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Abstract  

The ammonia oxidation rate by sewage sludge was determined as a function of the dissolved oxygen tension. 
Samples of sludge were taken from a domestic waste water treatment pilot plant in which sludge was completely 
retained by membrane filtration. The samples were subcultured chemolithotrophically in recycling reactors. The 
gas supplied was a mixture of pure argon and oxygen. The Ko2 for ammonia oxidation was estimated to be 0.97 
(=t= 0.16) kPa dissolved oxygen. Together with ammonia oxidation and oxygen consumption, dinitrogen gas was 
produced. So, aerobic denitrification occurred. At dissolved oxygen tensions of 1.25 kPa and higher, the dinitrogen 
production rate (per N-mole) equalled 20% of the ammonia oxidation rate. This proportion was even 58% at 
0.3 kPa dissolved oxygen. At 0.15 kPa dissolved oxygen, however, nitrification hardly proceeded, while dinitrogen 
production soon stopped. Most likely, a nitrifier concomitantly oxidized ammonia and reduced nitrite to dinitrogen. 

Introduct ion 

The removal of nitrogen containing compounds during 
the aerobic treatment of domestic waste water is tradi- 
tionally regarded to consist of two distinct processes. 
At first, in two successive steps ammonia is oxidized 
to nitrate by autotrophic nitrifiers. Subsequently, if the 
treatment plant possesses an anoxic zone, nitrate is 
denitrified to nitrogen gas by heterotrophic bacteria. 
More recently, however, evidence has been reported 
that this distinction is not strict. 

The autotrophic nitrifiers involved are Nitro- 
somonas spp. and Nitrobacter spp. (Koops et al. 1991; 
Painter 1986). Members of the first genus oxidize 
ammonia at the respiratory chain, which yields nitrite 
in two successive steps (see Hooper 1987; Wood 1986 
for extensive reviews): 

NH3 +O2 +2H + + 2 e -  ~ NH2OH +H20  (1) 

NH2OH + H20 ---, NO~- + 5H + + 4e- (2) 

One pair of the electrons produced in the second reac- 
tion is utilized in the first step. The other pair flows 
to the terminal cytochrome c oxidase. This enzyme 
reduces oxygen according to: 

0.502 + 2H + + 2e- ---, H20 (3) 

Additionally, electrons are used for the generation of 
reductant power (NAD(P)H) via reversed electron flow, 
and might flow to a nitrite reductase (DiSpirito et al. 
1985; Miller & Nicolas 1985). Regardless these flows, 
the net reaction is: 

NH3 + 1.502 ~ NO~- + H + + H20 (4) 

Subsequently, nitrite thus formed is oxidized by 
Nitrobacter spp. according to: 

NO~- + H20 ~ NO 3 + 2H + + 2e- (5) 

Again, electrons are involved in NAD(P)H formation. 
Also, a nitrite reductase has been purified (Ahlers et 
al. 1990), which might accept electrons at anoxic con- 
ditions. If  electrons only flow to the terminal oxidase, 
as in eq. (3), the net reaction is: 
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NO~- + 0.502 --+ NO; (6) 

These nitrification reactions, which are needed for 
energy generation, were considered to be confined to 
oxic conditions as oxygen is consumed. In agreement 
with this, the activity of nitrifiers have been shown to 
be strongly reduced at low oxygen tensions (Hanaki et 
al. 1990; Laanbroek & Gerards 1993; van Niel et al. 
1993). 

Denitrification is carried out by many heterotrophic 
bacteria that use an oxidized nitrogen source as an elec- 
tron acceptor in stead of oxygen. Electrons released by 
the oxidation of organic substrates may be used by 
several subsequent reductases. Complete nitrate respi- 
ration is as follows (see Stouthamer 1988; Zumft et al. 
1988 for overviews): 

NO~" + 2H + + 2e- --* NO~" + H20 (7) 

NO~- +2H + + e -  --+ NO +H20 (8) 

2NO + 2H + + 2e- ~ N20 -J- H20 (9) 

NzO + 2H + + 2 e -  --+ Nz + H20 (10) 

Since the energy gained with denitrification is lower 
than with oxygen reduction, denitrification was con- 
sidered only to occur at anoxic conditions. 

In contrast to these conventional nitrification and 
denitrification pathways, other processes have been 
reported. For instance, ammonia and nitrate can simul- 
taneously be converted to nitrogen gas at anoxic con- 
ditions (Van de Graaf et al. 1990). Also, bacteria that 
denitrify in the presence of oxygen have been isolat- 
ed. Among them are heterotrophic species, such as 
Thio~phaerapantotropha (Robertson & Kuenen 1989) 
and Alcaligenes sp. (Krul 1976), and autotrophic nitri- 
tiers. 

At oxic and anoxic conditions, Nitrosomonas spp. 
are able to form nitric oxide and nitrous oxide by the 
biological reduction of nitrite (Poth & Focht 1985; 
Remde & Conrad 1990; Ritchie & Nicholas 1972). 
Once has dinitrogen production been demonstrated for 
a Nitrosomonas sp. which had been isolated from a 
stream sediment receiving a lot of nitrogen deposition 
(Poth 1986); since the widely used N. europaea ATCC 
19718 formed nitrous oxide instead, complete denitri- 
fication is not a universal characteristic of ammonia 
oxidizers. At aerobiosis, the production rates of nitric 
and nitrous oxides depend on the nitrite concentration 
(Anderson & Levine 1986; Bock et al. 1992), whereas 

most authors have reported an inverse relationship with 
the dissolved oxygen tension (Goreau et al. 1980; Lip- 
schultz et al. 1981; Poth & Focht 1985; Striven et al. 
1992). At the optimal dissolved oxygen tension, i.e., at 
0.5-1.0 kPa, I0% of the nitrite formed was shown to 
be reduced to nitrous oxide by a marine strain (Gore- 
au et al. 1980), 2.5% to nitrous oxide and 3.8% to 
nitric oxide by a strain isolated from soil (Lipschultz et 
al. 1981), and a nitrogen loss of 11% was found with 
strain Freitag, which even increased to 19% in the 
presence of pyruvate (Striven et al. 1992). At anoxic 
conditions nitrite is not respired chemolithotrophical- 
ly (Abeliovich & Vonshak 1992; Hynes & Knowles 
1984; Striven et al. 1992), but nitric and nitrous oxides 
may emerge at mixotrophic conditions (Abeliovich & 
Vonshak 1992; Striven et al. 1992). So, the denitrifica- 
tion activities of Nitrosomonas spp. are substantial at 
low dissolved oxygen tensions. 

The denitrifying capacities ofNitrobacter spp. have 
been studied less extensively. At aerobic conditions 
most strains are unable to denitrify (Bock et al. 1992; 
Freitag et al. 1987; Hynes & Knowles 1984). Some 
strains have been shown to grow in oxygen-depleted 
batch cultures which were supplied with pyruvate, 
ammonia and nitrate (Freitag et al. 1987). Then, 
pyruvate and nitrate were consumed, while ammonia 
accumulated and nitrous oxide emerged. Nitric oxide, 
which is sometimes produced at low dissolved oxygen 
tensions, might be involved in the formation of NADH 
(Bock et al. 1992; Freitag & Bock 1990). 

This study aims to determine the nitrification capac- 
ity of sewage sludge as a function of the oxygen ten- 
sion. For this purpose, sewage sludge was taken from 
a domestic waste water treatment pilot plant in which 
sludge was completely retained by membrane filtra- 
tion. The samples were subcultured chemolithotrophi- 
cally in gas-tight recycling reactors. The gas supplied 
was a mixture of pure argon and oxygen. Since nitri- 
fication was unexpectedly accompanied by consider- 
able nitrogen gas production, it is additionally aimed 
at to identify the potential denitrification process. For 
this purpose, redox balances are used to compare gas 
exchange rates to nitrifcation rates. 

Materials and methods 

Source of sludge 

Activated sludge was taken from an experimental 
domestic waste water treatment plant operated at 
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Fig. 1. Configuration ofrecycling reactors used;temperature and pH 
controllers are not represented. Before sampling filtrates, membrane 
units were rinsed by filtrate circulation (dashed arrow). 

the Netherlands Organization for Applied Scientific 
Research (TNO) in Delft. For 9 months sludge had 
completely been retained by membrane filtration (see 
Muller et al. 1995a, for a complete description). Oper- 
ating conditions in the week prior to sampling were: 
the pH ranged between 6.7 and 6.9; the kjeldahl nitro- 
gen load was 8.5 mmol-1- i.day- t; the temperature was 
around 200 C; the dissolved oxygen tension near the 
entrance of influent ranged between 0.4 and 2.6 kPa; 
the tension furthest from the entrance exceeded 17 kPa 
(1 kPa = 14 #M dissolved oxygen in pure water at 
20 ° C). The sludge concentration (dry weight) in the 
plant was 49 g-- ]; sludge consisted of a dense suspen- 
sion of free cells, very small flocs (< 50 #m) and floc 
fragments. Ammonium and nitrite were undetectable 
in the effluent. 

Reactor configuration and culture conditions 

Sludge was diluted with effluent to 27-29 g.1-1 (dry 
weight) and 1.21 samples were cultured in reactors with 
complete sludge retention (recycling reactors; see Fig. 
1). The devices were designed and manufactured by the 
Electronic and Mechanical Workshop of the Faculty of 
Biology, Vrije Universiteit, Amsterdam, The Nether- 
lands. In recycling mode, medium was continuously 
supplied at a fixed rate. An optical level controller reg- 
ulated the effluent (filtrate) pump such that the volume 
was kept constant. Sludge was completely retained 
by Teflon filters that had a poresize of 0.22 #m (type 
GV, Millipore, Bedford, USA). Filters were sealed and 

placed over a socket ofsintered steel; subsequently, this 
unit was placed in the reactor vessel (see Schrickx et al. 
1993). Process constants were as follows: the pH was 
kept at 7.0 with 0.6 M Na2CO3; the temperature was 
300 C; the substrate provision rate was 0.1 1.h- 1; the 
dissolved oxygen tension was polarographically mea- 
sured (electrode type INPRO 6001, Ingold, Urdorf, 
Switzerland), and was kept constant by the regulation 
of the stirrer speed, which always exceeded 700 rpm. 
Chemolithotrophic medium contained 3 mM KH2PO4, 
1 mM CaCl2, 15 #M FeC13, 1 #M Na2MoO4, 10 #M 
ZnSO4, 0.5 mM MgSO4, 2.5/~M CHSO4, 5 #M COC12, 
30 #M MnCI2, 5 #M H3BO3, 0.3 m_M HC1, 5 mM 
H2SO4; nitrogen source was 2.7 mM (NH4)2SO4. 

Gas mixtures were obtained by blending pure argon 
and pure oxygen with mass flow controllers (type 5878, 
Brooks Instruments B.V., Veenendaal, The Nether- 
lands). The gas supply rate was 10-15 1-h -1. Spe- 
cial attention was paid to the exchange of gas with 
the environment. Off-gas from the reactors filled with 
destilled water and flushed with pure argon did not 
contain nitrogen and oxygen, while the carbon dioxide 
and hydrogen content was lower than 0.001% (v/v). 
The remainder was argon. Off-gas from reactors with 
sludge not fed with medium and supplied with gas mix- 
tures of argon and oxygen contained argon and oxygen 
in almost the same ratio as that in the gas inlet; nitro- 
gen was not detected (see Fig. 2). Small deviations 
in oxygen and carbon dioxide contents resulted from 
endogenous respiration. Hence, it was concluded that 
the reactors were gas-tight. 

Experimental set-up and analysis 

Three sludge samples were cultured in batch mode 
for 1 day. After endogenous respiration had stabilized, 
ammonium was added until approximately 5 mM was 
reached as a final concentration. Then, the supply of 
chemolithotrophic medium was started, a filter unit was 
implemented and the controller for filtrate removal was 
switched on (see Fig. 1). In this way, the reactor config- 
uration was changed to recycling mode, i.e., effluent 
was removed while sludge was completely retained, 
which enabled the determination of nitrification rates 
at a non-inhibitory nitrite concentration (see Muller et 
al. 1995b). Subsequently, the dissolved oxygen ten- 
sions were adjusted to 5, 2.5 and 1.25 kPa, respec- 
tively (1 kPa = 12 #M dissolved oxygen in pure water 
at 300 C). To get these tensions, the ratios of argon 
and oxygen in the gas supply and gas flow rates were 
changed. When ammonium and nitrite had become 
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undetectable with test strips (Merckoquant, Merck, 
Darmstadt, Germany) and oxygen concentrations in 
inlet and outlet gas had become equivalent, indicating 
the nitrification reactions had ceased, the medium sup- 
ply was switched off. Then, the samples were aerated 
in batch mode for 4 hours. Subsequently, experiments 
were repeated at 0.6, 0.3 and 0.15 kPa dissolved oxy- 
gen using new filter units. 

At regular time intervals, 5 ml samples of effluent 
were taken to be photometrically analysed on ammo- 
nium, nitrite and nitrate (Autoanalyzer II, Technicon 
Industrial Systems, Tarry Town, NY). To rinse the fil- 
ter units, filtrate was circulated before sampling efflu- 
ent (see Fig. 1). The dry weight of reactor contents 
were determined as described by the American Pub- 
lic Health Association (1980). Gas analysis was done 
with a mass spectrometer (MM8-80F, VG Gas Analy- 
sis Systems Ltd., Middlewich, England); gases deter- 
mined were N2, 02, Ar, COz and H2. 

To determine maximal ammonium consumption 
rates, it was assumed that only one species was present 
which oxidized ammonia to nitrite; growth of the nitri- 
fying population was negligible; and kjeldahl-nitrogen 
was neither consumed nor released as a result of (cryp- 
tic) growth, predation, etc. Since culture volumes, 
medium supply and effluent removal rates were kept 
constant, the ammonium concentration ([NH4]t, in 
raM) is described by (Muller et at. 1995b): 

[NH4]t = [NH4]~ + 
([NH4]o - [NH,]. + r,,.~D-~)e - m  

(11) 

in which subscript r denotes medium reservoir, D is the 
effluent removal rate as a fraction of the culture volume 
in h -1, and r~s is the rate of ammonium consumption 
in mmol . l - l .h  -1 . When the ammonium concentration 
was sufficiently high to avoid substrate limitation, i.e., 
higher than 1 mM, r,~s was regarded as a parameter 
with respect to the ammonium concentration (Prosser 
1989; Muller et al. 1995b). To compare ammonium 
consumption rates, rns was expressed as a fraction of 
the sludge concentration (X, in g MLSS.I-1), so q,~_-- 
r,~.X - t .  

The dissolved oxygen tension at which the ammo- 
nium consumption rate was half that at excess oxygen 
(saturation constant, Ko2) was determined with kinet- 
ics equivalent to that of Monod, except that substrate 
consumption rates were used in stead of growth rates. 
Data analysis was performed with Kaleidagraph ver- 
sion 2.1 for Macintosh (Abelbeck Software, Redding, 
PA, USA). 
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Fig. 2. Ar (x--x) and N2 (o- - -o) contents (v/v) in outlet gas at 
1.25 and 0.15 kPa dissolved oxygen. The contents of gases not shown 
were O2 (approx. 50% and 10%, respectively) and CO2 (< 0.2%). 
After addition of NH4 + to a final concentration of about 5 mM (at 
t = 27 h and 34 h), the batch cultures were changed to recycling 
mode (RC; see Fig. 1). Subsequently, the gas flow rate and the ratio 
of Ar and 02 in the inlet gas were changed to maintain the dissolved 
oxygen tensions imposed. N2 and O2 concentrations in outlet gas 
after stabilization of the Ar content were taken for evaluation (see 
text). 

Results 

During the first day sludge samples were aerated 
in controlled batch reactors to let oxidizable com- 
pounds still present to be removed. At a dissolved 
oxygen tension higher than 10 kPa, oxygen con- 
sumption rates were initially 44 and decreased till 
25 #mol .g-  lh-  1. Carbon dioxide production dropped 
from 39 to 15 #mol .g- l .h  -1. The lower values, 
which were stable, resulted from heterotrophic endoge- 
nous respiration. Nitrogen gas production was not 
observed (see Fig. 2). When batch cultures were turned 
into chemolithotrophically operated recycling reactors, 
which are continuous cultures with complete sludge 
retention, dissolved oxygen tensions imposed were 
reached within half an hour. 

The change in mineral nitrogen content in the recy- 
cling reactors was a function of the dissolved oxy- 
gen tension, as is illustrated by the concentration of 
ammonium, nitrite and nitrate in effluents. Figure 3a, 
4a and 5a show the results acquired at 2.5, 0.6 and 
0.15 kPa dissolved oxygen, respectively. At 2.5 kPa 
dissolved oxygen, it took 2 hours before ammonium 
became exhausted, while at 0.15 kPa, the ammoni- 
um concentration after 18 hours had only declined to 
2.7 mM. At 5 kPa dissolved oxygen, ammonium dis- 
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Table 1. Ammonium consumption rates (qns) and denitrification characteristics when 
dinitrogen production rates (qN2) were stable. 

Dissolved qns qN2 N2 produced per 
oxygen tension NH4 consumed 
kPa /zmol-g-l.h -1 /zmol.g-kh - l  N-mole per N-mole 

a I 

0.15 8.22 4- 0.95 - - - 
0.30 25.36 4- 0.55 7.35 4- 0.10 0.58 0.42 
0.60 46.33 4- 1.29 10.99 4- 0.25 0.47 0.55 
1.25 65.94 4- 1.09 6.90 4- 0.28 0.21 0.72 
2.50 84.76 4- 0.83 8.45 4- 0.08 0.20 0.74 
5.00 93.23 4- 1.37 10.86 4- 0.11 0.23 0.74 

1 Fraction of electrons used for oxygen reduction at coupled ammonia oxidation and 
nitrite respiration. 

Table 2. Allocation of mineral nitrogen compounds for the period that the 
dinitrogen production was stable. 

Dissolved Effluent Reactor vessel Nitrogen gas Recovery 
oxygen tension % % % % 
kPa 

0 . 1 5  . . . .  
0.30 17.3 84.1 7.1 108.4 
0.60 13.2 87.3 8.1 108.5 
1.25 10.4 92.2 4.7 107.3 
2.50 8.7 94.4 4.5 107.6 
5.00 6.9 94.5 4.7 106.1 

appeared slightly faster than at 2.5 kPa. At the inter- 
mediate tensions, i.e., 1.25 and 0.3 kPa dissolved oxy- 
gen, removal times were 3 and 7 hours, respectively. 
The activity of  nitrite oxidizers was also a function 
of  the dissolved oxygen tension, as can be seen from 
the accumulation of  nitrate (see Fig. 3a, 4a and 5a). 
At  high dissolved oxygen tensions, the nitrate concen- 
tration increased, whereas this concentration slowly 
decreased at the lowest dissolved oxygen tension. This 
decline was slower than expected from the dilution 
rate of  the soluble reactor contents (i.e., 0.08 h - l ) ,  
so, nitrite was still oxidized. The nitrite concentration, 
which is a function of  nitrification and probably denitri- 
fication activities (see Discussion), increased together 
with a decreasing ammonium concentration at 5, 2.5 
and 1.25 kPa dissolved oxygen; the maximal concen- 
trations observed were 60, 40 and 15 #M,  respectively. 
At  0.6 kPa dissolved oxygen, nitrite concentrations 
were around 1 0 / t M  when the ammonium concentra- 
tion declined. At  0.3 and 0.15 kPa dissolved oxygen, 

nitrite was still present after 18 hours at a concentration 
of 9 and 4 #M, respectively. 

For the period that the ammonium concentration 
was sufficiently high to avoid substrate l imitation, the 
ammonium concentration was fitted as a function of  
t ime with eq. (11) (see Table 1). Ammonium con- 
sumption rates were satisfactorily estimated since stan- 
dard errors were small. Figure 3a, 4a and 5a show 
that the fits at 2.5, 0.6 and 0.15 kPa dissolved oxy- 
gen were quite acceptable; those at the dissolved oxy- 
gen tensions not shown were equally good. The rates 
were used to estimate the maximal rate and the satu- 
ration constant for ammonium consumption (Ko2) as 
function of  the dissolved oxygen tension, which were 
114.54 (4- 6.75) # m o l . g - l . h  -1 and 0.97 (-t- 0.16) kPa 
dissolved oxygen, respectively (data not shown). 

To calculate rates of dinitrogen production and oxy- 
gen consumption, the effects of  experimental artifacts 
had to be omitted. Since filters were introduced at the 
start of  the experiments, some gas exchange with the 



environment was inevitable. Moreover, flow rates and 
ratios of oxygen and argon in the gas supply were 
changed to cope with the oxygen demand at the dis- 
solved oxygen tensions imposed (see Fig. 2 for exam- 
ples). Data affected by these artifacts were omitted 
using the argon concentration in outlet gas as this gas 
is inert. Only those oxygen and nitrogen concentra- 
tions were considered for which holds that the argon 
concentration had stabilized. As a consequence, data 
were not available until 0.5-1.3 hour after the start of 
the experiments. 

The oxygen consumption rate corrected for endoge- 
nous respiration also show that nitrification rates 
depended on the dissolved oxygen tension. At 5 kPa 
dissolved oxygen, the oxygen consumption rate cor- 
rected for endogenous respiration was maximally 
0.2 mmol.g-l-h -1 (data not shown). At lower dis- 
solved oxygen tensions, oxygen consumption rates 
were lower, which is illustrated by the results obtained 
at 2.5 and 0.6 kPa dissolved oxygen (see Fig. 3b and 
4b). At 0.15 kPa dissolved oxygen, the oxygen con- 
sumption rate corrected for endogenous respiration 
dropped rapidly after 2 hours (see Fig. 5b). So, after a 
period of adaptation, nitrification proceeded slowly at 
the lowest dissolved oxygen tension. 

Dinitrogen production accompanied oxygen con- 
sumption at all dissolved oxygen tensions (see Fig. 3b, 
4b and 5b). As Fig. 2 exemplifies, dinitrogen was nev- 
er detected in the outlet gas before ammonium addi- 
tion and after ammonium exhaustion. At 5, 2.5 and 
1.25 kPa dissolved oxygen, the dinitrogen production 
rate increased for 1-1.5 hour and then stabilized at 7-  
11 #mol .g- l .h  -1. At 0.6 and 0.3 kPa dissolved oxy- 
gen, this rate was initially higher and stabilized after 
1 hour at 11 and 8 #mol.g-l-h -~, respectively. At 
the lowest dissolved oxygen tension, the production 
of dinitrogen stopped when the oxygen consumption 
rate corrected for endogenous respiration dropped (see 
Fig. 5b). Consequently, the dinitrogen production rate 
was independent of the dissolved oxygen tension when 
higher than 0.15 kPa, and was coupled to the con- 
sumption of oxygen. In addition, dinitrogen was only 
produced when ammonium was detectable. 

The dinitrogen production rate as a fraction of the 
ammonium consumption rate was calculated for the 
period that the gas exchange was stable (see Table 1). 
At 1.25 kPa dissolved oxygen and higher, the denitrifi- 
cation rate (per N-mole) was about 20% of the ammo- 
nium oxidation rate. This percentage increased at lower 
dissolved oxygen tensions and was largest at 0.3 kPa, 
when the dinitrogen production rate was almost 60% 
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of the ammonium consumption rate. At 0.15 kPa dis- 
solved oxygen, this fraction could not be determined 
since dinitrogen production did not stabilize (see Fig. 
5b). 

The allocation of mineral nitrogen compounds were 
determined for the period that the nitrogen gas produc- 
tion was stable (see Table 2). Mineral nitrogen initial- 
ly present plus nitrogen supplied was taken as 100%. 
The main part, mostly nitrate, remained in the reac- 
tor vessel. The part that was removed with effluent 
depended on the experimental duration. The percent- 
age that was completely denitrified ranged from 4.5 to 
8.1%, which is low as a result of the high contribu- 
tion of nitrate to the balances. Nitrous oxide and nitric 
oxide were not determined. However, their emergence 
could not have been substantial as the nitrogen recov- 
ery always exceeded 100%. The recovery of mineral 
nitrogen compounds were between 106% and 109%. 
This does not indicate a substantial nitrogen release 
due to endogeneous respiration, since the endogeneous 
carbon dioxide production and the carbon to nitrogen 
ratio of sludge (6-7 mol/mol) justified a deviation of 
less than 1%. So, those deviations should have been a 
result of experimental inaccuracies. 

Discussion 

Activated sludge that was taken from a pilot plant with 
complete sludge retention was chemo-lithotrophically 
subcultured in recycling reactors. The nitrification 
rates were determined as a function of the dissolved 
oxygen tension. In addition to nitrification reactions, 
considerable dinitrogen production was observed. 
Hence, nitrification and denitrification proceeded con- 
comitantly. After a discussion on the nitrification rates 
determined, this section centers to the reduction and 
oxidation reactions possibly involved in the denitrifi- 
cation activities observed. 

The nitrification rates by activated sludge clearlv 
depended on the dissolved oxygen tension. The sat- 
uration constant of oxygen consumption by ammonia 
oxidizers (Ko2) was determined at 0.97 kPa dissolved 
oxygen. This value is in agreement with determinations 
obtained with cocultures of Nitrosornonas europaea 
and Nitrobacter agilis (Laanbroek & Gerards 1993), 
monocultures of Nm. europaea (Niel et al. 1993) and 
activated sludge from a mixed flow reactor (Hanaki et 
al. 1990). The maximal nitriteconsumption rates could 
not be determined with first order kinetics, because the 
nitrite concentrations were lower than the saturation 
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constants reported (Prosser 1989). It seems, though, 
that the nitrite consumption rates were less affected by 
the dissolved oxygen tension than the ammonium con- 
sumption rates, since nitrite accumulated more at high 
than at low dissolved oxygen tensions (see Fig. 3a and 
4a). In contrast to this, the activities ofNitrobacter spp. 
have been shown to be more reduced at low dissolved 
oxygen tensions than that of Nm. europaea (Hanaki et 
al. 1990; Laanbroek & Gerards 1993). This paradox is 
explained by the substantial nitrite respiration at low 
dissolved oxygen tensions (see below). 

Dinitrogen was produced during ammonia oxida- 
tion and oxygen consumption at dissolved oxygen ten- 
sions between 0.3 and 5 kPa (see Fig. 3, 4 and 5). 
So, aerobic denitrification occurred. For this denitrifi- 
cation, an unknown oxidation reaction was the driv- 
ing force, as organic substrates were not supplied. 
Four sources of reductant power may have account- 
ed for the denitrification observed: endogeneous sub- 
strates; exogeneous substrates, as lysates and excre- 
tion products; ammonia; nitrite. It is also unclear 
whether denitrification started with nitrate or nitrite 
reduction. As discussed below, it is most likely that a 
single organism concomitantly oxidized ammonia and 
reduced nitrite. 

The gas exchange rates before ammonium addition 
and after ammonium exhaustion show that reductant 
power which was gained from the oxidation of endoge- 
neous and exogeneous substrates might have accounted 
for the denitrification observed. During those periods, 
the sum of endogeneous and exogeneous respiration 
was 25 #mol O2.g-l.h -~, which allows for the pro- 
duction of 17 and 10/zmol Nz-g-l.h-1 for nitrite and 
nitrate respiration, respectively (cf. eqs. (3) and (7-10) 
above). The highest rate observed during nitrification 
was 11 /lmol N2,g-l.h -1 (see Table 1). So, the gas 
exchange rates allowed for heterotrophic denitrifica- 
tion. 

However, heterotrophic denitrification would be 
in contrast to other observations. First, it is unclear 
why oxygen consumption would have been complete- 
ly replaced by nitrite or nitrate respiration at the higher 
dissolved oxygen tensions imposed. Aerobic processes 
should have also proceeded at those oxygen tensions, 
as commonly observed during wastewater treatment, 
which should have lead to denitrification rates that are 
proportionally reduced. Moreover, it cannot explain 
why dinitrogen was not produced before ammonium 
addition and after ammonium exhaustion (see Fig. 2, 
3, 4 and 5). Nitrate concentrations were always high, 
and the nitrite concentration was still 9 and 4 #M 18 

hours after the dinitrogen evolution had disappeared at 
0.3 and 0.15 kPa dissolved oxygen, respectively. These 
concentrations would have been sufficiently high for 
heterotrophic nitrite respiration (cf. the experiments 
done at 5 and 2.5 kPa dissolved oxygen; Fig. 3a and 
4a). The final disagreement follows from the results 
obtained at 0.15 kPa dissolved oxygen. Although elec- 
tron donors were sufficiently available, as explained 
above, within 4 hours the dinitrogen production disap- 
peared, which was accompanied by a strong decline of 
the oxygen consumption (see Fig. 5b). So, the deni- 
trification observed required oxygen consumption. In 
contrast to this, heterotrophic denitrification proceeds 
better at anoxic conditions and low dissolved oxygen 
tensions than at high tensions (see discussions in Kue- 
nen& Robertson, 1987; Robertson & Kuenen 1990; 
Stouthamer 1988; Zumft et al. 1988). Hence, it is 
unlikely that organic compounds were oxidized to den- 
itrify. 

This leaves the possibilities of ammonia and nitrite 
oxidation as a source of reduction equivalents, which 
would be in agreement with the close coupling that 
was observed between the nitrification and denitrifica- 
tion reactions. Nitrifying bacteria are generally con- 
sidered to carry out either the first or the second oxi- 
dation. Yet, it is difficult to separate these reactions 
as they were mostly closely linked (see Fig. 3a and 
4a). At 0.3 kPa dissolved oxygen, however, dinitrogen 
production had disappeared together with ammonium 
exhaustion, while nitrite was still available for a long 
period thereafter (see above). This suggests that only 
ammonia oxidation yielded the electrons needed for 
denitrification. In line with this are the results obtained 
at 0.15 kPa dissolved oxygen, which show that oxygen 
consumption was necessary for denitrification (see Fig. 
5b). At the first step of ammonia oxidation dioxygen 
is needed to form hydroxylamin, which is an inter- 
mediate in nitrite formation (see eq. (1)). At the oxi- 
dation of nitrite to nitrate, however, oxygen incorpo- 
rated originates from a water molecule (Hooper 1987; 
Wood 1986, 1988). So, if the terminal oxidase in both 
organisms would be completely replaced by denitrify- 
ing oxidoreductases, the ammonia oxidizer still needs 
dioxygen, while the nitrite oxidizer grows anaerobi- 
cally. Hence, it is likely that only ammonium oxida- 
tion accounted for the reduction equivalents that were 
required for denitrification. 

The initial substrates for the denitrification may 
have been nitrite or nitrate, which can be examined 
by comparing the electron balances. The oxidation of 
ammonia to nitrite yields 2 electrons (see eqs. (1- 
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is considered (see eq. (5)). Complete nitrite respira- 
tion requires 3 electrons, whereas full nitrate reduction 
takes 5 (see eqs. (7-10)). Hence, the dinitrogen pro- 
duced as a fraction of ammonium oxidized is maximal- 
ly 0.67 N-mole per N-mole when nitrite is completely 
reduced, and is at most 0.4 for nitrate reduction. Since 
at 0.3 and 0.6 kPa dissolved oxygen, these fractions 
were 0.58 and 0.44, respectively (see Table 2), nitrite 
should have been the initial substrate for denitrifica- 
tion. 

So, nitrite reduction was most likely coupled to 
ammonia oxidation. This hypothesis can be tested by 
linking the common nitrification and denitrification 
pathways (see eqs. (1-10)). For this purpose, suppose 
that a is the fraction of electrons net formed by ammo- 
nia oxidation that flow to the terminal cytochrome c 
oxidase. Then, the fraction (1 - a) is used for complete 
nitrite reduction. So, the redox reactions carried out by 
the ammonia oxidizer are: 

NH3 q-02 ~ NO 2 + 3H + + 2e- 
a(0.502 + 2e- + 2H + --+ H20) 
(1 - a)(0.67NO; + 2.67H + + 2e- 
0.33N2 + 1.33H20) 

(12) 

Since nitrite concentrations were always low (see Fig. 
3a, 4a and 5a), remaining nitrite (i.e., 0.33 + 0.67 a) mol 
nitrite per mol ammonia oxidized) was subsequently 
oxidized to nitrate according to eq. (6). This leads to 
the overall reaction: 

NH3 + (1.17 + 0.83a)O2 --+ (0.33 + 0.67a)NO 3 + 
(0.33 - 0.33a)N2 + (0.33 + 0.67a)H + + 
(1.33 - 0.33a)H20 

(13) 
Thus, with qN2 and qo2 is the dinitrogen production 
and oxygen consumption rate, respectively: 

qrq2/qo2 = (0.33 - 0.33a)(1.17 + 0.83a) -1 (14) 

or, 

a = (qo2 - 3.5qNE)(2.5qN2 + qo2) -1 (15) 

Obviously, a has to be between 0 and l, which was 
always the case (see Table 1). A similar derivation for 
nitrite respiration by nitrite oxidizers gives values for 
a that are slightly smaller. If the ammonia oxidizer 
respired nitrate, however, a negative flow to the termi- 
nal oxidase would result at 0.3 kPa dissolved oxygen. 
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So, ammonia oxidation could have supplied the elec- 
trons for nitrite respiration. 

So, it is likely that dinitrogen was produced by a 
nitrifier that linked ammonia oxidation to nitrite reduc- 
tion. The best studied nitrifier, Nitrosomonas sp., also 
reduces nitrite at an oxygen limitation, which mostly 
gives nitric and nitrous oxide as products (Goreau et al. 
1980; Hynes & Knowles 1984; Lipschultz et al. 1981; 
Poth & Focht 1985; Remde & Conrad 1990; Striven et 
al. 1992). Once, an isolate has been shown to possess 
complete denitrification capacities (Poth 1986). So, a 
Nitrosomonas sp. may be involved in this study. If so, 
however, one wonders why dinitrogen production by 
this nitrifier has not been demonstrated many times 
before. Three reasons may account for this. First, the 
high nitrogen content of air demands the utilization 
of sophisticated techniques, such as the application of 
nitrogen isotopes, nitrogen-free carrier gases, gas-tight 
reactors and a mass spectrometer. In the second place, 
the nitrifying biomass concentration should be suffi- 
ciently high to detect nitrogen production. In this study, 
the concentration of ammonia oxidizers should have 
been around 0.3 g.1-l, as they supposedly contribute 
to 1% of a sludge population in a domestic wastewater 
treatment plant (Painter 1986). The concentration of 
Nitrosomonas sp. in chemostats, however, is usually 
about 10 mg.1-1 (Laanbroek & Gerards 1993; Niel et 
al. 1993). As a result, the dinitrogen content of out- 
let gas will be too low to detect. Finally, the species 
most frequently studied is Nm. europaea ATCC 19718, 
which does not produce dinitrogen (Poth 1986). 

In conclusion, ammonia oxidation by sewage 
sludge is a function of the dissolved oxygen tension. 
In addition, it is most likely that a nitrifier is present in 
sewage sludge that concomitantly oxidizes ammonia 
and reduces nitrite to dinitrogen at low dissolved oxy- 
gen tensions. This way of denitrification may benefit 
the treatment of wastewater, since during convention- 
al treatment, organic substrates and ammonium are 
simultaneously oxidized. This frequently results in a 
shortage of organic substrates needed for subsequent 
denitrification. 

Acknowledgements 

We are indebted to J.A. van Hooven, E.J. Kats and 
ELM. van Kessel from the Netherlands Organization 
for Applied Scientific Research (TNO) in Delft for 
technical assistance. This work was financially sup- 
ported by the Netherlands Agency for the Environment 



348 

and  E n e r g y  ( N O V E M ) ,  the  Ins t i tu te  for  In l and  Water  

M a n a g e m e n t  and  Was te  Wate r  T r e a t m e n t  ( R I Z A )  and  

the  F o u n d a t i o n  for  Wate r  R e s e a r c h  (STOWA)  wi th-  

in  the  f r a m e w o r k  o f  the  p r o g r a m m e  F u t u r e  Treat-  

m e n t  Techn iques  for  M u n i c i p a l  Was te  Water  ( R W Z I  

2000) .  

R e f e r e n c e s  

Abeliovich A & Vonshak A (1992) Anaerobic metabolism of Nitro- 
somonas europaea. Arch. Microbiol. 158:267-270 

Ahlers B, Krnig W & Bock E (1990) Nitrite reductase activity in 
Nitrobactervulgaris. FEMS Microbiol. Lett. 67:121-126 

American Public Health Association (1980) In: Greenberg AE, Con- 
nors JJ & Jenkins D (Eds) Standard methods for the examination 
of water and waste water, 15th ed. Washington DC 

Anderson IC & Levine JS (1986) Relative rates of nitric oxide 
and nitrous oxide production by nitrifiers, denitrifiers and nitrate 
respirers. Appl. Environ. Microbiol. 51:938-945 

Bock E, Koops H-P, Ahlers B & Harms H (1992) Oxidation of 
inorganic nitrogen compounds as energy source. In: Balows A, 
Triiper HG, Dworkin M, Harder W & Schleifer K-H (Eds) The 
Prokaryotes. (pp. 414--430)Springer-Verlag, New York 

DiSpirito AA, Taaffe LR, Lipscomb JD & Hooper AB (1985) A blue 
copper oxidase from Nitrosomonas europaea. Biochim. Biophys. 
Acta 827:230-326 

Freitag A, Rudert M & Bock E (1987) Growth of Nitrobacter by 
dissimilatoric nitrate reduction. FEMS Microbiol, Lett. 48: 105- 
109 

Freitag A & Bock E (1990) Energy conservation in Nitrobacter. 
FEMS Microbiol. Lett. 66:157-162 

Goreau T J, Kaplan WA, Wofsy SC, McElroy MB, Valois FW & Wat- 
son SW (1980) Production of NO2[PI]AM and N20 by nitrify- 
ing bacteria at reduced concentrations of oxygen. Appl. Environ. 
Microbiol. 40:526-532 

Graaf AA van de, Mulder A, Slijkhuis H, Robertson LA & Kue- 
nen JG (1990) Anoxic ammonium oxidation. In: Christiansen C, 
Munck L & Villadsen J (Eds) Proceedings of the 5th European 
Congress on Bioteehnology. (pp. 388-391) Munksgaard, Copen- 
hagen, Denmark 

Hanaki K, Wantawin C & Ohgaki S (1990) Nitrification at low 
levels of dissolved oxygen with and without organic loading in a 
suspended growth reactor. Wat. Res, 24:297-302 

Hooper AB (1987) Biochemistry of the nitrifying lithoautotrophic 
bacteria. In: Schlegel HG & Bowien B (Eds) Autotrophic Bacte- 
ria. (pp. 239-265) Science Tech. Publishers, Madison, Wisconsin 

Hynes RK & Knowles R (1984) Production of nitrous oxide by 
Nitrosomonas europaea: effects of acetylene, pH and oxygen. 
Can. J. Microbiol. 30:1397-1404 

Krul JM (1976) Dissimilatory nitrate and nitrite reduction under 
aerobic conditions by an aerobically and anaerobically grown 
Alcaligenes sp. and by activated sludge. J. Appl. Bacteriol. 40: 
245-260 

Kuenen JG & Robertson LA (1987) Ecology of nitrification and 
denitrification. In: Cole JA & Ferguson SJ (Eds) The Nitrogen and 
Sulphur Cycles. (pp. 162-218) Press Syndicate of the University 
of Cambridge, Cambridge 

Koops H-P, B6ttcher B, M611er UC & Stehr G (1991) Classifica- 
tion of eight new species of ammonia-oxidizing bacteria. J. Gen. 
Microbiol. 137:1689-1699 

Laanbroek HJ & Gerards S (1993) Competition for limiting amounts 
of oxygen between Nitrosomonas europaea and Nitrobacter 
winogradskyi grown in mixed continuous cultures. Arch. Micro- 
biol. 159:453--459 

Lipschultz Z, Zafiriou OC, Wofsy SC, McElroy MB, Valois FW & 
Watson SW (1981) Production of NO and N20 by soil nitrifying 
bacteria. Nature 294:641--643 

Miller DJ & Nicholas DJD (1985) Characterization of a sol- 
uble cytocbrome oxidase/nitrite reductase from Nitrosomonas 
europaea. J. Gen. Microbiol. 131: 2851-2854 

Muller EB, Stouthamer AH, Verseveld HW van & Eikelboom DH 
(1995a) Aerobic domestic wastewater treatment in a pilot plant 
with complete sludge retention by cross-flow filtration. Wat. Res. 
29, 1179-1189 

Muller EB, Stouthamer AH & Verseveld HW van (1995b) A nov- 
el method to determine maximal nitrification rates by sewage 
sludge at a non-inhibitory nitrite concentration applied to deter- 
mine maximal rates as a function of the nitrogen load. Wat. Res. 
29, 1191-1197 

Niel EWJ van, Arts PAM, Wesselink BK, Robertson LA & Kuenen 
JG (1993) Competition between heterotrophic and autotrophic 
nitrifiers for ammonia in chemostat cultures. FEMS Microbiol. 
Ecol. 102:109-118 

Painter HA (1986) Nitrification in the treatment of sewage and waste- 
waters. In: Prosser JI (Ed) Nitrification. (pp. 185-211) IRL Press 
Ltd., Oxford 

Poth M & Focht DD (1985) 15N kinetic analysis of N20 production 
by Nitrosomonas europaea: an examination of nitrifier denitrifi- 
cation. Appl. Environ. Microbiol. 49:1134-1141 

Poth M ( 1986) Dinitrogen production from nitrite by a Nitrosomonas 
isolate. Appl. Environ. Microbiol. 52:957-959 

Prosser JI (1989) Autotrophic nitrification in bacteria. In: Advances 
in Microbial Physiology, vol. 30. (pp. 125-181) Academic Press 
Ltd., London 

Remde A & Conrad R (1990) Production of nitric oxide in Nitro- 
somonas europaea by reduction of nitrite. Arch. Microbiol. 154: 
187-191 

Ritchie GAF & Nicholas DJD (1972) Identification of the sources 
of nitrous oxide produced by oxidative and reductive processes 
in Nitrosomonas europaea. Biochem. J. 126:1181-1191 

Robertson LA & Kuenen JG (1990) Combined heterotrophic nitrifi- 
cation and aerobic denitrification in Thiospaerapamotropha and 
other bacteria. Antonie van Leeuwenhoek 57:139-152 

Schrickx JM, Krave AS, Verdoes JC, Hondel CAMJJ van den, 
Stouthamer AH & Verseveld HW van (1993) Growth and prod- 
uct formation in chemostat and recycling cultures by Aspergillus 
niger N402 and a glucoamylase overproducingtrans formant, pro- 
vided with multiple copies of the gla A gene. J. Gen. Microbiol, 
139:2801-2810 

Stouthamer AH (1988) Dissimilatory reduction of oxidized nitro- 
gen compounds. In: Zehnder AJB (Ed) Biology of Anaerobic 
Microorganisms, (pp. 245-303) John Wiley & Sons, Inc., New 
York 

Stiiven R, Vollmer M & Bock E (1992) The impact of organic mat- 
ter on nitric oxide formation by Nitrosomonas europaea. Arch. 
Microbiol. 158:439--443 

Wood PM (1986) Nitrification as a bacterial energy source. In: Pross- 
er J1 (Ed) Nitrification. (pp. 39-62) IRL Press, Ltd., Oxford 

- -  (1988) Monooxygenase and free radical mechanisms for biolog- 
ical ammonia oxidation. In: Cole JA & Ferguson SJ (Eds) The 
Nitrogen and Sulphur Cycles. (pp. 219-243) Press Syndicate of 
the University of Cambridge, Cambridge 



349 

Zumft WG, Viebrock A & K6rner H (1988) Biochemical and phys- 
iological aspects of denitrification. In: Cole JA & Ferguson SJ 
(Eds) The Nitrogen and Sulphur Cycles. (pp. 245-279) Press 
Syndicate of the University of Cambridge, Cambridge 


