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Surficial oxygen transfer plays an important role, when analyzing the complex bio-
chemical and physical processes responsible for ammonia and dinitrogen gas emission
in animal waste treatment lagoons. This paper analyzes if currently known nitrogen
biochemical pathways can explain the enigmatic dinitrogen gas emissions recently
observed from the treatment lagoons, based on the amount of wind-driven oxygen
that can be transferred through the air-water interface. The stoichiometric amounts
of the maximum dinitrogen gas production potential per unit mass of O2 transferred
were calculated according to three most likely biochemical pathways for ammo-
nia removal in the treatment lagoons—classical nitrification-denitrification, partial
nitrification-denitrification, and partial nitrification-Anammox. Partial nitrification-
Anammox pathway would produce the largest N2 emission, followed by partial
nitrification-denitrification pathway, then by classical nitrification-denitrification path-
way. In order to estimate stoichiometric amount (i.e., maximum) of N2 emission from
these pathways, we assumed that heterotrophic respiration was substantially inhibited
due to high levels of free ammonia prevalent in treatment lagoons. Most observed
N2 emission data were below the maximum N2 emission potentials by the classical
nitrification-denitrification pathway. However, one value of observed N2 emission was
much higher than that could be produced by even the partial nitrification-Anammox
pathway. This finding suggests yet unknown biological processes and/or non-biological
nitrogen processes such as chemodenitrification may also be important in these
treatment lagoons.
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INTRODUCTION

Anaerobic lagoons are commonly used to treat wastewater, which is flushed
from livestock operations. This treatment produces a substantial reduction
in the nitrogen, which is added from animal excrements. The lagoons are
generally high in biochemical oxygen demand, ammonia, and bicarbonates.
They tend to be slightly alkaline and highly buffered.[1] While specific la-
goon characteristics vary with design, geographic location, time of year, and
loading rates; conditions are generally favorable for some level of ammonia
volatilization and denitrification. Ammonia volatilization has been thought to
be substantially related the reduction of nitrogen, because the lagoons were
perceived to be 1) highly suitable for ammonia volatilization and 2) limited in
oxygen necessary for nitrification/denitrification.[2]

However, recent results have presented somewhat of an enigma for
emissions from anaerobic lagoons—lower than expected ammonia and higher
than expected dinitrogen gas emission rates from the treatment lagoons.[3,4] A
similar departure of actual results from the expected ammonia volatilization
was observed for constructed wetlands treating swine wastewater.[5 6] Harper
et al.[3] postulated that the unexpected high emissions of dinitrogen gas
were due to chemical denitrification of ammonia with iron in the lagoons. In
supporting their hypothesis, Harper et al.[4] reported a negative value of the
Gibbs free energy for the chemical conversion of ammonia to dinitrogen gas
(chemodenitrification). Although the negative value of the Gibbs free reaction
energy implies that the chemodenitrification is thermodynamically feasible, it
does not conclusively prove their postulate.

Other researchers suggest that new microbial pathways, such as anaerobic
ammonia oxidation (Anammox), heterotrophic and autotrophic denitrification
may be wholly or partly responsible for the unusual emissions of ammonia
and dinitrogen gas.[7–10] After reviewing these new microbial pathways, Jones
et al.[2] claimed that the amount of oxygen absorbed into the top surface layer
of the lagoons should be adequate to convert the ammonia to dinitrogen gas.
They used the oxygen mass transfer coefficient values ranging from 0.05 to
5.0 m/d[11,12] in estimating the amount of oxygen that could be absorbed into
the lagoons. The oxygen absorption rate into the treatment lagoons associated
with this range of the oxygen transfer coefficient was from 4.4 to 440 kg
O2 ha−1d−1, a 100-fold range. Jones et al.[2] were unable to either narrow
the oxygen absorption rate or more quantitatively evaluate the biological
dinitrogen gas emission rate.

The objectives of this paper are to estimate wind-driven surficial oxygen
absorption rate into treatment lagoons based on the existing knowledge in the
literature, and to analyze if currently known N transformation pathways can
explain the enigmatic N2 gas emission data with the new insight on oxygen
transfer into treatment lagoons.
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WIND-DRIVEN SURFICIAL OXYGEN TRANSFER

Although earlier research endeavors had attempted to quantify the oxygen
absorption rate through the oxygen mass-transfer coefficient (K) correlations,
the lack of agreements among these correlations makes it very difficult to use
the information.[13] Fortunately, substantive gas transfer data for stationery
water body systems, in which wind is the single most important turbulence
agent, have been published during the last 5 decades. Ro et al.[13] synthesized
a new unified oxygen transfer coefficient correlation based on the compiled
data published for the last 5 decades as:

KL(cm/h) = 170.6 · Sc−1/2U1.81
10

(
ρa

ρw

)1/2

for U10 > 0 (1)

where KL = mass transfer coefficient (cm/h), Sc = Schmidt number (v/D),
U10 = wind speed measured at 10 m (m/s), v = kinematic viscosity of water
(m2/s), D = molecular diffusivity of gas (m2/s), ρa = air density (kg/m3), and
ρw = water density (kg/m3).

The new equation predicts the transfer coefficient of oxygen as well
as other sparingly soluble gases (i.e., liquid-side controlled gases) based on
molecular properties of the gas and weather conditions. The mass flux rate
of atmospheric oxygen absorbing into the treatment lagoon through its water
surface can be estimated based on the lagoon size and the operating dissolved
oxygen concentration of the lagoon.

+ JO2 = KL(CS − C) (2)

where JO2 = surficial oxygen absorption rate (kg/m2/s), KL = oxygen transfer
coefficient (m/s), CS = saturation dissolved oxygen concentration (kg/m3), and
C = bulk dissolved oxygen concentration (kg/m3).

To estimate the surficial oxygen absorption rate, the oxygen mass transfer
coefficient was first calculated using Equation 1 under varying wind speeds
and temperatures (Fig. 1). The transfer coefficient increases with temperature.
Film-based or turbulent boundary layer mass transfer theories[13] also predict
the increase in transfer coefficient with temperature because molecular diffu-
sivity also increases with temperature. At an average wind speed of 6 m/s, the
oxygen transfer coefficient increases from 5.1 to 7.4 cm/hr for the increase in
temperature from 10 to 25◦C, respectively.

After the oxygen mass transfer coefficient was calculated, the maximum
surficial oxygen flux into the lagoon surface was then estimated assuming the
bulk dissolved oxygen concentration was zero in Eq. 2. The maximum surficial
oxygen flux increased with wind speed: The oxygen absorption rate increased
from 20 kg ha−1d−1 to 103 kg ha−1d−1 at wind speed 2 to 5 m/s, respectively. As
discussed before, the oxygen transfer coefficient increased with temperature;
however, the solubility of oxygen decreased with temperature. As a result, the
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Figure 1: Oxygen mass transfer coefficient under various wind speeds and temperatures.

surficial oxygen flux into a lagoon becomes rather insensitive to temperature
(Fig. 2).

N2 EMISSION AND THE SURFICIAL O2 TRANSFER IN THE TREATMENT
LAGOONS

Valuable insights on different biological nitrogen pathways in the treatment
lagoons can be obtained by analyzing the stoichiometric amounts of dinitrogen
gas that can be produced per mass of atmospheric oxygen transferred. In sub-
sequent discussion, we (1) determined the stoichiometric oxygen requirements
for ammonia removal and dinitrogen gas production in the treatment lagoons
based on current understandings of most likely biochemical pathways; (2) de-
termined maximum N2 emission potentials, i.e., the stoichiometric dinitrogen

Figure 2: Maximum surficial oxygen transfer rate at different wind speeds and temperatures.
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gas production rates from different pathways per maximum surficial oxygen
mass transfer rates; and (3) compared the maximum N2 emission potentials
with published N2 emission data.

The Stoichiometric O2 Requirements for Various N Biochemical
Pathways
Classical Nitrification-Denitrification Pathway. The classical biological ni-

trogen removal pathway involves a two-step process. In the first nitrification
step, ammonia is oxidized to nitrate with intermediate formation of nitrite.
Aerobic ammonia oxidizers such as the well-known genera Nitrosomonas
and Nitrosospira oxidize ammonia (not ammonium) to hydroxylamine by
the enzyme ammonia monooxygenase (AMO), which is further oxidized to
nitrite by the enzyme hydroxylamineoxidoreductase (HAO). The classical
biological nitrogen removal mechanism assumes further oxidation of nitrite
to nitrate by a different group of nitrifying bacteria, Nitrobacter species. The
stoichiometric equations for these energy-yielding ammonia oxidation steps
are:

NH3 + 1.5O2 → NO−
2 + H+ + H2O

NO−
2 + 0.5O2 → NO−

3

NH3 + 2O2 → NO−
3 + H+ + H2O

(3)

The nitrate formed in the nitrification process is then reduced to molecular
nitrogen in the denitrification step. Hetrotrophic denitrifying bacteria reduce
nitrate to nitrite and then eventually to dinitrogen gas under anoxic condi-
tions. According to this classical nitrification-denitrification pathway, 4.6 kg
of O2 is required to completely oxidize 1 kg of total ammonia nitrogen (TAN)
to nitrate and subsequently reduce to dinitrogen gas (based on the energy-
yielding oxidation reactions, Eq. 3). If the above energy-yielding oxidation
steps and the cell synthesis reactions are combined, the overall nitrification
reaction can be represented as:[14]

NH+
4 + 1.83O2 + 1.98HCO−

3 → 0.021C5H7O2N + 0.98NO−
3

+ 1.04H2O + 1.88H2CO3 (4)

If the overall reaction (Eq. 4) is considered, the oxygen requirement would be
4.2 kg O2/kg TAN, which was the value we used for the later analysis. Although
other nitrogenous gases such as nitric and nitrous oxides may be released
when oxygen level is so high that the denitrifying enzymes are not completely
expressed,[15] the final end product of the nitrification-denitrification process
is dinitrogen gas.

Partial Nitrification-Denitrification Pathway. A significant body of new
knowledge about the nitrogen removal pathways has been accumulated
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during the last 2 decades:[16] The above classical nitrogen removal mechanism
may not be the dominant mechanism in the treatment lagoons receiving
high-strength animal wastewater with high levels of ammonia and COD.
Ammonia can be partially nitrified to nitrite (partial nitrification), followed
by denitrification or anaerobically oxidized (Anammox) to dinitrogen gas and
nitrate. These new pathways represent significant benefits to the wastewater
treatment process because less oxygen is required. The treatment process is
also faster, because the nitrite reduction rate is about 1.8 times faster than the
rate of the nitrate reduction.[17]

The partial nitrification might result from the fact that high levels of
unionized ammonia inhibit the growth of Nitrobacter. Unionized ammonia
concentration greater than 0.1–1.0 mg/L inhibited Nitrobacter species in
laboratory and pilot plant studies.[18] In anaerobic swine waste treatment
lagoons, the typical range of total ammonia concentration (TA = NH3 +
NH4

+) is from 280 to 650 mg TA/L:[1] At pH 7.7, the free ammonia con-
centration ranges from 7.6 to 17.7 mg/L. This level of unionized ammonia
will likely inhibit the Nitrobacter species, and the nitrite will be the final
product for the nitrification step. Although a small amount of the nitrite
can be denitrified by some nitrifying bacteria such as Nitrosomonas eu-
tropha,[19] the majority of the nitrite will be quickly reduced to dinitrogen
gas by heterotrophic denitrifiers. Regardless of whether the nitrite is deni-
trified by heterotrophs or autotrophs, the partial nitrification-denitrification
pathway represents 25% less oxygen requirements than the complete ni-
trate nitrification-denitrification pathway, i.e., 3.1 kg-O2/kg TAN based on
Eq. 5.

Partial Nitrification-Anammox Pathway. The anaerobic ammonia oxidiz-
ers (Anammox) reduce the nitrite with ammonia as an electron donor. Schmidt
et al.[20] reported the following overall reaction:

NH+
4 + 1.32NO−

2 + 0.066HCO−
3 + 0.13H+ → 1.02N2 + 0.26NO−

3

+ 0.066CH2O0.5N0.15 + 2.03H2O (5)

The ratio of ammonia to nitrite consumed by the Anammox bacteria is about
1:1.3. The excess nitrite is further oxidized to nitrate anaerobically; and
the electrons derived from this oxidation are used for fixation of CO2.[16,21]

Although a more detailed biochemical pathway of the Anammox bacteria is
not fully understood at this time, it has been postulated that ammonium ion
(not un-ionized ammonia) is oxidized by hydroxylamine to produce hydrazine,
which is a volatile and toxic intermediate. An enzyme similar to HAO from
the Anammox bacteria further oxidizes hydrazine to dinitrogen gas.[22–24]

The Anammox process requires a preceding partial nitrification step for
oxidizing only about 57% (i.e., 1.32/2.32) of the total ammonia that has been
removed. Therefore, the oxygen requirement removing ammonia with the
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complementary partial nitrification-Anammox pathway is further reduced to
about 1.8 kg O2/kg TAN (based on Eq. 5).

Heterotrophic nitrification pathway. Heterotrophic nitrification is another
pathway in which the oxidation of ammonia, hydroxyl amine or organic nitro-
gen compounds are carried out under low oxygen conditions by heterotrophs.
Because these bacteria preferentially occur under acidic environments and
the nitrification rates of the heterotrophic nitrifiers are low compared to
autotrophic bacteria, this may not be a significant factor in the treatment
lagoons.[16] The high level of alkalinity in the treatment lagoons preventing
pH decrease further reduces the likelihood of the heterotrophic nitrification as
an important N pathway.

Maximum N2 Production Potential. Several researchers observed that
heterotrophic growth was inhibited and the associated oxygen utilization rates
were greatly reduced by high unionized ammonia concentration.[25,26] In the
top oxic layer of treatment lagoons, the heterotrophic oxygen utilization would
likely be limited due to high level of free ammonia typically found in treatment
lagoons. Thus, most of the oxygen absorbed from the air would be consumed
by the autotrophs for ammonia oxidation. The nitrate and/or nitrite formed
from the nitrification process at the top oxic layer would then diffuse into the
anoxic layer below. There nitrite/nitrate would be reduced to dinitrogen gas by
denitrifiers. Whereas the denitrification reaction goes to completion, and its
rate is faster than the nitrification rate; there would be no accumulation of
nitrate/nitrite in the lagoons.

If we assume that the heterotrophic respiration was substantially
inhibited due to high levels of free ammonia prevalent in treatment
lagoons, the maximum potential of producing N2 gas via classical
nitrification-denitrification, partial nitrification, and the complementary par-
tial nitrification-Anammox pathways would simply be reciprocals of the oxygen
requirements for nitrification; 0.24, 0.32, and 0.56 kg N2 per kg-O2, respec-
tively. These maximum N2 production potentials from the three N pathways
were plotted against U10 as shown in Figure 3. For a given mass of the
atmospheric oxygen transferred to treatment lagoons at wind speed 5 m/s,
the ammonia removal process undergoing the partial nitrification-Anammox
pathway would produce the most N2 gas (58 kg/ha-d), followed by the partial
nitrification-denitrification pathway (33 kg/ha-d), and the least by the classical
nitrification-denitrification pathway (25 kg/ha-d).

Comparison with Published N2 Gas Emission Data
There are only a few reports of N2 gas emission observation from swine

waste treatment lagoons. Harper et al.[3] measured N2 gas emission from
a four-stage swine waste treatment lagoon system in Georgia. An average
wind speed of 4.0 ± 3.4 m/s from 1994 to 1996 (measured at 1.6 m above
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Figure 3: Maximum N2 production potential from swine waste treatment lagoons via
different N pathways.

water surface) and the average air and water temperatures of 21.4 ± 6.5◦C
and 23.3 ± 7.6◦C, respectively, were reported. The N2 fluxes from the four
lagoons were 23.1, 11.3, 11.8, and 11.8 kg N2ha−1d−1. We compared these N2

emission data with the previously determined maximum N2 production poten-
tial curves (Fig. 4). The average wind speed was converted to U10 using the
seventh-root law.[13] All observed N2 flux values were below the maximum N2

production potential predicted from the classical nitrification-denitrification
pathway. Notwithstanding previous unsubstantiated assumptions, it suggests
that these observed N2 emission may be explained by the classical nitrification-
denitrification pathway.

Harper et al.[4] later reported additional dinitrogen gas emission obser-
vations based on the systems nitrogen balance approaches. The average N2

emissions from lagoons of North Carolina farrow-to-finish (FF), farrow-to-
wean (FW), and Georgia FF farms were 85.6, 14.4, and 23.1 kg-N2 ha−1d−1,
respectively (Table 8 of their paper). The median wind speeds of these farms
(Table 2 of Harper et al., 2004) were normalized to 10-m wind speeds. Two of
the three observations again fell below the maximum N2 production potential
line of the classical nitrification-denitrification pathway. However, the large
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Figure 4: Comparing existing N2 emission data with the max. N2 potential curves.

emission value of 85.6 kg-N2 ha−1d−1 (North Carolina FF) was far greater than
the maximum N2 production potential theoretically possible by the most N2-
yielding partial nitrification-Anammox pathway even without any competition
from heterotrophs for the limited oxygen.

To produce this much N2, an average wind speed of about 10 m/s was
required to supply enough oxygen for the classical nitrification-denitrification
microbial reactions. Even for the least oxygen-demanding pathway of the
partial nitrification-Anammox pathway, the rate of 85.6 kg-N2 ha−1d−1 re-
quires more than 6 m/s of prevailing wind speeds around the lagoons.
We plotted the range of wind speeds (i.e., minimum to maximum) of the
North Carolina FF farm to see if this range overlapped any of the max-
imum N2 production potential lines; but the maximum N2 production po-
tentials of this range were still much smaller than the observed value of
85.6 kg-N2 ha−1d−1. Therefore, it appears that the alternative chemical
denitrification or a yet-defined microbial consortium may indeed play an
important role in these treatment lagoons as suggested by Haper et al.[4] and
Megonigal et al.[27]

CONCLUSION

In our attempt to clarify the enigmatic observations of high dinitrogen gas
emission rates in treatment lagoons, we used the new unified oxygen transfer



1636 Ro et al.

coefficient equation to estimate the maximum surficial oxygen flux into the
treatment lagoons; the oxygen flux increased with wind speed, but it was
rather insensitive to temperature changes (10 to 25◦C). We assumed that the
atmospheric oxygen transferred into the top oxic layer of the treatment lagoon
supports the nitrification process producing nitrites/nitrates, which are neces-
sary precursors for subsequent denitrification reaction. Heterotrophic respira-
tion was assumed to be inhibited, due to high levels of free ammonia prevalent
in treatment lagoons. With this assumption, the stoichiometric amounts of
the maximum dinitrogen gas production were calculated based on three most-
likely biological pathways for ammonia removal in the treatment lagoons—
classical nitrification-denitrification, partial nitrification-denitrification, and
partial nitrification-Anammox.

We then compared the maximum stoichiometric dinitrogen gas production
potentials, that could be supported by the given mass of atmospheric oxygen
transferred into the treatment lagoons, with the observed N2 emission data.
These N pathways supported by the surficial oxygen transfer appear to explain
the most of the observed N2 emission data. However, one N2 emission data
set with a much higher value than can be supported by the three established
biochemical pathways suggests the possibility that chemodenitrification or a
yet-defined microbial consortium may also be important in these treatment
lagoons.
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