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VOLATILE AMMONIA FRACTION AND FLUX FROM THIN

LAYERS OF BUFFERED AMMONIUM SOLUTION

AND DAIRY CATTLE MANURE

H. Chaoui,  F. Montes,  C. A. Rotz,  T. L. Richard

ABSTRACT. Process‐based models are being used to predict ammonia (NH3) emissions from manure sources, but their accuracy
has not been fully evaluated for cattle manure. Laboratory trials were conducted to measure the NH3 volatile fraction
(undissociated NH3 fraction divided by Henry's law constant) and volatilization flux from buffered ammonium‐water solution
and dairy cattle manure. Effects of ionic strength, ammoniacal N concentration, temperature and pH of the media, and air
velocity over the media were evaluated. As represented in existing models, media type, temperature, and pH were verified
to influence the NH3 volatile fraction and mass transfer. Model prediction underestimated the volatile NH3 fraction by 5%
in solution trials and 94% in manure trials. This underestimation was attributed to an increase in surface pH created through
the emission of carbon dioxide (CO2). Ammonia emission rate from both the ammonium solution and manure surfaces was
affected by temperature and air velocity. A frequently used dairy manure volatilization model predicted NH3 emission rates
from manure surfaces more accurately than that from buffered solution with average errors of -16% and +81%, respectively.
Temperature significantly affected the difference between predicted and measured rates, with the greatest error at
temperatures over 25°C. The results imply that further model development is needed to improve the accuracy of predicting
NH3 emissions from dairy cattle manure with an emphasis on the measurement and prediction of manure surface pH as affected
by CO2 emission.

Keywords. Ammonia volatilization, Dairy manure, Dissociation, Emissions model, Mass transfer.

mmonia (NH3) emission from livestock manure
is a growing concern due to potential effects on
animal health, human health, and environmental
pollution. High NH3 concentrations in poorly

ventilated animal facilities can adversely affect animal
health and performance. Ammonia transported into the air
can be absorbed by atmospheric water, contributing to acid
rain and high nitrogen (N) precipitation, which can cause eu‐
trophication and over‐fertilization of terrestrial ecosystems
(Burkart and James, 1999). Airborne NH3 can also react with
acids in the atmosphere to create ammonium salts, which are
a component in the formation of smog (Aneja et al., 2006).
Smog can aggravate human respiratory problems and in‐
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crease atmospheric opacity (Renard et al., 2004). A minor
amount of NH3 gas oxidizes to inert di‐nitrogen gas.

Legislation such as the Clean Air Act (EPA, 1990) aims to
regulate NH3 emissions from all sources, which may soon in‐
clude animal facilities. Because of the prohibitive cost of moni‐
toring all individual facilities, such regulations will require tools
that accurately estimate NH3 emissions as a function of facility
design and management. Process‐based modeling has been
identified as the best option for quantifying and evaluating
NH3 emissions from animal agriculture (NRC, 2003).

Process‐based models used to predict NH3 emissions from
animal manure consist of four primary components (Ni,
1999): (1) the rate of formation of total ammoniacal nitrogen
(TAN = NH3‐N + NH4

+‐N) due to urea breakdown and micro‐
bial transformation of organic nitrogen, (2) the rate of trans‐
port of TAN from deeper layers of the manure to the surface,
(3) the determination of the fraction of TAN that is in volatile
NH3 form, and (4) the rate of transport of the volatile NH3
from the manure surface to the atmosphere. This research fo‐
cuses on the last two components.

The fraction of TAN that is present as NH3 (undissociated
NH3 fraction) is a function of pH and temperature, which can
be estimated based upon the acid dissociation constant of
NH3 (Hashimoto and Ludington, 1971; Snoeyink and Jen‐
kins, 1980). At equilibrium, NH3 in manure is partitioned be‐
tween dissolved liquid and gaseous fractions. The gaseous
fraction, which can be transported from the manure surface
to the atmosphere, is estimated using the Henry's law
constant (Hashimoto and Ludington, 1971; Ni, 1999). The
rate of transport of the gaseous NH3 depends upon the condi‐
tions surrounding the manure surface. Except for the case of
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covered manure storages, most manure surfaces are directly
exposed to flowing air. Consequently, the NH3 emission rate
from manure surfaces has been modeled using a convective
mass transfer coefficient (Ni, 1999).

A review of process‐based NH3 emission models applied
to manure (Ni, 1999) indicates that most models use the un‐
dissociated NH3 fraction and Henry's constant relationships
proposed by Hashimoto and Ludington (1971) and the mass
transfer coefficient proposed by Haslam et al. (1924). These
include a number of models applied to dairy cattle manure
(Elzing and Monteny, 1997; Monteny et al., 1998; Muck et
al., 1984; Muck and Steenhuis, 1982; Ni, 1999; Wang et al.,
2005; Zhang et al., 2005).

Hashimoto and Ludington's (1971) model for NH3 ioniza‐
tion fraction was developed for chicken slurries with 5.5% to
8.5% solids content. The mass transfer coefficient model pro‐
posed by Haslam et al. (1924) was developed using flowing
gaseous NH3 absorption onto wetted wall tubes, 7.6 cm in di‐
ameter. The conditions for which these models were devel‐
oped do not necessarily represent the NH3 volatilization
process that occurs in the livestock manure systems where
they are now being applied. Nonetheless, they have been used
effectively to evaluate management practices that reduce
NH3 emissions from farms (Monteny et al., 1998; Muck el al.,
1984; Rotz et al., 2006; Rotz and Oenema, 2006). New em‐
pirical data on NH3 volatilization and mass transfer will pro‐
vide better information for calibrating existing NH3 emission
models applied to livestock systems.

The overall objective of this study was to obtain empirical
data for evaluating relationships currently being used to predict
NH3 dissociation and mass transfer from dairy cattle manure.
Specific objectives were to (1) measure the fraction of vola‐
tile NH3, defined as the quotient of the undissociated NH3
fraction and the Henry's law constant, for thin layers of buff‐
ered ammonium solution or dairy cattle manure over a range
of temperatures; (2) measure NH3 flux from the surface of thin
layers of buffered ammonium solution or dairy manure at differ‐
ent TAN concentrations, air velocities, and temperatures; and
(3) compare measured values to those predicted by the rela‐
tionships for NH3 ionization fraction and Henry's constant
proposed by Hashimoto and Ludington (1971) and the mass
transfer coefficient proposed by Haslam et al. (1924).

MATERIALS AND METHODS
A series of trials was conducted to measure the volatile NH3

fraction (ratio of the undissociated NH3 fraction and Henry's
law constant) over a range of conditions similar to those experi‐
enced in free‐stall dairy barns. A second series of trials was
conducted to measure the mass transfer of NH3 from dairy
manure surfaces. Trials were conducted using thin layers of
either a buffered ammonium‐enriched solution or dairy cattle
manure. A comparison of measured versus predicted values
was used to evaluate how well existing relationships pre‐
dicted volatile NH3 fraction and NH3 mass transfer rates.

SAMPLE PREPARATION
A buffered ammonium solution was prepared by mixing

mono‐ and di‐basic sodium phosphate. This solution was then
adjusted with 50% (wt) NaOH solution to obtain a target pH
(tables 1 and 2). Immediately before conducting a trial, the
equivalent of 1 to 5 g NH4‐N per liter of solution were added
as NH4NO3. When large solution volumes were prepared for

measuring the mass transfer coefficient, the NH4NO3 was
dissolved in 4 L of nanopure water and then added to 11 L of
the buffer concentrate. After mixing, another 5 L of nanopure
water were added to obtain a 20 L solution. The pH was mea‐
sured and the solution was immediately used to measure NH3
flux. Smaller solution volumes were prepared to measure the
volatile NH3 fraction inside airtight jars. In this case, the pH
was measured before the NH4NO3 was added, and the jars
were immediately sealed to avoid NH3 loss. The pH of the
solution was measured again when the trial ended, and the av‐
erage was used in the analysis of results. Molarity of the buff‐
er was varied between 0.02 and 0.1 M (table 1) to overlap the
range of ionic strength measured in the manure. Electrical
conductivity of each ammonium solution or manure sample
was measured using a conductivity/TDS sensor with ±0.5%
accuracy (Checkmate II, Corning, Inc., New York, N.Y.).
Electric conductivity (EC) measurements were used to esti‐
mate the ionic strength (I) of the media using the expression
suggested by Snoeyink and Jenkins (1980):

 ( )106.1 2 ECI −×=  (1)

Manure samples were collected from the floor of a lactat‐
ing cow free‐stall barn at the dairy facility of Pennsylvania
State University. A shovel was scraped along the barn floor
to collect a manure sample. This sample included a mixture
of feces, urine, spilled water, and bedding sand, which repre‐
sented the conditions typically found on the barn floor. The
manure collected was dumped into a 19 L plastic container
lined with a plastic bag, and the process was repeated until
enough sample was collected. The plastic bag was then
closed, and the collected manure was transported to the labo‐
ratory. In the laboratory, the plastic bag was opened and ma‐
nure samples were held at the prescribed temperature
(approx. 10°C, 20°C, or 30°C) for at least 12 h prior to the
trial to bring the manure to the desired temperature and to al‐
low enough time to ensure the hydrolysis of urea to ammo‐
nium (Elzing and Monteny, 1997; Muck, 1982).

To obtain the chemical characteristics of the ammonium
solution or manure, subsamples obtained before, during, and
immediately  after each trial were combined for further analy‐
sis. These 200 mL samples were stored in a portable cooler
under ice and taken to the Penn State Agricultural Analytical
Services Lab for analysis later in the day. The analysis in‐
cluded percent solids, total dissolved solids, electric conduc‐
tivity, pH, total nitrogen, and TAN using methods
recommended by the University of Wisconsin Soil and Plant
Analysis Laboratory (Peters et al., 2003).

MEASURED VOLATILE AMMONIA FRACTION

Accurate measurement of the undissociated NH3 fraction
(f) or Henry's law constant (H) is challenging due to the diffi‐
culty in measuring NH3 concentration in liquid media. In
contrast, the concentration of NH3 in air can be measured
with a variety of instruments, and the determination of TAN
concentration in manure is routinely done in manure nutrient
analyses. Therefore, an experimental measurement of the
volatile NH3 fraction, defined here as the ratio of the undisso‐
ciated NH3 fraction and Henry's law constant (f/H), was
obtained by allowing the NH3 in manure or buffered ammo‐
nium solution to reach equilibrium with the air in the head‐
space of a closed container. Values for f/H were determined
as the ratio of the concentration of NH3 in the headspace to
the TAN concentration in the liquid media.
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Table 1. Trials used to measure volatile ammonia fraction (f/H) over a range of conditions. Values are means of three replicates per trial.

Trial Media
Temperature

(°C) pH
Buffer

Molarity

Manure
Solids

Content
TAN

(mg L‐1)

Ionic
Strength
(mol L‐1)

NH3 Conc. in
Headspace
(mg L‐1)

1 Manure 10.0 7.23 ‐‐ 0.15 1409 0.24 8.36E‐03

2 Manure 20.4 6.87 ‐‐ 0.13 1196 0.31 9.99E‐03

3 Manure 27.0 6.99 ‐‐ 0.13 1845 ‐‐ 3.90E‐02

4 Manure 10.0 7.23 ‐‐ 0.04 352 0.06 1.55E‐03

5 Manure 20.5 6.87 ‐‐ 0.03 299 0.08 2.81E‐03

6 Manure 27.0 6.99 ‐‐ 0.04 615 ‐‐ 1.62E‐02

7 Solution 10.0 7.50 0.02 ‐‐ 1286 0.22 8.15E‐04

8 Solution 10.0 7.51 0.10 ‐‐ 6429 0.93 5.01E‐03

9 Solution 10.0 7.53 0.10 ‐‐ 6429 0.93 4.53E‐03

10 Solution 10.0 7.51 0.10 ‐‐ 1286 0.63 1.13E‐03

11 Solution 19.9 7.77 0.02 ‐‐ 1286 0.18 7.14E‐03

12 Solution 20.4 7.54 0.02 ‐‐ 1286 0.18 7.23E‐03

13 Solution 20.4 7.19 0.10 ‐‐ 1286 0.17 1.75E‐03

14 Solution 20.5 7.58 0.10 ‐‐ 6429 0.93 1.24E‐02

15 Solution 21.9 7.88 0.10 ‐‐ 6429 0.95 6.29E‐02

16 Solution 23.4 7.94 0.10 ‐‐ 6429 0.95 6.60E‐02

17 Solution 24.1 7.56 0.10 ‐‐ 6429 0.93 2.51E‐02

18 Solution 25.6 7.55 0.10 ‐‐ 6429 0.93 2.83E‐02

19 Solution 23.2 7.38 0.10 ‐‐ 6429 0.92 2.44E‐02

20 Solution 30.9 7.99 0.10 ‐‐ 6429 0.95 1.17E‐01

21 Solution 29.2 7.70 0.02 ‐‐ 6429 0.94 5.24E‐02

22 Solution 30.0 7.50 0.10 ‐‐ 1286 0.18 4.24E‐03

23 Solution 30.0 7.50 0.10 ‐‐ 6429 0.93 1.77E‐02

24 Solution 30.0 7.50 0.10 ‐‐ 1286 0.64 6.25E‐03

25 Solution 31.0 7.53 0.10 ‐‐ 6429 0.93 4.46E‐02

Table 2. Ammonia emission rate from buffered ammonium solution measured
over a range of conditions. Values are means of three replicates per trial.

Trial
TAN

(mg L‐1)
Temp.
(°C) pH

Air
Velocity
(m s‐1)

Ionic
Strength
(mol L‐1)

Emission
Rate

(kg m‐2 d‐1)

1 5267 11.1 7.18 1.35 0.80 4.70E‐04

2 5267 12.0 7.18 1.69 0.80 7.00E‐04

3 5267 12.3 7.18 2.03 0.80 7.14E‐04

4 5267 11.7 7.18 2.48 0.80 7.26E‐04

5 5267 12.4 7.18 2.82 0.80 7.78E‐04

6 5267 11.9 7.18 3.05 0.80 6.97E‐04

7 5233 19.7 7.38 1.35 0.80 7.04E‐03

8 5233 19.6 7.38 1.69 0.80 9.29E‐03

9 5233 19.6 7.38 2.03 0.80 9.74E‐03

10 5233 19.8 7.38 2.37 0.80 9.73E‐03

11 5233 19.8 7.38 2.71 0.80 1.06E‐02

12 5233 19.6 7.38 3.05 0.80 1.10E‐02

13 5511 30.1 7.30 1.35 0.80 3.01E‐02

14 5511 29.7 7.30 1.69 0.80 3.00E‐02

15 5511 29.9 7.30 2.03 0.80 3.30E‐02

16 5511 30.0 7.30 2.37 0.80 4.06E‐02

17 5511 30.0 7.30 2.71 0.80 3.83E‐02

18 5511 29.9 7.30 3.05 0.80 4.22E‐02

19 5914 21.3 7.68 0.48 0.76 9.97E‐03

20 5914 21.3 7.68 0.54 0.76 1.06E‐02

21 5914 21.3 7.68 0.59 0.76 1.08E‐02

22 5914 4.9 7.55 0.56 0.75 5.85E‐04

23 5914 4.9 7.55 0.66 0.75 1.33E‐03

24 5914 4.9 7.55 0.75 0.75 3.77E‐03

25 5914 4.9 7.55 0.91 0.75 3.57E‐03

26 5914 20.2 7.50 0.56 0.75 4.26E‐03

27 5914 20.2 7.50 0.66 0.75 5.49E‐03

28 5914 20.2 7.50 0.75 0.75 7.71E‐03

29 5914 20.2 7.50 0.84 0.75 8.51E‐03

30 5914 20.2 7.50 0.91 0.75 8.91E‐03

31 5914 20.2 7.50 0.98 0.75 9.18E‐03

A series of trials was conducted to determine the effect of
five factors on measured values of f/H. These factors included
the media type (buffered ammonium solution or dairy manure),
ionic strength estimated by electric conductivity measurements,
pH, TAN concentration, and temperature of the media. Al‐
though pH was considered as a factor influencing the ratio f/H,
little natural variation in manure pH was obtained.

Measurements were made for 25 trials with three repli‐
cates per trial (table 1). Each replicate used a canning jar, 0.98
or 1.9 L in size, fitted with two septa in the lid. The canning
jar held a mass of manure or buffered ammonium solution
that ranged from 50 to 600 g. The manure or solution created
a shallow layer on the bottom of the jars with an average
depth of 4 cm. The jar content was allowed to reach equilibri‐
um with the jar's headspace by incubating for 1.5 h at the de‐
sired temperature for the trial (table 1). Temperature was
controlled by maintaining the experimental units (jar with
manure or solution) in incubators (low‐temperature 2020 in‐
cubator, -10°C to 40°C ±0.5°C, VWR International, West
Chester, Pa.). After the incubation period, NH3 concentration
in the headspace was measured using a photoacoustic gas
monitor (model 1412, Innova AirTech Instruments, Ballerup,
Denmark). Gas was drawn at a rate of 1.7 L min-1 through a
stainless steel needle inserted 2.5 cm into the headspace
through a septum in the lid. The gas sample was passed
through the gas monitor and returned to the jar through a sec‐
ond needle inserted 7 cm into the headspace through a differ‐
ent septum to prevent short‐circuiting of flow between the
input and output lines.

Ammonia concentration was recorded at 1 min intervals
until a plateau was reached, which usually occurred within
10�min. This gave an equilibrium NH3 concentration in the
headspace for the corresponding TAN content in the media,
temperature,  and other conditions of the trial. This equilibri‐
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um concentration was then used to calculate a value for f/H
using the known or measured TAN concentration in the solu‐
tion or water fraction of the manure.

MODEL‐PREDICTED VOLATILE AMMONIA FRACTION

Predicted f/H values were determined using the most fre‐
quently used models for the NH3 dissociation constant and
Henry's law constant for cattle manure. The undissociated
NH3 fraction was predicted using an empirical model from
Hashimoto (1972):
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where subscript l indicates the liquid phase, pH is the mea‐
sured pH, and T is absolute temperature (K). The ratio of NH3
liquid to NH3 gas was predicted using an empirical model for
Henry's constant developed by Hashimoto and Ludington in
1971, converted to a dimensionless form [kg�NH3‐N m-3]l /
[kg NH3‐N m-3]g by Monteny et al. (1998):
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where the subscripts l and g indicate liquid and gas phases,
respectively. The agreement between f/H estimates obtained
using Hashimoto's models and those measured during exper‐
imental trials was calculated as the ratio of model‐predicted
over measured values for each replicate. This ratio was less
than 1 when the predicted f/H value was less than the mea‐
sured value and greater than 1 when the predicted value was
greater than that measured.

MEASURED AMMONIA FLUX
The dynamic flux chamber developed by Wheeler et al.

(2007) was used to measure NH3 flux from the surface of thin
layers of the buffered ammonium solution and dairy manure.

Use of this chamber, in which air is swept over the sample sur‐
face allowing gas buildup in a closed system, was previously
found to measure emission rates similar to those occurring from
manure surfaces on barn floors (Wheeler et al., 2007). The pho‐
toacoustic gas monitor was used to measure the increase of NH3
concentration in the flux chamber at 1 min intervals.

A total of 52 trials were conducted using either manure or
ammonium solution over a range in temperature and air ve‐
locity. Each trial consisted of three replicates randomized in
time. Each replicate consisted of a sample of the buffered am‐
monium solution or dairy manure, placed in a tray covered by
the flux chamber, and exposed to a prescribed air velocity un‐
der controlled temperature conditions.

The tray with a 20 × 30 cm surface area was placed in a
wooden frame. The tray held 900 mL of solution or 1 kg of
manure. The wooden frame had a depth equal to that of the
tray (1.9 cm), which created a level surface with the filled
tray. The flux chamber was placed on a foam liner surround‐
ing the tray, creating an airtight seal. Experimental treat‐
ments included up to six air velocities (tables 2 and 3).
Different air velocities were created by varying the voltage
to the fan used to circulate the air within the flux chamber and
by using fans of different capacity. A calibration curve was
developed by varying fan voltage and measuring air velocity
using a hot‐wire anemometer (model A031, accuracy of
±3% + 0.1 m s-1, Kanomax, Osaka, Japan) at eleven evenly
distributed locations within the portion of the flux chamber
that covered the volatilizing surface. Most trials were con‐
ducted in a small, well‐ventilated laboratory (5.5 × 3.2 m)
with independent temperature control. This room was not
able to maintain temperatures below 15°C; therefore, trials
for 10°C were performed outside on cloudy cool days in an
area protected from direct solar radiation. Media and ambient
temperatures were recorded at the beginning and end of each
replicate and subsequently averaged. The coefficient of vari‐
ation was 4% and 6% for the measured media and air temper‐
atures, respectively.

Table 3. Ammonia emission rate from thin layers of fresh dairy cattle manure measured
over a range of conditions. Values are the mean of three replicates per trial.

Trial
TAN

(mg L‐1)
Temperature

(°C) pH
Manure Solids

Content
Air Velocity

(m s‐1)
Ionic Strength

(mol L‐1)
Emission Rate
(kg m‐2 d‐1)

1 2555 9.5 8.15 0.14 3.05 0.41 1.04E‐02
2 2555 9.6 8.15 0.14 2.03 0.41 1.27E‐02
3 2555 9.7 8.15 0.14 1.35 0.41 1.16E‐02
4 1734 18.9 7.25 0.14 1.35 0.30 9.76E‐03
5 1734 19.0 7.25 0.14 2.03 0.30 1.15E‐02
6 1734 19.2 7.25 0.14 3.05 0.30 1.25E‐02
7 1700 20.1 6.98 0.16 0.89 0.33 4.84E‐03
8 1700 20.1 6.96 0.16 0.66 0.32 4.50E‐03
9 1700 20.3 6.97 0.16 0.97 0.32 5.41E‐03

10 1700 20.5 6.96 0.16 0.82 0.32 5.46E‐03
11 1700 20.7 6.95 0.16 0.74 0.32 6.76E‐03
12 1700 20.8 6.93 0.16 0.59 0.32 3.38E‐03
13 1967 26.0 7.15 0.16 0.89 0.35 1.79E‐02
14 1967 26.4 7.12 0.16 0.82 0.36 1.32E‐02
15 1967 26.9 7.05 0.16 0.66 0.36 1.17E‐02
16 1967 27.0 7.10 0.16 0.59 0.36 1.10E‐02
17 1967 28.0 7.07 0.16 0.74 0.37 1.88E‐02
18 1967 28.8 7.01 0.16 0.97 0.36 1.83E‐02
19 2031 28.0 7.48 0.14 3.05 0.38 4.47E‐02
20 2031 28.1 7.48 0.14 1.35 0.38 3.50E‐02
21 2031 28.1 7.48 0.14 2.03 0.38 4.06E‐02
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Ammonia concentration within the chamber was measured
using the photoacoustic gas monitor at every minute after the
flux chamber was placed over the sample held in the tray. Based
upon previous work by Wheeler et al. (2007), measurements at
0, 2, and 4 min were selected for calculating the concentration
buildup. The surface flux of NH3 was determined from the
three concentration measurements using the nonlinear model
adapted from Livingston and Hutchinson (1995):
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where flux is the NH3 flux from the material in the tray
(kg�m-2 d-1), C0 is the background NH3 concentration
(mg�m-3), C1 is the NH3 concentration 2 min after placing the
chamber over the tray (mg m-3), C2 is the NH3 concentration
4 min after placing the chamber over the tray (mg m-3), Vc is
the volume of the chamber (0.0717 m3), A c is the area of the
tray containing the media emitting NH3 (0.062 m2), and t is the
time interval between consecutive measurements (2�min).

This non‐linear model determined the emission rate as the
slope of the tangent at the origin of a logarithmic trend line
through the three concentration data points. It therefore pre‐
sumed that:
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12

01 >
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If the above condition was not met for a given replicate,
the emission rate was derived from the slope of a linear trend
line regressed through the three NH3 concentration values
over time.

MODEL‐PREDICTED AMMONIA FLUX
Through empirical measurements, Haslam et al. (1924)

determined a mass transfer coefficient for NH3 as:

 
4.18.0)2808.3(5310 −= Tvk  (6)

where k is the mass transfer coefficient (g h-1 cm-1 atm-1), v�is
air velocity (m s-1), and T is temperature (K). Using the ideal
gas law with the appropriate units for the gas constant (82.057
atm cm3 mol-1 K-1), the molecular weight of ammonia (17.031
g mol-1), and absolute air temperature (K), equation 6 can be
transformed into more conventional units of m s-1:

 4.08.01842.0 −= Tvk  (7)

where k is the mass transfer coefficient (m s-1). Equation 7
is slightly different from the similar conversion done by Mon‐
teny et al. (1998), who assumed a constant gas temperature
of 10°C for the gas concentration unit conversion between
partial pressure (atm) and volumetric gas concentration
(g�m-3). A model‐predicted mass transfer coefficient was de‐
termined for each trial as a function of the measured tempera‐
ture and air velocity using equation 7.

To obtain an NH3 emission flux, the mass transfer coeffi‐
cient was multiplied by the NH3 gas concentration gradient.
Ammonia concentration at the outer edge of the boundary
layer was assumed to be zero since the ambient NH3 level was
insignificant relative to the NH3 concentration at the media
surface. Therefore, the concentration gradient was equal to
the NH3 concentration at the surface of the material. This
concentration was determined as the TAN concentration in
the material times the undissociated fraction (eq. 2) divided
by the Henry's constant (eq. 3). The predicted NH3 emission

flux was therefore calculated as:

 ( ) ( )( )HfTANkfluxt /86400=  (8)

where fluxt is the predicted NH3 flux (kg m-2 d-1), and TAN
is the TAN concentration in the solution or manure (kg m-3).
The agreement between measured and predicted flux was de‐
termined by calculating the ratio of measured over predicted
values for each replicate.

STATISTICAL ANALYSIS

A stepwise linear regression analysis (� = 5%) was used
to determine the independent variables that significantly in‐
fluenced the f/H ratio and mass transfer results. The indepen‐
dent variables considered in the regression model for the
volatile NH3 fraction were media type, media temperature,
amount of media in jars, jar size, manure solids content, TAN
concentration, ionic strength, and pH. For the NH3 flux trials,
the independent variables were media type, media tempera‐
ture, manure solids content, TAN concentration, ionic
strength, pH, and air velocity.

Stepwise linear regression was also used to evaluate the
factors affecting the ratio of model‐predicted over measured
results. Effects of media temperature, manure solids content,
TAN concentration, ionic strength, and pH were used for both
volatile NH3 fraction and flux data, with air velocity added as
a regression factor for the flux data. Good agreement between
model‐predicted and measured values would produce a high
correlation, a regression coefficient close to 1, and only natural
variation in experimental trials (experimental error) as sig‐
nificant factors in the regression analysis. In addition, a scat‐
ter plot of model‐predicted versus experimental measure-
ments would show most of the data distributed around the 1:1
line. In contrast, low R2 values, large deviation of the regres‐
sion coefficient from the 1:1 line, and significant factors ex‐
plaining the variation in the ratios of model‐predicted over
measured data would indicate lack of agreement.

RESULTS AND DISCUSSION
MEASURED VOLATILE AMMONIA FRACTION

Over all trials, f/H was significantly (p < 0.05) influenced
by pH, temperature, and media type (table 4). An increase in
f/H was measured as pH or temperature increased. As ex‐
pected, the amount of media in jars and the jar size had no ef‐
fect, since the value of f/H was based on equilibrium
concentration measurements (mass per unit volume) and the
total mass of NH3 that volatilized into the headspace did not
exceed 0.5% of the TAN mass contained in the manure or
solution.

Results of the stepwise linear regression analysis con‐
ducted separately on the ammonium solution and manure
data sets further illustrated the different f/H response of each
medium (table 4). Figure 1 shows the exponential increase in
f/H as the temperature of the media increased, as predicted by
equations 2 and 3. This increase with temperature was greater
in the manure than in the buffered ammonium solution trials.

The f/H ratio was consistently higher in the manure even
though the TAN concentration of the manure was lower than
that of the ammonium solution during most trials. The greater
f/H ratio in the manure could not be explained by the mea‐
sured pH. In the solution trials, differences in pH resulted in
exponential increases in the f/H values, as expected from
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Table 4. Stepwise linear regression coefficients of the factors affecting the volatile NH3 fraction (f/H) 
and the ratio of model‐predicted over measured data.

Data Set
Adjusted

R2 [a]
Significant Factors

(p < 0.05)
Regression
Coefficient

Measured volatile NH3 fraction (f/H) All trials 0.74 Intercept ‐9.47 E‐5
pH 1.20 E‐5

Media type[b] 1.04 E‐5
Temperature 2.66 E‐7

Ammonium solution trials 0.79 Intercept ‐1.25 E‐4
pH 1.65 E‐5

Temperature 2.44 E‐7

Manure trials 0.95 Intercept ‐2.85 E‐4
Temperature 1.60 E‐6

pH 3.81 E‐5

Ratio of model‐predicted over All trials 0.97 Media type 14.84

measured volatile NH3 fraction Ammonium solution trials 0.16 None ‐‐

Manure trials 0.13 None ‐‐
[a] Adjusted R2 = R2 ‐ (k ‐ 1) / (n ‐ k) * (1 ‐ R2), where n is the number of observations and k is the number of independent variables. 

Adjusted R2 considers the number of variables included in each step of the step wise regression allowing an effective comparison.
[b] Media were either buffered ammonium solution or dairy cattle manure collected from a free‐stall barn floor.
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Figure 1. Measured volatile NH3 fraction (f/H) as affected by media temperature.

equations 2 and 3. The pH effect on f/H values for manure was
significant in the stepwise regression analysis, but figure 2 in‐
dicates that this effect was due to other differences among
trials. The pH measured in the manure trials covered a narrow
range, so meaningful effects of manure pH were not found.

COMPARISON OF MODEL‐PREDICTED AND MEASURED
VOLATILE AMMONIA FRACTION

Measured and predicted volatile NH3 fraction for manure
and solution trials differed in a consistent manner. The ratio
of measured over predicted data showed a significant effect
(adjusted R2 = 0.97) for media type (table 4). Within solution
trials, the difference between measured and predicted values
was small; the slope of predicted versus measured f/H values
was 0.95 with an R2 of 0.81. Thus, predicted values were, on
average, 95% of the measured values in the solution trials
(fig. 3). This implies that the model of Hashimoto and Lu‐
dington (1971) and Hashimoto (1972) worked well in pre‐

dicting the f/H ratio in buffered ammonium solution trials.
Although, Hashimoto's model was developed for chicken
slurries, the measurements obtained from the high ionic
strength buffered NH3 solutions used in this study resulted in
general agreement with the predictions of the model. A slope
near 1.0, a high correlation coefficient, and the lack of signi-
ficant factors affecting the difference between predicted and
measured f/H values are evidence of good model perfor‐
mance in the solution trials.

In the manure trials, measured volatile NH3 fraction was
more than an order of magnitude greater than that predicted.
There was good correlation between predicted and measured
values (R2 = 0.91), but the ratio of measured over predicted
data was constant (0.058, fig. 3), and there was no correlation
to any of the factors evaluated (table 4). The most probable
cause for this large discrepancy is a difference between mea‐
sured pH and the actual pH on the manure surface. Equation�2
predicts that a deviation of one pH unit causes about one order
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of magnitude difference in the undissociated NH3 fraction.
Therefore, if the pH on the manure surface was one unit high‐
er than the average pH measured, the difference between pre‐
dicted and measured f/H would be explained.

An exploratory experiment indicated that a change in ma‐
nure surface pH occurred after an abrupt change in the ma‐
nure surface (as occurs when a manure sample is poured into
a jar). To test this hypothesis, manure was spread evenly on
a 15.2�× 20.3 cm tray 35 mm deep, and left in a laboratory
hood for about 45 min. The pH was then measured at different
depths within the manure layer using a pH microelectrode
(MI‐411, Microelectrodes, Inc., Bedford, N.H.), a recording
meter, and a stand that permitted precise control of electrode
depth. A gradient in pH was found from the surface to deeper
depths in the manure (fig. 4). This increased pH at the surface
can explain much of the difference between predicted and
measured f/H in the manure trials. The actual pH change at

the surface may be even greater than that which could be
measured with this instrumentation.

The change in surface pH appeared to be associated with
the rate at which CO2 was emitted from the manure surface.
The concentration of NH3 in the headspace of a closed jar in
equilibrium with a manure sample was found to increase up
to six‐fold after the jar was opened and aerated. To document
this phenomenon, an exploratory experiment was conducted
in which manure was allowed to equilibrate in an airtight jar
for more than 12 h. The jar was then opened and ventilated
for 1 min and again tightly sealed. The headspace concentra‐
tions of NH3 and CO2 were recorded during this period using
the photoacoustic gas monitor. A sharp peak in NH3 con‐
centration was observed immediately after the jar was venti‐
lated. The peak in headspace NH3 concentration was three
times that obtained for a pure water‐ammonium solution with
equivalent TAN and pH. This was unexpected, since venting
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Figure 4. Variation of pH with depth in a manure layer after 45 min of exposure to moving ambient air.

the jar implies a dilution of the NH3 concentration as the
clean outside air mixes with the air in the headspace. After the
peak, NH3 concentration declined steadily, following the
same pattern as that measured when manure was first placed
in the jar (fig. 5). These results were reproducible under labo‐
ratory conditions.

The results from these exploratory trials suggest that CO2
emission influences the NH3 equilibration process. To con‐
firm this hypothesis, a trial was conducted with two jars con‐
taining manure samples: one as used in the previous trials,
and the other containing a CO2‐absorbing NaOH trap. The
CO2‐absorbing trap consisted of a small gas‐permeable cap‐
sule attached to the inside of the airtight jar lid. This capsule
held sodium hydroxide pellets (SX0593, CAS No. 1310‐73‐2,

EMD Chemicals, Inc., Gibbstown, N.J.) that absorbed and
chemically  bonded the CO2 from the headspace. This tech‐
nique is routinely used in BOD respirometric tests such as the
OxiTop control system (WTW GmbH, Weilheim, Germany;
Roppola et al., 2006). Absorption into the sodium hydroxide
kept the headspace CO2 concentration low. Consequently, a
greater CO2 concentration gradient existed between the ma‐
nure and the headspace, allowing a continuous high rate of
CO2 emission from the manure. As expected, the jar with the
CO2 trap showed increasing NH3 concentration until the trial
ended, with a final NH3 headspace concentration about
double that measured in the jar without the CO2 trap (fig. 6).
Without the trap, NH3 concentration in the headspace reached
a plateau at around 40 mg m-3, and the CO2 headspace
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concentration increased steadily, reducing the gradient between
the manure surface and the headspace. These trials supported
the hypothesis that CO2 emission from manure created an in‐
crease in manure surface pH with a resulting increase in NH3
emission. A pH change did not occur in the buffered ammonium
solution, where there was negligible CO2 present.

Sommer and Sherlock (1996) documented similar pH
changes in the surface of thin layers of swine and cattle slur‐
ries. In experiments with manure slurries placed on Petri
dishes, they found that changes in pH coincided with a de‐
crease in total inorganic carbon (CO2 + -

3HCO  + -2
3CO ) in the

manure and attributed this change to greater volatilization of
CO2 compared to the NH3 volatilized from the manure. Similar
phenomena have been reported by Ni et al. (2000) and Ni (1999)
in liquid swine manure, and in studies of NH3‐CO2 flue gas de‐
sorption (Budzianowski and Koziol, 2005; Kenig et al., 1999).

MEASURED AMMONIA FLUX
Over all trials, NH3 flux was significantly (p < 0.05) af‐

fected by air velocity, the type of media, and temperature
(table 5). This was expected, as both temperature and air ve‐
locity are known to affect the mass transfer coefficient
(eq.�7), and temperature affects the undissociated NH3 frac‐
tion (eq. 2). The effect of pH was not significant in the step‐
wise regression because of the limited range in media pH
measured. While temperature and air velocity were easy to con‐
trol under laboratory conditions, manure pH was not (table 3).

For these trials, the range in pH of the buffered ammonium
solutions was also relatively narrow, ranging from 7.2 to 7.7
(table 2), which likely prevented the detection of pH effect.

For the ammonium solution trials alone, both temperature
and air velocity had significant effects on measured flux
(table 5). As represented in the models (eqs. 2, 3, and 7), NH3
emission increased with air velocity and media temperature
(figs. 7 and 8). At low velocities, a small increase in air
velocity had a relatively large effect in increasing NH3 emis‐
sion rates from both manure and ammonium solutions. This
effect was reduced as the air velocity reached 1 m s-1, with
a greatly diminished effect over 1 m s-1. Although a similar
response to air velocity was found in the manure and solution
trials (fig. 8), this effect was not significant in the stepwise
regression analysis of the manure data set alone (table 5). The
effect of temperature on NH3 emission rate was similar for
manure and ammonium solutions following the exponential
pattern observed in the f/H trials (fig. 7).

COMPARISON OF MODEL‐PREDICTED AND MEASURED
AMMONIA FLUX

In all trials, air velocity, media temperature, and TAN con‐
centration in the media significantly affected (p < 0.05) the
ratio of measured over model‐predicted NH3 flux (table 5).
Media pH did not have an effect in the manure, solution, or
combined data sets (table 5) due to the narrow range in pH
measured among samples. The mass transfer model (eq. 8) 
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Table 5. Stepwise linear regression coefficients of factors affecting measured NH3 flux and the ratio of model‐predicted over measured data.

Data Set
Adjusted

R2 [a]
Significant Factors

(p < 0.05)
Regression
Coefficients

Ammonia flux All trials 0.75 Intercept ‐0.012
Media type[b] ‐0.008
Air velocity 0.0024

Media temperature 0.0015

Ammonium solution trials 0.75 Intercept ‐0.020
Air velocity 0.002

Media temperature 0.001

Manure trials 0.87 Media temperature 0.0011

Ratio of model‐predicted All trials 0.59 Intercept 2.4
over measured flux Air velocity ‐0.24

Media temperature 0.018
Initial ammoniacal N concentration ‐0.00034

Ammonium solution trials 0.23 Intercept 0.12
Air velocity (m s‐1) 0.013

Ionic strength ‐0.206
Media temperature 0.0023

Manure trials 0.79 Media temperature 0.069
[a] Adjusted R2 = R2 ‐ (k ‐ 1) / (n ‐ k) * (1 ‐ R2), where n is the number of observations and k is the number of independent variables.
[b] Media were either buffered ammonium solution or dairy cattle manure collected from a free‐stall barn floor.
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Figure 7. Measured NH3 flux from buffered ammonium solution and dairy cattle manure as affected by temperature.

predicted NH3 emission flux from manure that was closer to
measured values than those of the solution trials (fig. 9). On
average, the model overestimated solution emission rates by
81% and underestimated manure emission rates by nearly
30% based upon the slopes in figure 9. Significant effects of
air velocity, media temperature, and TAN concentration on
the measured over predicted ratios indicate that the current
models did not adequately represent the effects of these fac‐
tors on NH3 flux (table 5). Regression analysis performed on
manure trials alone resulted in media temperature as the only
significant factor explaining the lack of agreement between
predicted and measured NH3 flux values.

The models developed by Hashimoto (1972) and Haslam
et al. (1924) did not represent well the NH3 fluxes measured
from the buffered ammonium solution. The volatile NH3
fraction model was developed for chicken slurries (Hashimo‐

to and Ludington, 1971), which included a 1/6 factor to re‐
duce the NH3 acid dissociation constant relative to pure
ammonium solution. Therefore, the model may be expected
to underpredict the volatile NH3 fraction and thus the NH3
flux from the buffered solution. As shown in figure 9, the ratio
of model‐predicted to measured values was 1.8, indicating
the opposite effect. These results are partly explained by the
high ionic strength of the solutions, but as was shown in fig‐
ure 3, the model proposed by Hashimoto represented well the
experimental  volatile NH3 fraction results over a range of
ionic strength. Furthermore, the fact that air velocity, temper‐
ature, and TAN concentration significantly affected the ratio
of model‐predicted over measured values indicates that these
factors were not well represented by these models.

Contrasting results were obtained from the dairy cattle
manure NH3 flux trials. Results from the regression analysis
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of model‐predicted over measured data indicate a regression
coefficient of 0.79, which suggests good agreement between
the experimental results and predicted values. Although there
is large variability in the results, and the proposed models
underpredicted the volatile NH3 fraction by an order of mag‐
nitude in manure, the same models provided reasonable esti‐
mates of the measured flux data. There are two possible
explanations for these results. The first and most probable ex‐
planation is related to the amount of time the manure surface
remained undisturbed. In the dissociation trials, manure was
incubated in the jars for 1.5 h, after which measurements
were made. This period allowed an increase in pH to occur
at the manure surface, as previously discussed, which pres‐
umably increased the volatile ammonia fraction. For the
mass transfer trials, measurements were made within a few
minutes after the manure was placed in the trays, which did
not allow time for the pH increase to occur. A second ex‐
planation is that there were compensating errors in the devel‐
opment of models. The original parameterization of

equations 2, 3, and 7 for cattle manure were interrelated. Be‐
cause of the difficulty in independently measuring f, H, and
k, the value of each is dependent upon the values used for the
others. Therefore, a parameter used in equation 7 may be
compensating for a misrepresentation of pH in equation 2. As
long as the two models are used together, error compensation
would result in a reasonable estimate of NH3 flux.

Based upon the results of this study, a new set of scientifical‐
ly based relationships have been derived that better represent the
NH3 ionization fraction, the Henry's law constant, and the mass
transfer coefficient for NH3 volatilization from manure surfaces
(Montes et al., 2009). A challenge remains for predicting the
manure surface pH under farm handling conditions. The surface
of manure slurry on a barn floor is constantly disturbed by ani‐
mal movement and the addition of fresh feces and urine. This
will result in surface pH changes in space and time. For better
prediction of NH3 emission from manure, a better understand‐
ing of the processes affecting surface pH and a model for quanti‐
fying these effects are required.
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CONCLUSIONS
As represented in existing models, media type (buffered

ammonium water solution or dairy cattle manure), tempera‐
ture, media pH, and air velocity were verified to significantly
influence volatile NH3 fraction and flux.

Relationships developed by Hashimoto and Ludington
(1971) underestimated measured quotients of the undisso‐
ciated NH3 fraction over the Henry's law constant by 5% in
solution trials and 94% in manure trials when prediction was
based upon average media pH. The large error in predicting
the dissociation from manure was identified as due to an in‐
crease in surface pH created by the emission of CO2 from the
manure surface.

The relationships for volatile NH3 fraction proposed by
Hashimoto and Ludington (1971) along with the mass trans‐
fer coefficient proposed by Haslam et al. (1924) predicted
reasonable emission rates from manure surfaces only when
used together. Temperature had a significant effect on the er‐
ror between predicted and measured NH3 flux, with the great‐
est error at temperatures over 25°C.

Model improvements can be made to better represent the
processes of NH3 dissociation and emission from dairy cattle
manure. Better understanding is needed of the processes con‐
trolling manure surface pH and its effect on NH3 volatiliza‐
tion.
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