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Abstract
Manure management is considered to be a main key for mitigating gas emissions from livestock buildings. Since there are 
a number of limitations that make it difficult to identify these conditions in farm-scale experiments, these experiments should 
be conducted on a laboratory scale. Therefore, the aim of this study was to develop pilot reactors for simulating the operation 
conditions to be used later in a farm-scale experiment. The developed reactors were made from polyvinylchloride with 1.5 m 
height and 0.16 m diameter to be filled with 0.19 L slurry. The generated concentrations of  NH3,  N2O and  CH4 from the 
slurry were continuously analysed at 800 mL min−1 air flow rate using three different sampling methods. The concentration 
gradient was also analysed within gas chamber height above the slurry. No differences were apparent neither between the 
various sampling methods nor concentrations gradient in the gas chamber. Acid pilot reactor was developed to determine 
the required acid concentration and quantity. Influences of pH slurry and air flow rates on gases concentrations were inves-
tigated. At 0.32 m3

air
m−3

slurry
h−1 flow rate, the reproducible value of the emissions was minimized. The emissions of  NH3, 

 N2O and  CH4 were 3.2, 2.3 and 38 mg m−3
slurry

h−1 , respectively. In order to achieve minimum gas emissions under aerobic 
conditions, slurry pH should be kept in the neutral range. A comparison of gas emissions under aerobic and anaerobic condi-
tions was conducted. Approximately 70% less  NH3 and 130% more  N2O were produced under aerobic than with anaerobic 
conditions.
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Introduction

The huge demand for livestock products is associated with 
considerable emissions of different forms of environmen-
tal airborne pollutants (Rojas-Downing et al. 2017). The 
expected emissions from livestock confinement buildings to 
the general environment and neighbouring residential areas 
in particular occur in the form of airborne particulate mat-
ter (PM), gases, odours, endotoxins and micro-organisms 
(Calvet et al. 2014; Mostafa et al. 2017).

There is direct environmental damage caused by ammo-
nia  (NH3), and neighbourhood problems caused by odours, 
methane  (CH4) and nitrous oxide  (N2O) from livestock pro-
duction play an important role, particularly in the context of 
global warming (Hörtnag and Wohlfahrt 2014).

These gases are mainly produced in barns directly as a 
result of animal activity and the physiological processes that 
are performed, in addition to their manure output and human 
activity during daily service operations (Calvet et al. 2014).

In Germany, pigs are the most important meat source; 
therefore, the production in 2010 was 26.5 million animals 
and increased significantly to 27.4 million animals in 2016 
(FAO 2018). Therefore, the quantity of manure (N content) 
increased from 80,464 t in 2010 to 83,096 t in 2016; accord-
ingly, the emissions  (CO2eq) increased from 699.6 to 722.5 
Gg (517.5  CH4 + 205  N2O) (FAO 2018).

Ammonia, nitrous oxide and methane emissions from 
pig barns can be alleviated using several techniques. 
Numerous studies have been conducted previously to 
mitigate gaseous emissions from pig housing via exhaust 
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air purification (Mostafa and Buescher 2011; Pereira and 
Trindade 2014; Mostafa et al. 2017). Where slurry stor-
ages are a significant source for gases emissions (Cor-
tus et al. 2009; Misselbrook et al. 2016), good manure 
management schemes are considered to be key to control-
ling gas emissions (Aguirre-Villegas et al. 2017). One of 
manure management schemes is aerating the slurry con-
tinuously or intermittently (Béline and Martinez 2002; 
Amon et al. 2006; Moeletsi and Tongwane 2015; Calvet 
et al. 2017; Sajeev et al. 2018).

The development of gases produced from the slurry 
depends on several factors such as slurry pH, temperature 
and the amount of oxygen. Accordingly, these factors should 
be carefully managed in the slurry storage to control gases 
emissions.  NH3 and  CH4 emissions from stored slurry are 
reduced at low slurry pH achieved by adding acids (Som-
mer et al. 2017; Sajeev et al. 2018). However, Sommer 
et al. (2017) reported the negligibly of  N2O emissions from 
stored slurry, and in contrast, Moeletsi and Tongwane (2015) 
reported high  N2O emissions at low slurry pH. High slurry 
temperature is favouring for  NH3,  N2O and  CH4 formation 
(Moeletsi and Tongwane 2015; Misselbrook et al. 2016; 
Sajeev et al. 2018).

Aerobic decomposition of the slurry using the oxygen 
provided by slurry aeration increases both  NH3 and  N2O 
emissions (Amon et al. 2006; Moeletsi and Tongwane 2015; 
Calvet et al. 2017; Sajeev et al. 2018) while anaerobic con-
ditions encouraging the methanogenic activity and subse-
quently generating  CH4 emission during manure storage 
(Amon et al. 2006; Sajeev et al. 2018).

The objective of the present study was to develop pilot 
reactors for quantifying the released gases  (NH3,  N2O and 
 CH4) from stored slurry by aeration. Also, the reactions 
of the stored slurry under slatted floor and the operating 

conditions, such as slurry pH and aeration rate, were realisti-
cally simulated in the developed pilot reactors.

Materials and methods

A pilot reactor was used to simulate the operating conditions 
as well as the slurry channel depth on a small scale in order 
to develop a large-scale plant which could be used in the 
commercial barns.

Development of a pilot reactor

Construction of the developed pilot reactor

Three reaction chambers were made from polyvinylchloride 
(PVC) tube, as shown in Fig. 1. PVC material is chemically 
very stable and not light permeable, preventing changes in 
the material caused by the slurry, and the light conditions in 
the dark slurry channel were provided. The chosen geom-
etry of the reactor allowed easy filling and emptying of the 
slurry. In the barns, the depth of the slurry channels below 
the slatted floor was 1.0 m (Fig. 6). Thus, each vertical PVC 
tube with a height of 1.5 m and diameter of 0.16 m was cho-
sen as a reactor. This height was suitable for simulating the 
maximum depth of the slurry channels and, at the same time, 
allowing sufficient volume above the slurry surface to enable 
foam formation as a result of gas passing through. The tube 
was closed at the top and the bottom using commercially 
available covers made of the same material. The gas entered 
at 0.12 m above the ground through air stones via valves 10 
and 11. For the slurry discharge, four faucets were provided 
at a spacing of 0.20 m, starting at a height of 0.30 m above 
the ground. Four valves (from V6 to V9), located at 0.34 m 

Fig. 1  Developed pilot reactor 
showing different valve posi-
tions
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below the upper cover and 0.16 m above the slurry surface, 
were used for gas sampling and pressure equalization. pH 
and temperature measurements were taken through a hole 
located 0.30 m below the upper cover (V5); this was opened 
only during the measurement, otherwise sealed with a rubber 
stopper. A stainless steel screen, comprising two layers with 
0.08 m spacing, provided a sieve and was located 0.28 m 
below the top cover. Thus, splashes of the slurry were kept 
away from the intake channel of the gas monitor caused by 
bursting of bubbles of the carrier gas on the surface. The 
upper cover was provided with other four valves (from V1 
to V4), which were used for gas sampling and also pres-
sure equalization to avoid pressure fluctuations. The reaction 
chamber was mounted on a square 0.55 × 0.55 m floor plate 
for better stability. For the experiments, each reaction cham-
ber was filled with slurry to a height of 1.0 m, where 19.0 
L was required. The gas flow for the reactor was controlled 
using a compressed air filter, a pressure reducer and four 
flow regulators. Thus, solid particles and water droplets were 
removed from the air. The compressor pressure could be 
regulated from 1.0 to 10.0 bar, and the air flow rate for each 
reactor was separately adjusted from 2.5 to 5000 mL min−1. 
A calibrated photoacoustic multi-gas monitor (model 1312, 
Innova, Denmark) was connected to one of the valves 1 to 
4 for the reactor. The concentrations of  NH3,  N2O and  CH4, 
which were readily generated from the slurry, were continu-
ously analysed.

Preliminary experiments in the reactor

Foam formation examination A preliminary experiment 
was conducted in order to monitor the foam formation dur-
ing gas creation. This experiment was conducted to avoid 
the effects of bubbles on the emissions and ensure accurate 
results. The foam and bubble image was tested by means of 
a glass cylinder. The glass cylinder (0.24 m diameter and 
0.59  m height) was filled with 22.0 L of slurry collected 
from slurry channel under the slatted floor of experimen-
tal pig house of Bonn University, NRW (Germany). The air 
was directed in fine bubbles from the bottom of the glasses 
into the heterogeneous muddy slurry. The outflow air stones 
were used to create a distribution of fine bubbles of air in 
the slurry for further biochemical reactions. The flow rates 
of 0.4–5.0 L min−1 were investigated. At the high air flow 
rate, a foam height of 40–45 mm was formed. Gas bubbles 
with a diameter of 1–2 mm were distributed uniformly over 
the entire slurry volume. No large bubbles were observed on 
the slurry surface at the low flow rate. Consequently, within 
the reaction chamber there was no disturbance as a result of 
the foam or the formation of unfavourable bubbles. Accord-
ingly, under low flow rate, optical control of the investigated 
slurry was not required during the tests.

Influence of  sampling method on  liberated gas analy-
sis For gas analysis, three reactors were filled with 19.0 L 
slurry and air (800 mL min−1) was passed through. After 
fixed times, the gas above the slurry was analysed. In the 
first reactor (R1), the measurements were taken using sam-
pling bag. Valves 1–4 were opened, while the valves 6–9 
at the bottom were closed. Twenty minutes before meas-
urement, additional air (800 mL min−1) was added via V6, 
V7, V8 and V9 to flush the gas space in order to rule out 
the concentration of individual gases. The purge gas was 
turned off, and valves 6–9 at the bottom were closed.

After 20 min, the generated gas above the slurry was 
exchanged twice. For measurement, the sample bag was 
connected to valve 6 and all remaining valves were closed. 
Consequently, the sample bag was filled by the resulting 
overpressure. After 3 min, valve 6 was closed and the filled 
sample bag removed. Top valves (1–4) were opened, and 
the contents of the sample bag were analysed.

A similar sequence of measurements was performed 
in the second reactor (R2), except the gas sampling took 
place via V4 using a gas monitor. After analysis, the top 
valves were manually opened and other valves at the bot-
tom were closed.

Another type of gas sampling was available, in the third 
reactor (R3), with the possibility of an automatic online 
measurement without external intervention. Here, the gas 
sample was also removed via V4 using a gas monitor while 
the top valves (1–3) were closed and the valves from 6 
to 9 at the bottom were opened. Before measurement, no 
flushing of the gas chamber took place. The online meas-
urements were taken continuously without changing the 
valve positions.

As the rinsing is supposed to be an important process 
for purging the gas space and excluding any concentra-
tion gradient of individual gases, the first two sampling 
methods were performed with and without rinsing the gas 
chamber before gas sampling. Rinsing was carried out 
after 90 h of operation.

Concentration gradient For estimating the concentration 
gradient with the gas monitor, the composition of the gas 
mixture over the slurry was analysed with three replicates 
at four different heights. For this purpose, air with a flow 
rate of 800 mL min−1 was passed through R2 while the 
bottom valves (5–8) were being closed and the top valves 
(1–4) were being open. At intervals of 20 min, the gas was 
analysed at distances of 0, 0.10, 0.19 and 0.31 m above the 
slurry within 0.50 m gas chamber height.

At heights 0 and 0.10 m, top valves 2–4 were closed and 
bottom valves 6–9 were opened. In contrast to other inves-
tigated heights (0.19 and 0.31 m), top valves 2–4 were 
opened and bottom valves 6–9 were closed.
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Pilot reactor reproducibility Two series analyses were 
carried out at room temperature to check the pilot reactor 
for reproducibility. Three reactors with different measur-
ing methods were used for each series and were separately 
filled with 19.0 L of slurry under the same conditions. In 
the first series of experiments, the aerobic conditions were 
established by providing the system with 800 mL min−1 air. 
In the second series of experiments, the gas was fed with 
800 mL min−1 nitrogen; subsequently, anaerobic conditions 
prevailed, as described by Béline and Martinez (2002). 
Based on the coefficient of variation as described by Lash-
ermes et  al. 2012, the recorded concentrations of emitted 
gases were the verification criteria for the pilot reactor 
reproducibility.

Ammonia capture by developed pilot reactor The exhaust 
air was passed through a plant system where it was treated 
with dilute sulphuric acid  (H2SO4), in which the liberated 
 NH3 from the slurry was preferentially absorbed. To deter-
mine the required acid concentration and quantity, a further 
pilot reactor was developed and connected to an absorp-
tion system. Figure 2 shows the construction of the com-
plete developed reactor, consisting of a reaction tank and an 
absorption system. The reactor consisted of a 1.5-m-long 
PVC tube, 0.16 m diameter, which was closed at both ends 
with commercially available covers made of the same tube 
material (R4). The gas feed was carried out via valves 2 and 
3 at 0.12 m above the ground through air stone. In the upper 
cover, there was a hole in V1, through which the carrier gas 
and emitted gases were released to the outside (Fig. 2). As 
described by Wieland and Sucrow (1982), valve 1 was con-
nected to an apparatus consisting of four jars. Two 1000-
mL three-necked flasks containing dilute acid were used 
for  NH3 absorption, and two safety flasks were connected 
before and after each absorption flask.

Mass of  NH3 determination using three replicates of 
experiments was done. At the same time, the reactors R3 
and R4 were charged with 19.0 L of slurry from the same 
barrel. Air (800 mL min−1) was pumped through these reac-
tors at room temperature. The amount of  NH3 in the slurry 
was developed within 4 days.  NH3 in the carrier gas of R3 
was analysed using a gas monitor, whereas for R4,  NH3 was 
absorbed into the two three-necked flasks with 600 mL of 
0.01N  H2SO4 and subsequently determined by means of 
back-titration of the unreacted acid in duplicate determina-
tion. The low concentration of  H2SO4 (0.01 N) was chosen 
similar to the study of Guiziou and Béline (2005). Aliquots 
(20 mL) of solution were titrated with sodium hydroxide 
(0.01 N NaOH) against methyl red. As an indicator, dimeth-
ylaminoazobenzene-o-carboxylic acid (0.2 g) was dissolved 
in a mixture containing 60 mL ethanol and 40 mL deionized 
water (Küster et al. 1962).

Slurry investigation

Slurry description

At the time of sampling, the slurry channels of the stable 
compartment for the fattening pig experimental barn were 
filled to a depth of 0.50 m. A mobile floor slatted mixer 
was used to stir up the slurry at three different locations 
twice every 15 min in order to produce a homogeneous sys-
tem. At the middle position, a 600-L sample was collected 
rapidly under continuous stirring and transferred into ten 
60-L high density polyethylene barrels. The average weight 
of investigated animals at the time of slurry sampling was 
approximately 60 kg. The main components in the feed mix-
ture were 20% of the diet as barley, 53% as wheat and 20% 
as soybean. The animals were not treated with medication, 
although Alzogur (3.0 l m−3) was added to the slurry during 
the summer season only to control flies and pathogens in 
the slurry. The basis of this product is cyanamide  (CH2N2) 
which became ineffective in this system within 3 months, as 
reported by Ruppert et al. (1985). Thereafter, the biochemi-
cal reactions of the slurry were not influenced by additives. 
The homogeneity of the sample in each barrel occurred by 
mixing with a drill stirrer for 5 min. Thereafter, the pH in 
the barrel was measured and three 250-mL samples were 
used to determine the dry matter (DM) content according to 
a standard procedure (Balssen 1981).

Gas emitted from slurry under aerobic and anaerobic 
conditions

Two reactors were each charged with 19.0 L slurry and con-
nected to the gas monitor. Air and nitrogen (800 mL min−1 
flow rate) were passed through these reactors separately at 
22 °C average temperature and a pH of 6.0 in order to study Fig. 2  Developed pilot reactor for ammonia absorption



International Journal of Environmental Science and Technology 

1 3

the influence of aerobic and anaerobic conditions on gas emis-
sions from the slurry through 8-day period.

Influences of air flow rate on slurry

To determine the variation of airflow on slurry under aerobic 
conditions, three reactors were charged with 19.0 L of slurry 
for 4 days and connected to the gas monitor. Amon et al. 
(2007) aerated the slurry under very low flow rate (0.04–0.125 
m3

air
m−3

slurry
h−1 ), while calvet et al. (2017) used a quite high 

flow rate (10 m3
air

m−3
slurry

h−1 ). Accordingly, the selected air 
flow was ranged from 10 to 4000 mL min−1 (0.03 to 12.8 
m3

air
m−3

slurry
h−1 ). At the low flow rates of 10 and 50 mL min−1, 

gas sampling was carried out using a sample bag. This sam-
pling bag was attached directly to valve 7 above the slurry 
surface. For the other higher flow rates, gas sampling was per-
formed online as usual on the upper cover via valve 4. At the 
high air flow of 4000 mL min−1, a strong foam developed after 
1 day. Accordingly, two 61 mg drops of Baysilone antifoam 
(100%) were added to the slurry in the reactor and the experi-
ment was continued.

Influences of pH variations on slurry

To study the influence of pH variations under aerobic condi-
tions on slurry, the experiments were carried out using differ-
ent pH values. The examined pH values were 6.5 for untreated 
slurry, 3.5 and 4.5 for treated slurry with  H2SO4, 4.5 for treated 
slurry with nitric acid  (HNO3), and 8.2 for treated slurry with 
caustic potash (KOH). The carrier gas used was air at a flow 
rate of 800 mL min−1 and at room temperature. The concen-
trations of emitted gases in the carrier gas were determined.

Statistical analysis

The data were analysed using Statistical Package for the Social 
Sciences (SPSS) software (version 15.01). Since this assump-
tion was fulfilled for all data, the t test and the Levene test 
were carried out for the comparison of two mean values of 
independent samples for variance homogeneity.

Results and discussion

The experiments were carried out on a laboratory scale to 
simulate real operational conditions.

Preliminary experiments

Methods of gaseous samples analysis

Figure 3 presents the  N2O concentrations over time using 
three different sampling methods, with and without rinsing. 

There were no differences in the gas sampling methods with 
respect to the  N2O concentrations in the carrier gas. The 
flushing of the gas chamber also had no effect on the meas-
ured values. A similar pattern was also observed for the two 
other gases investigated  (NH3 and  CH4).

The air temperatures during the experiments ranged 
from 20.5 to 24.5 °C, while the pH was approximately 6.5. 
Table 1 shows the characteristic parameters of investigated 
gases in the three reactors. The uniformity of the values con-
firms that there were no differences between the different 
sampling methods, which were also demonstrated by the 
variation coefficients.

Concentration gradient

After the previous experiments, air was passed through the 
reactor R2 under the same conditions. The intake port for 
the gas monitor was fixed at four different heights above 
the slurry. At these points, the concentrations of the emit-
ted gases in the carrier gas were determined, as shown in 
Table 2. According to the variation coefficients of the gas 
concentrations, there was no concentration gradient in the 
gas chamber above the slurry.

A comparison of three different methods used for gas 
sampling showed no differences in the measured gas con-
centrations and concentration gradient of the gases in the gas 
chamber above the slurry.

Reproducibility

The storage time of the slurry sample for the pilot experi-
ments was approximately 4 months. The outside temperature 
during the experimental period fluctuated preferably in a 
range 12–20 °C. Two independent experiments replicates, 

Fig. 3  Various methods of  N2O gas sampling for analysis using a 
pilot reactor
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each with three reactors (R1, R2 and R3), were conducted in 
order to check the reproducibility of the pilot study results. 
Aerobic and anaerobic conditions in the slurry were adjusted 
by means of air supply and nitrogen, respectively. Figure 4a 
presents  CH4 concentrations under aerobic conditions, while 
Fig. 4b shows the concentrations under anaerobic condi-
tions. The mean concentration of  CH4 gas was 28.7 and 

207.5 ppm, and the average variation coefficient was 10.7 
and 6.6% under aerobic and anaerobic conditions, respec-
tively. In both reaction conditions, a heterogeneous sys-
tem of liquid, gaseous and solid ingredients was present, 
although the mixture had been previously mechanically 
homogenized. Nevertheless, the low variation coefficient of 
 CH4 concentration as presented by Lashermes et al. 2012 
shows a good reproducibility of the results, which allowed 
the drawn slurry sample to be used in the pilot reactor and 
proved the usability of the aforementioned pilot plant. Thus, 
the developed pilot reactor produced reproducible results 
and was used in the following experiments to investigate 
the slurry reactions.

Developed pilot reactor for ammonia absorption

At the same time and under the same conditions, air was 
passed through two reactors R3 and R4.  NH3 in the carrier 
gas of R3 was analysed by means of the gas monitor.  NH3 in 
the carrier gas of R4 was absorbed in the pilot reactor with 
diluted  H2SO4 and subsequently determined by re-titration 

Table 1  Characteristic 
parameters for the gases 
collected due to slurry reactions 
using different sampling 
methods

Experiment Characteristic parameters

Gases concentrations [ppm] Gases emissions [ mg m−3
slurry

h−1]

NH3 N2O CH4 NH3 N2O CH4

R1 18.0 0.9 29.0 33 4.25 50
R2 17.0 0.9 29.0 31 4.25 50
R3 18.0 1.0 27.0 33 4.72 47
Average 17.7 0.93 28.3 32.3 4.4 49
Variation coefficients 

[%]
2.6 5.4 3.3 3.4 4.8 4.4

Table 2  Concentration gradient in the gas chamber of the reactor 
above the slurry

Measuring 
height [m]

NH3 [ppm] N2O [ppm] CH4 [ppm]

0.31 16.50 0.901 27.50
0.19 16.03 0.866 27.37
0.10 16.33 0.862 29.37
0.0 16.87 0.865 27.60

Average – 16.43 0.874 27.96
Variation 

coefficients 
[%]

– 2.1 2.06 3.4

Fig. 4  CH4 concentration in the air over the slurry surface as a function of time, with verification of the reproducibility of the pilot reactor 
results under aerobic and anaerobic conditions
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of the unreacted acid. The experiment within 4 days reac-
tion time shows consistent results from the two analytical 
processes, with 5.6 mmol  NH3. The lower titration values in 
the pilot reactor are explained by leaks in the system where 
ammonia has escaped. As expected, no ammonia was found 
in the second absorption flask, hence the absorption took 
place quantitatively only in the first absorption flask. The 
consumption of 0.01N  H2SO4 in the first absorption flask 
was 18.6 mL. Reduction in the solution volume may be 
returned to the evaporation. Accordingly, 0.01 N  H2SO4 is 
recommended to be used in the developed reactor to achieve 
pH less than or equal 5 as mentioned by Hahne 2006. This is 
in accordance with results obtained by checking the presence 
of ammonia in the carrier gas using moistened pH paper 
after the second safety flask. The amount of  NH3 (5.6 mmol) 
in 19.0 L of slurry was developed within 4 days. The devel-
oped plant system, which consisted of a reactor tube and an 
absorption system, was suitable for estimating the required 
concentration and amount of acid for the farm-scale test. 
Transition of the slurry from anaerobic to aerobic storage is 
expected to produce preferential formation of ammonia and 
reduced the methane (Amon et al. 2006). Reducing ammo-
nia mass flow by acidifying in a pilot reactor is beneficial to 
the environment (Park et al. 2018), since ammonia can be 
removed as an ammonium compound, which represents a 
valuable substance.

Slurry description

The slurry was mechanically homogenized using a mobile 
slatted-floor mixer and distributed equally into ten 60-L bar-
rels. The average pH of slurry in the barrels was 6.2, while 
the DM content was 9.3%. The results show the uniform-
ity of the individual fractions, which are, therefore, repre-
sentative of the total slurry in the channels. The variation 
coefficients were 3.2% for the DM content and 0.6% for the 
pH values. DM content could be considered to be the most 
important parameter for evaluating the slurry, as reported by 
Balssen (1981).  CH4 formation is strongly dependent on the 
organic DM content (Amon et al. 2006). Manure from large 
pig farms contains of 2–4.5% DM (Ošlaj and Muršec 2010).

Variation of the reaction conditions in the pilot 
reactor

In the developed plant, flow experiments through the slurry 
were carried out with variations in gas type, gas flow rate 
and pH values. The concentrations of  NH3,  N2O and  CH4 in 
the carrier gas were analysed and plotted against the time. 
The majority of the curves obtained for all investigated 
gases were continuous with two regions. At the beginning, 
the emissions from high values were decreased and then 
remained constant over the experimental period. These 

initial high  NH3 emissions in the experiments are consist-
ent with observations by Thaer (1978), and by homogeniz-
ing and pumping the slurry,  NH3 rapidly escapes. Monteny 
et al. (2006) described similar effects for  N2O and  CH4. The 
initial high values of the noxious gases can be explained a 
proportion dissolved in the liquid and adsorbed into solids, 
as well as bacteria/enzymes.

By passing the air or nitrogen through the slurry, these 
gases are initially driven out. The constant value of the curve 
was determined only by the continuously generated gases. 
The total expulsion of the gases was determined by interplay 
of different velocities for diffusion, adsorption, reaction and 
desorption, as well as the different solubility equilibria.

Reactions under aerobic and anaerobic conditions

The gas was fed in two simultaneous experiments with 
the available two reactors at a constant flow rate of 
800 mL min−1, 22 °C average temperature and a pH of 6.0. 
One reactor was operated with air and the other reactor with 
nitrogen to create aerobic and anaerobic conditions, respec-
tively. The concentrations of  NH3,  N2O and  CH4 in the two 
carrier gases were determined by means of the gas monitor 
and are shown in Fig. 5. The experiments were terminated 
after reaching a constant level.

According to results shown in Fig. 5, curves with a quali-
tatively similar pattern were observed for  NH3,  N2O and 
 CH4, both under aerobic and anaerobic conditions. After 
initial high values dropped, the values settled in a constant 
range. The characteristic parameters of the curves for these 
comparative experiments under aerobic and anaerobic condi-
tions are shown in Table 3. Thereafter, approximately 70% 
less  NH3 and  CH4 were produced under aerobic conditions 
than under anaerobic conditions. However in the present 
study, much less  NH3 was formed and emitted under aero-
bic conditions than under anaerobic conditions, which is not 
consistent with findings of Frosch (2004). An explanation 
for the  NH3 formation under aerobic conditions, suggested 
by Frosch (2004), is related to the positive influence of these 
conditions on micro-organism activity that produces ure-
ase. Slurry under slatted floor is mainly produced by mixing 
of drainage of urea, faeces, some escaped feed and water. 
Production of ammonia in the slurry solution is induced 
mainly by breakdown of urea in two forms NH3 and NH+

4
 

(Cortus et al. 2009). Increasing urease concentration leads 
to a quick urea saponification and thus a higher  NH3 con-
centration. Luo et al. (2001) reported that  NH3 formation 
returned with an increase in pH from 6.5 to 7.5 within the 
first day when air flow rate was 1000 mL min−1. In con-
trast, in the aerobic experiments carried out in this recent 
research with a 800 mL min−1 air flow rate, a very small 
increase in pH occurred over the experimental period of 
8 days, which is consistent with the results of Sommer et al. 
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(2017). As reported by Amon et al. (2006),  CH4 emissions 
were decreased by 40% under aerobic conditions while the 
 NH3 emissions were doubled, which is not consistent with 
the results in this study.  NH3 emission was low in compari-
son with other studies, probably due to the enhancement of 
nitrification ( NH3 to NO−

3
 ) under aerobic conditions. Also, 

low slurry pH is probably a reason for low  NH3 emission 
where the volatilization of  NH3 occurred by converting NH+

4
 

into gas under alkaline conditions (Park et al. 2018).
As shown in Fig. 5, declining of the  CH4 concentration 

from 220 to 75 ppm in the comparison between anaerobic 
and aerobic conditions is consistent with Loyon et al. (2007). 
The methanogenesis is inhibited by aerating the slurry and 

creating aerobic conditions while under anaerobic conditions 
methanogenesis is enhanced (Calvet et al. 2017). Accord-
ingly, anaerobic degradation by bacteria in manure organic 
matter was considered to be the main reason for  CH4 forma-
tion (Philippe and Nicks 2014). Low  CH4 concentration may 
returned to lower water solubility of  CH4 than  NH3 (Calvet 
et al. 2017; Sajeev et al. 2018), and the produced amount 
of  CH4 concentration is reserved in a small bubbles before 
transferring into the air.

The production rate of the  N2O gas was increased from 
0.6 to 1.4 mg  d−1 under aerobic conditions and was thus 
about 130% higher. This is caused by transforming the 
ammonium (NH+

4
 ) into nitrates and  N2O during an aerobic 

Fig. 5  Ammonia, nitrous oxide and methane gas concentration as a function of time at a flow rate of 800 mL min−1 under aerobic and anaerobic 
conditions in the pilot reactor

Table 3  Characteristic 
parameters of the gases 
collected under aerobic and 
anaerobic reactions of the slurry

Carrier gas Characteristic parameters

Gases concentrations [ppm] Gases emissions [ mg m−3
slurry

h−1]

NH3 N2O CH4 NH3 N2O CH4

Air 29 0.6 70 42 2.8 120
Nitrogen 103 0.3 214 150 1.4 368
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process of nitrification. Nitrates and nitrites are transferred 
into N2O and dinitrogen (N2) by the anaerobic process of 
denitrification (Béline and Martinez 2002; Moeletsi and 
Tongwane 2015).

Influences of variation in air flow rate on slurry reactions

Molecular oxygen cannot be stored in aqueous solutions at 
a high concentration. To ensure aerobic conditions and pre-
vent adverse effects on aerobic micro-organisms due to 
insufficient oxygen, air was passed continuously through the 
slurry in the investigated reactors using various flow rates. 
Various air flow rates ranging from 10 to 4000 mL min−1 
(0.03 to 12.8 m3

air
m−3

slurry
h−1 ) were examined to study the 

effect on slurry reactions. Results presented in Table 4 show 
the influence of air flow rate on slurry reactions in the form 
of characteristic parameters. The emissions of all pollutant 
gases with the various air flow rates were increased.

Using flow rates of 50–4000  mL  min−1 (0.16–12.8 
m3

air
m−3

slurry
h−1 ), the concentrations of  N2O and  CH4 in the 

carrier gas decreased with increasing flow rate while the 
mass emissions were increased. The  CH4 concentration 
decreased with increasing air flow rate from 410 ppm at 
50  mL  min−1 (0.16 m3

air
m−3

slurry
h−1 ) to 22  ppm at 

4000 mL min−1 (12.8 m3
air

m−3
slurry

h−1 ) due to dilution effects. 
As clarified by Amon et al. (2006), flowing oxygen into the 
slurry decreases  CH4 formation which is strictly an anaero-
bic process. This also applied to  N2O at a lower level. 
Ammonia acted differently. With increasing flow rate, not 
only the mass emissions but also the concentrations were 
increased, agreement with Amon et al. (2006). Surface con-
tact of slurry with air influences  NH3 emissions (Amon et al. 
2007). Surprisingly, the concentration of  NH3 increased 
from 17  ppm at 50  mL  min−1 (0.16 m3

air
m−3

slurry
h−1 ) to 

78 ppm at 4000 mL min−1 (12.8 m3
air

m−3
slurry

h−1 ). The great 
turbulence in the system due to a high air flow rate led to a 
quick exchange of substances. In case of  NH3, this phenom-
enon exceeded the dilution effect, which was not the case for 

 CH4 and  N2O. According to Béline and Martinez (2002), 
 N2O originated mainly from manure and was formed in aero-
bic zones by nitrification and in anaerobic zones by denitri-
fication (Loyon et al. 2007; Montes et al. 2013; Philippe and 
Nicks 2014; Moeletsi and Tongwane 2015). A change 
between nitrification and denitrification can occur spatially 
and also temporally, or with a low aeration rate (Smith and 
Evans 1982; Béline and Martinez 2002). Results with a low 
flow rate of 10 mL min−1 (0.03 m3

air
m−3

slurry
h−1 ) showed, for 

all three gases, highly scattered values involving high 
concentrations.

NH3 emissions showed a slow linear increase up to a flow 
rate of 1200  mL  min−1 (3.84 m3

air
m−3

slurry
h−1 ). At 

4000 mL min−1 (12.8 m3
air

m−3
slurry

h−1 ), a sudden increase of 
more than 90% occurred.  N2O emissions also increased 
similarly to  NH3 with increasing flow rate. At the lower 
range of 50–400 mL min−1 (0.16–1.28 m3

air
m−3

slurry
h−1 ), the 

emissions fluctuated between 1.8 and 2.3 m3
air

m−3
slurry

h−1 . 
 CH4 emissions acted similarly, with emissions rising with 
increasing air flow rates. A sudden increase in air flow rate 
at 4000 mL min−1 (12.8 m3

air
m−3

slurry
h−1 ) drove the emissions 

to increase close to 75%.
Experiments with continuous aeration of pig slurry are 

still limited while small-scale experiments on intermitted 
aeration were conducted previously in several researches. 
Intermitted aeration of pig slurry affects also the noxious 
gases emissions as presented by Béline and Martinez (2002) 
for  N2O and Calvet et al. (2017) for  NH3 and  CH4. The 
authors observed high emissions of  N2O and  NH3 and low 
emissions of  CH4.

At 4000 mL min−1 (12.8 m3
air

m−3
slurry

h−1 ) flow rate and 
with the addition of silicone oil Baysilone to control foam 
formation, the foam immediately collapsed completely. As 
a result, Baysilone was not only reported to be an effective 
antifoaming agent in the aerosolization of slurry, as 
described by Sommer and Husted (1995), but also as an 
inhibitor of the release of the above-mentioned noxious 
gases. Furthermore, the concentration of the emitted  NH3 

Table 4  Characteristic 
parameters of the reactions for 
the slurry with different air flow 
rates

Air flow rate 
[mL min−1 
( m3

air
m−3

slurry
h−1)]

Temperature [°C] pH Characteristic parameters

Gases concentrations 
[ppm]

Gases emissions 
[ mg m−3

slurry
h−1]

NH3 N2O CH4 NH3 N2O CH4

10 (0.003) 22.3–26.5 6.3–6.5 – – – – – –
50 (0.16) 18.8–22.9 6.3–7.0 17 6 410 1.9 1.8 44
100 (0.32) 18.7–22.9 6.3–7.1 14 4 180 3.2 2.3 38
400 (1.28) 18.7–23.5 6.0–6.1 31 0.8 112 28 1.9 96
800 (2.58) 18.7–23.5 6.0–6.1 29 0.7 70 53 3.3 120
1200 (3.84) 18.7–23.4 6.1–6.2 28 0.7 60 76 4.9 154
4000 (12.8) 22.0–25.7 7.0–7.6 78 0.5 22 705 11.7 188
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and  CH4 gases was reduced by around 70%. However, the 
concentrations of  N2O remained unchanged. The minimum 
reproducible value of the emissions for all three gases was 
at 100 mL min−1 (0.32 m3

air
m−3

slurry
h−1 ) flow rate. This air 

volume flow was just sufficient to create clearly aerobic 
conditions.

Influences of pH variation on slurry reactions

The used slurry for the various experiments in the pilot reac-
tor was in acidic and alkaline media where the biochemical 
reactions of the slurry and gaseous emissions depend on the 
pH value (Sommer et al. 2017; Park et al. 2018). Potassium 
hydroxide solution was chosen for the pH adjustment. The 
potassium salts have very good solubility, which indicates 
a lower tendency for precipitate formation and adsorption 
in the slurry.

In addition to economic and safety reasons, sulphuric 
acid as recommended by Sajeev et al. 2018 was used in the 
pilot reactor experiments.  H2SO4/HNO3 and KOH (concen-
trated) were used to adjust the acidic and alkaline conditions, 
respectively. A comparison study using untreated slurry with 
pH 6.5 and slurry treated with  H2SO4,  HNO3 and KOH was 
carried out at 800 mL min−1 air flow rate and air tempera-
tures ranging from 19.4 to 26 °C. The pH values for treated 
slurry were 3.5–4.5, 4.5 and 8.2 with  H2SO4,  HNO3 and 
KOH, respectively. Emissions per day for  NH3,  N2O and 
 CH4 at different pH values were determined. In the experi-
ments for pH variation in the pilot reactor, the  NH3 and  N2O 
emissions increased with increasing pH value (Thaer 1978; 
Sommer et al. 2017; Sajeev et al. 2018).  NH3 emission in the 
investigated pH range of 3.5–6.5 was around 60 mg d−1. By 
increasing the pH value to 8.2, a strong increase to around 
190 mg d−1 occurred accordingly. Low pH value increases 
the  NH4

+/NH3 ratio, and accordingly,  NH4
+ is not released 

from the manure, as reported by Sommer et al. (2017); it 
also leads to inhibition of the activity of urease-producing 
bacteria, as described by Sajeev et al. (2018).  N2O emis-
sion was 1.0 mg d−1 at pH 3.5. As the pH was increased, 
the emission also increased up to 1.6 mg d−1 at pH 6.5; 
this is due to decreased nitrifying bacterial activity (Sajeev 
et al. 2018). Manure acidification also influences the  CH4 
emission, with 75 mg d−1 at pH 3.5 due to low methano-
genic activity (Sommer et al. 2017; Sajeev et al. 2018). The 

experiment at pH 4.5 was repeated by using  HNO3 instead of 
 H2SO4. No difference was observed in gas emissions using 
either acid. Based on the results obtained for pH variation 
under aerobic conditions, slurry pH should be in neutral to 
weakly alkaline range in order to achieve minimum  CH4 
emissions.

From the above discussion, the pigs have to be protected 
against intoxication by removing the polluted air under the 
slatted floor. Further experiments will be conducted in a real 
barn with slatted floor, as illustrated in Fig. 6, using the 
results obtained from this preliminary experiment.

Conclusion

In this investigation, pilot reactors were developed to provide 
reproducible results which were suitable for adjusting the 
operating conditions used in farm-scale barns. Based on 
results of the pilot reactor experiment, no differences were 
apparent between the various sampling methods (variation 
coefficients ranged from 2.6 to 5.4%) and, in addition, gas 
chamber flushing had no effect on the measured values. 
There was no concentration gradient observed in the gas 
chamber above the slurry (variation coefficients ranged from 
1.7 to 5.4%). Estimating the required amount of acid for the 
operating test could be selected using the developed pilot 
reactor. The amount of  NH3 (5.6 mmol) in 19.0 L of slurry 
was developed within four days by consumption 18.6 mL of 
0.01N  H2SO4 in the first absorption flask. The pH of inves-
tigated slurry was 6.2 while DM content was 9.3%. Approxi-
mately 70% less  NH3 and  CH4 were produced under aerobic 
conditions than anaerobic conditions, while  N2O production 
rate was increased about 130% under aerobic conditions. To 
minimize  CH4 and  N2O emissions from the slurry, the low-
est possible air flow rate should be selected which is suffi-
cient to create clearly aerobic conditions. The minimum 
reproducible value of the emissions for all three gases was 
at 100 mL min−1 (0.32 m3

air
m−3

slurry
h−1 ) flow rate. At this flow 

rate, the emissions of  NH3,  N2O and  CH4 were 3.2, 2.3 and 
38 mg m−3

slurry
h−1 , respectively. Based on the results obtained 

from pH variation, slurry pH should be kept in the neutral 
range in order to achieve minimum gas emissions under 
aerobic conditions.
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