be completed when the DO concentration
returned to the initial equilibrium value. Other experimental con-
ditions were: temperature in the range 28.6÷30.4°C and equilib-
rium pH in the range 8.12÷8.5. The pH and temperature plots vs.
time were not directly used within the calculation procedure, but
they were used to detect malfunctions.

In the calculation procedure the following assumptions were
made:

(i) The yield coefficient for nitrifying bacteria was neglected.
(ii) Ammonium uptake due to heterotrophic biomass was ne-

glected.
(iii) No significant ammonium stripping took place within the test

period (tests were performed at pH<8.5, pK
a
 at 25°C for NH

3

is 9.26, Sawyer et al., 1994).
(iv) The substrate (ammonium and nitrite) was completely oxi-

dised within the test period (confirmed by substrate analytical

measurements at the end of the tests).
(v) The DO and pH  influence on kinetics was neglected (DO>>

K
S,DO 

for both AO and NO bacteria; pH within the optimal
range).

Assumption (i) may be considered reasonable because of the very
low nitrogen uptake due to biomass synthesis by autotrophic
bacteria (Y ≈ 0.02 gN

cell 
g–1 N

removed
). Moreover, heterotrophic

biomass was kept in endogenous conditions, thus its nitrogen
uptake was also negligible, this fact justifying assumption (ii). The
error introduced by these assumptions is of the order of 2%. The
values of the overall titration error e

s 
(the difference between the

ammonium added to the sludge sample and the ammonium esti-
mated from titration data) in these tests was 0.03 ± 0.08 (n=17),
which is quite acceptable.

Calculations were based on the kinetic and mass balance
equations which describe the biological oxidation of ammonia and
nitrite within the system. The latter is closed with regard to the
liquid flow and open with regard to the gas flow. The following
equations model the system:

•  Nitrification dynamics. Both nitrification oxidation steps fol-
low a Michaelis-Menten equation:

    d[NH
4
]       [NH

4
]

-      = V
max,AO

(4)
       dt  [NH

4
] + K

s,AO

d[NO
3
]     [NO

2
]

  = V
max,NO

(5)
    dt      [NO

2
] + K

s,NO

where:
[NH

4
], [NO

2
], [NO

3
] are ammonium, nitrite and nitrate concen-

trations (expressed as mg·�-1 N);
V

max,AO 
 and  V

max,NO 
(mgN·g–1VSS·h–1) are the maximum substrate

oxidation rates for AO and NO bacteria;
K

s,AO 
and K

s,NO 
(mg·�-1 N) are the half saturation constants for

AO and NO bacteria.

•  Nitrogen mass balance. During the test, nitrogen is oxidised
from ammonium to nitrite and then to nitrate:

d[NO
2
]   d[NH

4
] d[NO

3
]

 =  - - (6)
   dt             dt          dt

•  Dissolved oxygen dynamics. DO concentration depends on air
bubbling aeration and on oxygen consumption due to bacteria
respiration:

d[DO]
= K

l
a([DO]

e
 - [DO]) - OUR

AO
 - OUR

NO
(7)

   dt

       d[NH
4
]

OUR
AO

 = -3.42 (8)
      dt

d[NO
3
]

OUR
NO

 = 1.14 (9)
    dt

where:
[DO] (mg·�-1) is the DO concentration,
[DO]

e
 (mg·�-1) is the DO equilibrium concentration in endo-

genous conditions;
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OUR
NO

 and OUR
AO

 (mg·�-1·min–1) are the OURs for NO and AO
bacteria; and
3.42 and 1.14 are the stoichiometric conversion factors on mass
basis between nitrogen oxidation and oxygen consumption for
AO and NO conversions (see Eqs. (1) and (2)).

•   Oxygen mass balance. The amount of oxygen consumed
because of nitrogen oxidation (NOD) by AO and NO bacteria can
be experimentally estimated from the respirograph area
(Vanrolleghem and Verstraete, 1993) as:

   NOD
t
 = ∫ OURdt =K

l
a ∫([DO]

e
 - [DO]

t
)dt + ([DO]

e
 - [DO]

t
)       (10)

or calculated from a mass balance:

   NOD
t
 = ([NH

4
]

0
 - [NH

4
]

t
)*4.56 + ([NO

2
]

0
 -

 
[NO

2
]

t
 )*1.14    (11)

where:
NOD

t
 (mg·�-1) is the nitrogen oxygen demand at time t;

[NH
4
]

t
, [NH

4
]

0
, [NO

2
]

t
 and [NO

2
]

0 
are ammonium and nitrite

concentrations (mg·�-1 N) at time t and at the beginning of the
test respectively; and
the factor 4.56 = 1.14+3.42 takes into account the oxidation of
nitrite produced from ammonium oxidation.

At the end of the test, i.e. at time tf, ammonium and nitrite have been
completely oxidised, therefore NOD

t 
= NOD

f 
= [NH

4
]

0
*4.56

- [NO
2
]

0
*1.14. Substituting t = tf in Eq.(10), K

l
a can be calculated

by the following equation:

      [NH
4
]

0
*4.56 + [NO

2
]

0
*1.14

K
l
a =

       tf
(12)

     ∫ OURdt
       0

Data measured by the ANITA-DO biosensor were:

• volume of added titrant vs. time;
• [DO] vs. time.

Substituting d[NH
4
]/dt from Eq. (3) in Eq. (8), the OUR

AO 
was

obtained and by substituting the latter in Eq. (7), the OUR
NO

 was
calculated. Moreover, Eq. (9) enabled us to determine nitrate
formation rate, while from Eq. (11), nitrite concentration was
estimated. Therefore, oxidation rates could be correlated to sub-
strate concentration for AO and NO micro-organisms. Finally,
through minimum square error estimation, kinetics parameters
for both micro-organisms were calculated. It was chosen to per-
form all data processing on Excel data sheets instead of using
dedicated software packages which automatically perform data
interpolation, in order to evaluate data processing step by step.

Results and discussion

Comparison of titration (TI) and open respirometry
(OR) for ammonia oxidisers

The aim of this series of tests was to compare the Michaelis-Menten
kinetic parameters estimated by titration and open respirometry. As
already mentioned, ammonia oxidation (Eq. (1)) consumes oxygen
and releases acidity. Therefore, both titration at constant pH and
respirometry may be used to monitor the ammonia oxidation rate.
In order to avoid the interference of nitrite oxidation by NO bacteria
which simultaneously takes place using a balanced nitrifying
sludge, a non-limiting concentration of nitrite was kept in solution
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Figure 3
Comparison between AO-bacteria kinetics parameters estimated
by TI and OR. Vmax values (top graph); Ks values (bottom graph).
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during the test, thus ensuring a constant (maximum) respiration rate
for nitrite oxidisers. The oxygen consumption term due to NO
bacteria was then considered as an endogenous respiration and its
contribution accounted as a decrease in DO

e
 in Eq. (7) (K

l
a*∆[DO]

e

= OUR
NO

). The resulting OUR was, therefore, only due to ammonia
oxidisers. A typical data set for titration and oxygen measurements
in this kind of tests is plotted in Fig. 2. These data were processed,
according to the procedure described in Test procedure and data
processing, to calculate the maximum oxidation rate and the
affinity constant K

S
. Nine tests were performed within 20 d on the

same nitrifying sludge and results are summarised in Fig. 3. As
shown in this figure, the V

max
 for ammonium oxidisers did not

keep constant during the test period but values from 5 to 18 mg
NH

4
-N·g–1VSS ·h–1 were measured. These variations were due, on

the one hand, to selective biomass growth in the nitrifying enriched
culture and, on the other hand, to an inhibitory effect due to an
occasional increase in the chlorine concentration in the tap water
used to dilute the substrate. Ammonium oxidation rates were
generally higher then those which apply to activated sludge (typi-
cally in the range of 1.5 to 5 mg NH

4
-N·g–1VSS ·h–1, Andreottola et

al., 1990). However, this was due to the carbon to nitrogen ratio in
the culture feed which was appreciably lower than in most activated
sludge influents (C/N = 2.5 and from 5 to 10 respectively).

In Fig. 3 a good correlation between TI and OR results can be
observed with the exception of a couple of tests. However, it may
be observed that OR seems to give slightly higher values for both
V

max
 and K

s
. An explanation for the difference between respiration

and titration estimates may be found by carefully examining the
OUR profiles calculated from the oxygen concentration data and
from the titration data. In Fig. 4, results related to two tests are
plotted. For the test dated 2 July,  TI-based and OR-based OUR
profiles compare very well; on the other hand the 9 July graph
shows that the OR-based profile is significantly higher in the
beginning of the test while the difference between the two OUR
profiles decreases later on. A clear explanation for these discrepan-
cies was not found. It may be related to the response of the DO probe
to a sharp DO transient or to a biological effect such as a time lag
between the oxygen consumption and the acidity production. A
shift between oxygen consumption and CO

2
 production was ob-

served by Devisscher et al. (1998) for aerobic oxidation of ethanol
and acetate. However, it is not clear why this phenomenon was not
observed in all tests.

The Sign hypotheses test was performed on the two sets of V
max

and K
s
 values in order to establish whether the two procedures (TI

and OR) give comparable parameter estimates or whether the OR-
based estimates should be considered to be significantly higher
than TI-based ones. This test is a non-parametric test and, therefore,
it is suitable for small data sets whose probability distribution is
unknown (Helsen and Hirsch, 1992), as the ones described here.
The test results showed that the OR procedure and the TI procedure
are statistically equivalent for AO-bacteria kinetics evaluation with
a significance level of 5%.

Determination of nitrite oxidisers kinetic parameters
by a combined titrimetric and respirometic (T+R)
procedure

A series of titration and open respirometry tests were performed in
order to investigate the use of combined titration and open respiro-
metry data for the simultaneous determination of AO and NO
bacteria kinetics. It is well known (see Reactions 1 and 2) that AO
bacterial activity affects both pH and DO of the solution, while the
activity of NO bacteria results only in a DO decrease. Therefore,
titration data were used to estimate AO bacteria activity and the
latter was subtracted from the total nitrifying activity in order to
obtain the NO bacteria respiration contribution. Parallel experi-
ments were performed either according to this procedure (labelled
hereafter as T+R procedure) or following the open respirometry
procedure (Farkas, 1981; Vanrolleghem and Verstraete, 1993) i.e.
by adding a certain amount of sodium nitrite (5 to 7 mg·�-1 NO

2
-N)

to the nitrifying sludge and using data of the OUR profile. In T+R
experiments either ammonium (3 to 12 mg·�-1 NH

4
-N) or ammo-

nium and nitrite (3 to 15 mg·�-1 NH
4
-N and 3 to 9 mg·�-1 NO

2
-N) were

used as substrates. In Figs. 5 and 6 typical OUR profiles obtained
in these experiments are shown. In Table 1 the kinetic parameters
estimated by the T+R procedure and by the classical OR procedure
are summarised. The reported values compare well with those
reported by Chudoba et al. (1985). These authors used an activated
sludge culture fed on a synthetic wastewater whose composition
was similar to the one of the nitrifying enriched culture (C/N of  3.4)
and they found a maximum nitrite oxidation rate of 6.8 ± 2.4
mg NO

2
-N·g–1VSS·h–1 and a K

s
 of 0.76 ± 0.44 mg·�-1 NO

2
-N. As far

as repeatability is concerned, Tab. 1 shows that the K
s
 estimate is

generally affected by higher variations than the V
max

 estimate as
previously found by other authors (Grady et al., 1989; Brouwer and
Klapwijk, 1995; Kong et al. 1996).
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Two types of OUR profiles. TI-based (dashed line) and OR-based (circles) OUR profiles.
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Typical OUR profiles in the T+R procedure with ammonium (8 mg·�–1 NH4-N) as only substrate (left graph) and relative

Michaelis-Menten kinetic interpolation for NO micro-organisms (right graph)

Figure 5
Typical OUR profiles for the T+R procedure with ammonium (15 mg·�–1 NH4-N) and nitrite (3 mg·�–1 NO2-N) as substrates (left graph)

and relative Michaelis-Menten kinetic interpolation for NO micro-organisms (right graph)

TABLE 1
ESTIMATES OF NO MICRO-ORGANISM KINETICS PARAMETERS FOR THE COMBINED T+R PROCEDURE AND FOR

THE OR PROCEDURE. Vmax-NO (mg NO2-N·g–1VSS·h–1), Ks-NO (mg·�–1 NO2-N)

OR    T+R. Only NH4     T+R. NH4 & NO2      T+R. All data (*)
     as substrate as substrate

Vmax-NO KS-NO Vmax-NO KS-NO Vmax-NO KS-NO Vmax-NO KS-NO

Mean 5.7 0.5 6.8 0.6 9.0 1.5 7.9 1.1
Standard deviation 0.88 0.25 3.02 0.63 1.50 0.37 2.54 0.66
CV 0.15 0.51 0.45 0.98 0.17 0.25 0.32 0.60
Number of  observations 11 11 8 8 9 9 17 17

    (*) refers to all the data obtained with the T+R procedure (either with only ammonium or with nitrite plus
     ammonium as substrate).

It may be remarked that the T+R procedure on average gave
higher values for V

max
 and K

s
 than the OR procedure both with only

ammonium or with ammonium and nitrite as substrates. As ex-
pected, differences for the two procedures were much larger for K

s

values than for the V
max 

ones. However, a better agreement between
the OR and T+R procedures seemed to be obtained when only
ammonium was used as substrate.

It should be considered that the OUR
NO

 data were calculated as
the difference between two experimental series of data both of
which were affected by a measurement noise. Moreover, the
absolute value of OUR

NO
 is generally about ¼ of the value of

OUR
tot

. Therefore, OUR
NO

 data resulting as the difference of
OUR

tot
 and OUR

AO
 are characterised by high noise and the corre-

sponding experimental Michaelis-Menten curve generally showed
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high oscillations. Observing the left graph in Fig. 6, one can see that
the OUR

NO
 values at high substrate concentrations, which were

calculated as the difference between respiration and titration meas-
urements (data between 10 and 40 min in the left graph), are much
more scattered than the OUR

NO
 values corresponding to low

substrate concentrations which were calculated from DO measure-
ments only, after the complete oxidation of ammonium when
OUR

tot
 = OUR

NO 
(data between 45 and 70 min in the left graph).

Finally, a comment on K
l
a estimation procedure. This para-

meter is known to be the bottleneck parameter in open respirom-
etry. In this investigation, K

l
a was estimated, as described before,

by Eq. (12) instead of being measured through re-aeration experi-
ments. In this way tests were simplified and their duration reduced.
In order to evaluate the reliability of the estimated values, K

l
a was

also obtained by interpolating DO data measured by re-aeration
experiments. In Table 2 the K

l
a estimate error is reported, this error

been calculated as:

e
Kla

 = (K
l
a

 calculated
- K

l
a

 measured
)/ K

l
a

 measured

An average difference of the order of 20% was found between the
calculated and the estimated K

l
a (see mean row in Table 2) except

for the T+R (NH
4
) procedure. This difference seems quite high and

might be related to the delay (1 to 5 h) between the re-aeration
experiments and the tests. In the RODTOX procedure, for example,
K

l
a measurements are made immediately before and after each

stBOD estimation test. More research is needed to verify data
consistency.

Conclusions

An experimental protocol was tested to compare open respirometry
and titration at constant pH to monitor the first nitrification step
(ammonium oxidation) and determine related kinetic constants. A
good correlation between the parameters estimated by the two
procedures was generally found.

Moreover, titration and open respirometry were coupled to
estimate NO and AO bacteria kinetic parameters simultaneously.
The procedure is fast (40 to 70 min) and simple: experimental data
are automatically recorded, no substrate analytical analyses are
required, data processing can be easily implemented in any ad hoc
commercially available software. Results are promising: maxi-
mum degradation rates V

max
 compare well with data obtained from

open respirometry tests and have a low coefficient of variation,
while higher dispersion (CV between 24 and 129 %) were observed
for K

s
 estimates.
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