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Measurement of potential activity of fixed nitrifying bacteria in
biological filters used in drinking water production
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Nitrification during biological filtration is being used more and more in drinking water production to remove
ammonia, which can be the source of several water quality problems during distribution. In this process, ammonia
is converted into nitrite and then into nitrate by fixed autotrophic nitrifying bacteria. The purpose of this work was
to develop a technique to estimate fixed nitrifying biomass (sum of ammonia- and nitrite-oxidizing populations). The
quantification of autotrophic nitrifying biomass was determined by potential nitrifying activity measurement. The
production of oxidized forms of inorganic nitrogen (nitrates and nitrites) was measured after an incubation of 2 cm 3

of colonized solid support in the presence of a 5-ml nitrifier medium containing 10 mg N-NH 4 L−1 for 30 min at 32 °C.
The production rate of oxidized nitrogen in optimal conditions was measured and converted into nitrifying biomass
by using the maximum specific oxidizing activity. This technique was shown to be appropriate for conditions
encountered in the biological filters used in drinking water production and sufficiently simple to be used for routine
measurements. Journal of Industrial Microbiology & Biotechnology (2000) 24, 161–166.
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Introduction

Removal of ammonia during drinking water production is
required because its presence can be the source of several
water quality problems during distribution such as bacterial
regrowth [36,37], production of nitrites by incomplete oxi-
dation of ammonia [19], and production of tastes and odors
[21]. In drinking water production, both physicochemical
and biological processes can be applied to remove
ammonia. In the first group of processes, ion exchange and
chemical oxidation are of primary concern. The most com-
mon method used is chlorination until break point. During
this stage, the ammonia present in the water consumes high
chlorine doses [16]. In addition, a high chlorination level
usually induces, by reaction between organic matter and
chlorine, the formation of disinfection by-products such as
trihalomethanes (THM) [16], known to be potentially car-
cinogenic [12]. At present, biological processes, like bio-
logical filtration, seem to be more promising; the use of
this process can avoid problems like biological instability
in the distribution system and production of toxic by-pro-
ducts. In this process, ammonia is converted into nitrate by
autotrophic nitrifying bacteria [10]. Biological nitrification
is a two-step process in which sequential oxidation of
ammonia into nitrite and nitrite into nitrate occurs.
NitrosomonasandNitrobacterare the most common genera
of bacteria, known respectively as ammonia oxidizers and
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nitrite oxidizers [41]. However, some authors [22,23]
reported that nitrification in natural environments and
biofilms is complex and they noted difficulty in identifying
all the microorganisms capable of nitrification in such
environments. In addition, even though several species of
heterotrophic bacteria are able to produce nitrates and
nitrites [17,39], their contribution to total nitrification
seems to be insignificant in comparison to that of auto-
trophic processes.

To optimize biological transformation of ammonia in
biological filters, it is necessary to identify the main factors
controlling nitrification efficiency. Up to now, indirect
measurement by monitoring ammonia concentration in the
inflow, interstitial and outflow waters of the filters has been
the most common technique used to investigate this
efficiency [5,24]. The impacts of ammonia concentration,
temperature, loading rate and time of operation have
already been demonstrated [34]. However to go further in
the investigation of nitrification in biological filters and to
optimize this process, measurements of the autotrophic
biomass fixed on the solid medium (sand, GAC, anthracite)
used for filtration are required. The estimation of biomass
could be useful to improve our knowledge of the nitrifi-
cation process in order to model the functioning of biologi-
cal filters. For example, it had been shown that the
nitrifying biomass and its activity can be differently affec-
ted by filter backwashing ([31]; Andersson, Ecole Polytech-
nique of Montreal, personal communication). Moreover,
estimation of fixed nitrifying biomass can lead to a better
understanding of competitive effects between autotrophic
and heterotrophic bacteria for the space and the oxygen in
a mixed biofilm. In addition, parallel measurements of
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nitrifying biomass and activity give information on the
physiological state of the biofilm. The purpose of this work
was therefore to develop a technique to measure fixed
nitrifying biomass (ammonia- and nitrite-oxidizing
populations), which would be appropriate for the conditions
encountered in the biological filters used in drinking water
production, on the one hand, and sufficiently simple and
rapid to be used in routine measurement, on the other hand.

The standard procedure for estimating nitrifying bacterial
abundance is the most probable number method (MPN) [4]
but this technique considerably underestimates the abun-
dance of such bacteria [6]. Moreover, as we were working
with fixed nitrifying bacteria, the use of this technique
needed a prior quantitative detachment of the cells, which
was difficult to perform [27]. Another technique recently
proposed is to estimate nitrifying biomass in the aquatic
environment and in sediments by measuring potential
nitrifying activity, which is considered proportional to the
biomass [11]. Oxidation of ammonia to nitrate is
accompanied by CO2 incorporation for biomass synthesis.
By measuring the difference between14C-CO2 incorpor-
ation in two subsamples, one untreated and the other treated
with a specific nitrification inhibitor, the carbon incorpor-
ation rate by nitrification was determined and the nitrogen
oxidation rate calculated knowing the C incorporated/N
oxidized yield [7,8,18,33,38]. The disadvantage of this
technique for our purposes was the difficulty in performing
routine experiments with radioactive compounds in water
treatment plants and the required detachment of the cells
from the support for measuring incorporated radioactivity.

Recently, the immunofluorescence technique [9] and
methods based on genomic data using the polymerase chain
reaction (PCR) [15] have been applied to the detection of
Nitrobacter in aquatic environments. Newly developed
fluorescent in situ hybridization (FISH) [2] has been
applied by several authors for detection of nitrifying bac-
teria in activated sludge [30,40]. However, due to methodo-
logical (detection limit, availability of probes for all the
nitrifying species, specificity of the probes, difficulty in
detecting fluorescence on a solid support) and cost prob-
lems, these methods are not yet useful for routine appli-
cation.

The method proposed in this work is based on a direct
measurement of bacterial potential activity; it is based on
the fact that the nitrification rate in potential (or optimal)
conditions (temperature, ammonia concentration, pH, oxy-
gen concentration) is proportional to the nitrifying bacterial
biomass colonizing the solid support [6,11]. This approach
is already used routinely for the estimation of fixed hetero-
trophic biomass [27]. In our case, the potential nitrifying
activity was determined from the production rate of oxid-
ized nitrogen (NO−2 and NO−

3). Tests conducted to deter-
mine the optimal conditions and the first application to full
scale biological filters are presented.

Materials and methods

Origin of the samples
For the tests presented in this paper, samples of nitrifying
bacteria fixed onto sand were collected in a pilot filter con-
taining 50 cm3 of filtration material. The pilot filter was fed

with tap water at a temperature of 20± 5°C and free of
nitrites and chlorine but enriched with ammonia at a con-
centration of 2 mg N-NH4 L−1. The filtration material was
colonized by bacteria present in the tap water. The empty
bed contact time in the columns was 10 min. Fixed biomass
samples were collected after complete colonization of the
sand by both ammonia-oxidizing and nitrite-oxidizing bac-
teria. At this moment, ammonia was completely oxidized
into nitrate during filtration.

Samples from a full-scale activated carbon filter were
collected in the St Rose treatment plant (Laval, Quebec,
Canada). The ammonia concentration entering this second-
stage filter ranged between 0.02 and 0.15 mg N-NH4 L−1

and the empty bed contact time was 20–30 min. Water
samples were drained from different depths in the filter and
solid medium samples were removed from the filter using
a core sampler.

Potential nitrifying activity
Potential nitrifying activity was determined by incubating
duplicate samples of colonized filtration material in a
nitrifying medium [29] (2 g L−1 NaCl, 0.05 g L−1

MgSO4 · 7H2O, 0.5 g L−1 K2HPO4, 0.017 g L−1 NaHCO3,
2 ml L−1 of a chelated metals solution [13]), adjusted to pH
8.0. This pH value was in the optimal range (7.0–8.2) for
the nitrification process mentioned in a literature review
[3]. We verified that the pH value did not significantly
decrease during the incubation. The medium was enriched
with ammonia chloride (see the section ‘routine procedure’
in Results and discussion). Nitrate and nitrite concen-
trations were measured after incubation by a colorimetric
method [25] to measure the production of oxidized
ammonia and thus the nitrification activity of fixed
ammonia- and nitrite-oxidizing populations. The colori-
metric method consists in measuring nitrites before and
after a reduction of nitrates by shaking the medium on cad-
mium. In all our experiments, no nitrite was detected before
reduction on cadmium.

Ammonia
NH4 was measured in duplicate samples using the indo-
phenol colorimetric method [1]. This method is fairly
accurate (± 3 mg N-NH4 L−1) at low ammonia concen-
trations (detection limit 5mg N-NH4 L−1).

Results and discussion

Determination of the optimal conditions for nitrifying
activity
Nitrifying activity of fixed ammonia- and nitrite-oxidizing
populations was first measured at various temperatures (10–
35°C). Duplicate samples were incubated in a nitrifying
medium containing 10 mg N-NH4Cl L−1 (Figure 1). The
optimal temperature was determined by a Gauss function,
which classically fits the effect of the temperature on
microbial process [28]. The optimal temperature was
32.0± 2.4°C. This value was in the optimal temperature
range (between 25°C and 35°C) mentioned in a literature
review for the nitrification process [20].

To determine the saturating ammonia concentration,
duplicate samples of sand containing fixed nitrifying bac-
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Figure 1 Effect of temperature on nitrifying activity of a mixed bacterial
population fixed on sand originated from a laboratory pilot filter.

teria were incubated at various added ammonia concen-
trations (0–10 mg N-NH4 L−1 added) at 32°C (Figure 2). A
half-saturation constant (Km) of 2.2± 0.4 mg N-NH4 L−1

was determined. Copp and Murphy [14] mentioned, in their
literature review, half-saturation constants for mixed
nitrifying populations between 0.06 and 5.6 mg N L−1. To
be sure to reach a saturating concentration of ammonia and
thus a maximal nitrification rate, an initial concentration of
10 mg N-NH4 L−1 was chosen for routine measurement of
the potential nitrifying activity. This concentration was five
times the half saturation constant determined experimen-
tally.

Two factors determined the incubation time required to
measure the oxidized nitrogen formation rate: the substrate
had to remain at a saturating concentration of ammonia
throughout the incubation and the quantity of oxidized
nitrogen produced had to be detectable. When a 2-cm3 sand
sample was incubated in 5 ml of nitrifier medium enriched
by 10 mg N-NH4 L−1 at 32°C, the formation of nitrate was

Figure 2 Relationship between nitrifying activity and initial concen-
tration of ammonia in the incubation medium at 32°C. Determination of
the half saturation constant for a mixed nitrifying bacterial population
fixed on sand originated from a laboratory pilot filter.
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linear for about 60 min, then the nitrifying activity
decreased until the substrate was completely oxidized
(Figure 3). An incubation period of 30 min seemed reason-
able for our experimental conditions. As this incubation
time was lower than the minimum generation time of the
nitrifying bacteria (td = 15–70 h) [14], the production of
oxidized nitrogen measured was due only to the biomass
present at the sampling time.

Nitrification is a two-step aerobic chemoautotrophic pro-
cess, which consumes important quantities of oxygen. The
theoretical value of oxygen consumption for complete nitri-
fication is 4.27 mg O2 mg−1 N-NH4. To oxidize ammonia
completely into nitrate, a minimum concentration of 4 mg
O2 L−1 in the incubation system is necessary to avoid a
decrease in effectiveness of the transformation and thus for-
mation of nitrite [26]. In order to ensure saturation of oxy-
gen, samples were aerated during the incubation period by
air bubbling using an aquarium pump.

Tests showed that without suitable washing of the solid
sample, the final concentration of nitrate was higher than
the initial concentration of non-oxidized nitrogen. As a mat-
ter of fact, the solid material and the interstitial liquid could
trap nitrite and nitrate as well as ammonia, and release these
compounds during incubation. The colonized filtration
material was therefore washed by the nitrifier medium with-
out ammonia to avoid interference. As it was impossible to
eliminate all traces of oxidized nitrogen, nitrate and nitrite
were measured at the beginning of the incubation (t0) and
these values were subtracted from the values measured at
the end of incubation to obtain the concentrations produced
during incubation.

Routine procedure
From the tests described above, the routine procedure pro-
posed to measure potential activity of nitrifying bacteria
fixed on the solid support was as follows: three duplicate
samples of 2-cm3 colonized material were washed several
times with the nitrifier medium without ammonia. A dupli-
cate sample was then incubated at 32°C for 0, 15 or 30 min
in 5 ml of nitrifier medium [29] containing 0.037 g L−1

Figure 3 Determination of the optimal incubation time for a 2-cm3 sand
sample incubated at 32°C in a medium containing 10 mg N-NH4 L−1.
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NH4Cl (10 mg N-NH4 L−1). While it was incubated, the
medium was oxygenated by air, which was purified by
passing it through a sulphochromic solution. After incu-
bation, the supernatant was filtered through a 0.2-mm pore
size filter to stop the biological reactions by removing the
bacteria and then frozen until analysis. Nitrate and nitrite
concentrations were measured before and after incubation
by a colorimetric method [25] to determine the biological
oxidation of ammonia. The experimental design is shown
in Figure 4.

In the routine procedure, the concentrations of nitrate and
nitrite were measured in each sample containing 2-cm3 fil-
tration media, after an incubation period of 0, 15 or 30 min
in 5 ml nitrifier medium in potential conditions. The results
were then plotted against time and the slope (a) was
determined. Potential nitrifying activity (PNA) was calcu-
lated as follows, considering the volume of nitrifier
medium, the incubation time and the volume of samples
used in our procedure:

PNA (mg N/(h * cm3)) =

a (mg N/(min * 1)) *
5

1000* 60 *
1
2

The accuracy of the method was determined on 160
samples. For each of them, the potential nitrifying activity
was measured by incubating a set of three duplicate sub-
samples. Samples were collected from pilot and full-scale
filters (sand and granular activated filters) fed with different
ammonia concentrations ranging from 0 to 2 mg N L−1. The
standard error was calculated on the slope determined when
the production of nitrates and nitrites was plotted against
time. The average standard error on potential nitrifying
activity, according to these tests was 15%. This percentage
includes the errors in incubation time, sampling volume of
the solid support, the heterogeneity of the fixed biomass
on the solid support and the measurement of the oxidized
nitrogen after incubation.

Two examples of the measurement of potential nitrifying
activity of fixed nitrifying biomass showing the accuracy
of the method are shown in Figure 5. The samples were
collected from a lab-scale pilot filter filled with sand. A
duplicate of each sample was incubated according to the

Figure 4 Experimental design used for measurement of the potential
nitrifying activity: the solid sample supported fixed bacterial biomass
(2 cm3); the nitrifier medium contained 10 mg N-NH4 L−1 and the water
bath was heated to 32°C.

Figure 5 Two examples of the determination of potential nitrifying
activity for a mixed nitrifying bacterial population fixed on sand (samples
originated from a laboratory pilot filter).

routine procedure and the results shown were the average
value of the nitrate concentration measured in the dupli-
cates. No nitrites were detected after incubation showing
that both nitrifying populations (ammonia- and nitrite-oxid-
izing bacteria) were present.

As nitrification activity measured in potential conditions
is proportional to nitrifying biomass, the approximate
amount of nitrifying biomass (sum of ammonia- and nitrite-
oxidizing biomass) can be estimated by using the maximum
specific activity of ammonium- and nitrite-oxidizing bac-
teria according to the following equation [6,11]:

B =
PNA
ASsp1

+
PNA
ASsp2

whereB is the sum of the ammonia oxidizing biomass and
the nitrite oxidizing biomass (mg C cm−3 support); PNA is
the potential nitrifying activity [mg N/(h* cm3 support)];
ASsp1

, the maximum specific ammonia oxidizing activity
[mg N/(mg C * h)]; ASsp2

, the maximum specific nitrite
oxidizing activity [mg N/(mg C * h)].

For the calculation of fixed nitrifying biomass, the
maximum specific oxidization activities recently proposed
by Brion and Billen [11] were used: respectively ASsp1

=
0.7× 10−3 mg N/(mg C * h) and ASsp2

= 2.9× 10−3 mg
N/(mg C * h).

Application on full-scale filters
As an example of application of the proposed procedure,
the vertical distribution of nitrifying biomass in a second-
stage activated carbon filter at the St Rose treatment plant
(Laval, Quebec, Canada) was determined. The potential
nitrifying activity and ammonia concentration were meas-
ured for samples collected at different depths in the filter
(Figure 6). The nitrifying biomass decreased with increas-
ing depth, as the substrate concentration in the water
decreased. However, nitrifying biomass persisted in the
lower part of the filter, even though the ammonia had been
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Figure 6 Distribution of the autotrophic nitrifying biomass and the
ammonia concentration as a function of depth in a downflow second-stage
biological activated carbon filter (drinking water production plant of St
Rose, Laval, Quebec, Canada).

completely oxidized in the first 25 cm of the filter. Similar
profiles of bacterial distribution have already been meas-
ured for heterotrophic biomass fixed on filtration material
[32,35].

Conclusions

A technique for the estimation of autotrophic nitrifying
biomass fixed on a solid material in biological filters is pro-
posed. This method is appropriate for the conditions
encountered in the biological filters used in drinking water
production, with ammonia inlet concentrations up to 2 mg
N L−1, and easy to use for routine measurement. Nitrifying
biomass can thus be traced along biological filters. The
technique is helpful for identifying the factors controlling
nitrification efficiency in biological filters used in drinking
water production in order to optimize the biological
removal of ammonia. The estimation of fixed nitrifying
biomass can be used to improve the modeling of biological
filters and can lead to a better understanding of competitive
effects with the heterotrophic biomass for the space and the
oxygen in a mixed biofilm.
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