EVALUATION OF THE NH3 REMOVAL EFFICIENCY OF AN
ACID PACKED BED SCRUBBER USING TWO METHODS:
A CASE STUDY IN A PIG FACILITY
F. Estellés, R. W. Melse, N. W. M. Ogink, S. Calvet

ABSTRACT. The use of air cleaning systems to reduce ammonia emissions from animal houses is increasing. These systems are
normally used in order to comply with local or national regulations of ammonia emission. Therefore, accurate determination
of the proportion of ammonia being removed by these systems is crucial. There are two main methods available to measure
ammonia removal efficiency of scrubbers: air balance (based on the measurement of ammonia concentrations in air) and
combined water‐air balance (in which it is also necessary to determine the amount of nitrogen recovered in the liquid phase).
The first method is simpler to establish, while the second method might provide deeper information about the processes
occurring. The main aim of this work was to assess, in terms of the variability of the results, the use of these two methods to
evaluate the efficiency of an acid packed bed scrubber on a pig farm. An acid packed bed scrubber (70% NH3 removal) was
monitored during ten complete 24 h cycles for ammonia concentrations, airflow rates, and nitrogen accumulation in the acid
solution basin. The average efficiency calculated using the air balance method was 71% (±4%), close to the design value
of 70%, while the average efficiency when using the combined water‐air balance method was 255% (±53%). The
accumulation and precipitation of ammonium salts in the packing material seem to be the main cause of the high variability
and inaccuracy of the combined water‐air balance method observed for this type of scrubber. According to these results, it
is recommended to use the air balance method when determining the ammonia removal efficiency for acid packed bed
scrubbers similar to the one studied here. According to the variability of the results observed in this work, at least
24measurement days are needed in order to keep the relative error below 5% when using the air balance method to determine
the ammonia removal efficiency of an acid packed bed scrubber.
Keywords. Acid scrubber, Ammonia, Efficiency, Methods, N balance.
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ivestock production is one of the major contributors
to ammonia, odor, and particulate matter emissions
in the agricultural sector. Recently, international
commitments (e.g., Kyoto Protocol, European
Ceilings Directive 2000/81 CE) are binding the participating
countries to reduce total emissions of atmospheric pollutants.
The use of techniques to reduce emissions is playing a key
role in several areas across Europe where livestock farming
facilities are concentrated.
A large variety of techniques is available for the reduction
of ammonia emission from animal houses. According to
Ndegwa et al. (2008), these techniques can be classified in
four main groups: reduction of nitrogen excretion, reduction
of volatile nitrogen, building design and manure manage‐
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ment, and emissions capture and treatment. Techniques for
treatment of exhaust air from farms are included in this last
group. These systems, also called “end‐of‐pipe systems,”
have become off‐the‐shelf techniques for the reduction of
NH3 emissions from pig and poultry houses in countries like
The Netherlands, Germany, and Denmark (Melse et al.,
2009a).
A packed bed air scrubber is a reactor filled with an inert
or inorganic packing material. This material is either continu‐
ously or intermittently sprayed with water to keep it wet. The
exhaust air of the farm is driven through the scrubber. This
process results in contact between the air and water, enabling
a mass transfer from soluble gases to a liquid phase. A frac‐
tion of the trickling water is continuously recirculated, while
another fraction is discharged and replaced by fresh water.
Packed bed air scrubbers can be classified in two main
groups according to their operation principle: acid scrubbers
and biotrickling scrubbers. Acid packed bed scrubbers are
based on the capture of ammonia in an acid solution that is
recirculated over the packed material. An ammonium salt is
formed that is discharged with a certain frequency. Sulfuric
acid is commonly used, and pH is kept between 2 and 4.
Melse and Ogink (2005) reported an average ammonia re‐
moval efficiency of 96% in acid scrubbers (ranging from 40%
to 100%). Biotrickling scrubbers work on the principle of the
formation of a bacterial biofilm in the packing material.
These bacteria degrade the water‐soluble components of the
air that have been trapped in the water. Due to this bacterial
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Figure 1. Types of mass balance for the determination of ammonia remov‐
al efficiency in air scrubbers, with Effc representing the combined water‐
air balance and Effa the air balance.

activity, ammonia is converted into nitrites and nitrates. Ni‐
trogen concentrations in the water are kept below inhibiting
levels by regular discharge of the recirculation liquid. The av‐
erage ammonia removal in these filters has been estimated at
70% (ranging from 0% to 100%) by Melse and Ogink (2005).
One of the negative aspects of biological air treatment sys‐
tems may be the risk of N2O emission as a consequence of the
nitrification‐denitrification (NDN) processes (Hahne and
Vorlop, 2004). Besides ammonia, scrubbers also remove
odor and particulate matter from the air to some extent
(Melse and Ogink, 2005; Melse et al., 2010, 2011).
Since the ammonia removal efficiency of air scrubbing
systems is used for regulatory purposes, the measurement
technique for evaluating the removal efficiency plays a cru‐
cial role. Two main techniques, both based on a mass balance
approach, can be used (Manuzon et al., 2007, Shah et al.,
2008). The first technique (air balance) is based on measure‐
ment of the reduction of ammonia concentration in the ex‐
haust air by determining the NH3 concentration before and
after the scrubbing process. This is the most common tech‐
nique, and it is used worldwide since the early application of
scrubbers. The second technique (combined water‐air bal‐
ance) consists of measuring the amount of nitrogen that has
been recovered in the liquid phase and relating it to the total
amount of ammonia entering the system. The combined
water‐air balance technique can be an additional requirement
to the air balance measurements when certifying a scrubber,
as it is in Germany. Figure 1 summarizes both measurement
methods.
The main advantage of the air balance technique is its sim‐
plicity, because it only requires measurement of the ammonia
concentration in the air, whereas the combined water‐air bal‐
ance technique requires measurement of the concentrations
in air and water and determination of volumes and/or flows
as well. However, the combined water‐air balance technique
can provide further information about the process and nitro‐
gen fluxes, e.g., the occurrence of gaseous nitrogen emis‐
sions other than ammonia, or nitrogen accumulation in the

system. This could lead to a better understanding of NDN
processes in biological scrubbers, since the amount of nitro‐
gen emitted as N2O and N2 could be assessed. It also may
help in understanding the precipitation of ammonium salts in
the system.
One of the main constraints of the combined water‐air bal‐
ance approach is related to its accuracy. It is expected that
measuring more parameters (e.g., air and water volumes) in‐
troduces extra measurement errors as compared to the air bal‐
ance approach. This may lead to a lower overall accuracy of
the nitrogen balance and, consequently, of the determined
ammonia removal efficiency. Estellés et al. (2011a,b), in a
theoretical study of an acid packed bed scrubber, estimated
that the uncertainty associated with the efficiency measure‐
ment increases between 3 and 50 times (depending on the
measurement methods and expected efficiency) when using
the combined water‐air balance instead of the air balance.
Therefore, there is a need to test whether these theoretical
findings may be applicable in practice. For the purpose of
validating these results, the two balance methods for the de‐
termination of scrubber efficiency were tested in a particular
case in an acid packed bed scrubber.
The main aim of this work is to assess the use of the air bal‐
ance and the combined water‐air balance to evaluate the effi‐
ciency of an acid scrubber installed on a pig farm in terms of
the variability of the results.

MATERIALS AND METHODS
GENERAL APPROACH
A single‐stage acid scrubber was chosen in order to sim‐
plify the measurements and to avoid possible biological ac‐
tivity that could lead to the loss of nitrogen in the form of N2O
or N2. All measurements were conducted during a three‐
week period, starting 9 June 2009, resulting in ten trials with
each trial lasting 24 h. A graphical representation of the ex‐
periment is presented in figure 2.
Relative humidity and air temperature were recorded ev‐
ery 5 min at the air inlet and outlet using temperature and rel‐
ative humidity (T/RH) sensors (Hygroclip‐S, Rotronic
Instrument Corp., Hauppauge, N.Y.). Data were collected us‐
ing a data logger (CR10X, Campbell Scientific, Inc., Logan,
Utah).
DESCRIPTION OF THE SCRUBBER
Measurements were taken from an acid scrubber (mini‐
mum required average NH3 removal was 70% according to
the manufacturer) installed in a fattening pig house
(1,180animals) with partially slatted floors in Schijndel, The
Netherlands. The house had a single air exhaust in which a
scrubber was installed (fig. 3), with a maximum capacity of
90,000 m3 h‐1 according to the manufacturer and a pressure
drop that may vary from 50 to 115 Pa according to the

Figure 2. Time‐line of the experiment. Gray bars indicate measuring periods, and white bars indicate non‐measuring periods.
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Figure 3. Scheme of the acid packed bed scrubber studied.

Deutsche Landwirtschafts Gesellschaft certification (DLG,
2009).
The scrubber had a cross‐flow configuration. The packing
was formed by a stack of vertical ion‐exchange fiber cloths,
directed parallel to the airflow (460 cm width, 201 cm height
and 50 cm thickness), over which the acid solution was
sprayed intermittently (at a rate of 20 m3 h‐1, about 1 min ev‐
ery 20 min). This means that the empty bed residence time at
maximum airflow equals to 0.18 s. This packing material was
cleaned using high‐pressure water one week before the ex‐
periment started. A 15 cm wide plastic droplet remover, con‐
sisting of 2 cm side hexagonal cells parallel to the airflow,
was also present. A water collection basin (460 cm width,
45cm height, and 95 cm length) was installed below the
packing unit. The acid solution was recirculated (1 m3 h‐1),
and pH was automatically controlled and kept below 4 and
over 1.5 by means of addition of concentrated sulfuric acid
(1 M) to the system. Fresh water was continuously added to
the system to compensate for the volume of evaporated liq‐
uid. The acid solution in the basin was discharged weekly but
never when a 24 h measurement trial was being carried out.
After the discharge of the acid solution, fresh water and sulfu‐
ric acid were added automatically to the system in order to
achieve normal process operations again. The scrubber under
investigation is similar to the acid scrubber described by Aar‐
nink et al. (2011).
It is important to remark that the operating principle of this
specific scrubber may not be representative for all acid scrub‐
ber operations. The packing material of acid scrubbers is in
most cases continuously wetted with an acid solution, which
in this case happened intermittently according to the
manufacturer 's specifications. In addition, the packing mate‐
rial of the scrubber used in this work is formed by stacks of
fiber cloths parallel to the airflow, while normally the pack‐
ing material is formed by a structured plastic packed bed.
AIR BALANCE
General Approach
To obtain the efficiency of the scrubber using the air bal‐
ance method (Effa ), the ammonia‐N concentrations in the in‐
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let ([NH3‐N]i , mg m‐3) and outlet air ([NH3‐N]o , mg m‐3)
must be determined. The efficiency is calculated as follows:
Eff a = 1 −

[NH 3 -N]o
[NH 3 - N] i

(1)

Air Ammonia Concentrations
Average daily ammonia concentrations in the air were de‐
termined using active wet methods (Ni and Heber, 2008).
Two sampling locations were defined (inlet air and outlet air).
For each sampling location, duplicate sampling lines were
installed. The sampling lines for the outlet air were placed in‐
side a plastic collecting duct (30 cm diameter and 50 cm
length) attached to the droplet remover in order to exclude in‐
terference with outside air and to obtain representative sam‐
ples of outlet ammonia concentrations (fig. 3). Next, each
sampling line was divided into two replicates, obtaining eight
sampling points (four from the inlet and four from the outlet
air). Two constant‐flow pumps were installed for air sam‐
pling. Critical orifices (Louwers, Hapert, The Netherlands)
were used in order to obtain constant airflows (1 L min‐1)
through the wet traps (impingers). All sampling tubes were
made of polytetrafluoroethylene (PTFE) in order to avoid
ammonia adsorption (Philips et al., 1998). Two impingers
containing a nitric acid solution (0.05 M) were located in se‐
ries for each sampling point. The ammonia concentration in
the air was calculated from the air sampling rate, the nitrogen
content of the acid solution in the bottles, which was deter‐
mined spectrophotometrically at 655 nm (NEN, 2006), and
the weight of the bottles before and after the sampling period
to correct for volume increase due to water condensation. The
air sampling rate of the impingers was determined by measur‐
ing the airflow twice, at the beginning and at the end of each
measuring period, with a flowmeter (Defender 510, BIOS In‐
ternational Corp., Butler, N.J., accuracy ±1% of reading).
Ammonia‐N concentrations in the air (mg m‐3) were cal‐
culated as follows:

[NH 3 - N ]=

NH +4 - N × IM
IA × t × D × 10 − 6

(2)
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where NH4+‐N is the ammonium‐N concentration in the acid
solution (mg L‐1), IM represents the impinger solution mass
corrected for condensation (g), IA is the average airflow rate
through the impinger (mL min‐1), t is the sampling time
(min), D is the density of the acid solution (103 g L‐1), and
10‐6 is the conversion factor from mL to m3.
COMBINED WATER‐AIR BALANCE
General Approach
For the determination of the efficiency using the
combined water‐air balance method (Effc ), it is necessary to
determine the ammonia flux coming in the scrubber through
the air (ANH3, kg N) and the amount of ammonia
accumulated in the acid solution of the system (WNH3,
kgN). The efficiency of the system can be then calculated
using equation 3:
WNH 3
(3)
Eff c =
ANH3
Ammonia Flux in the Air
The amount of ammonia entering the scrubber through the
air was determined by multiplying the average ammonia
concentration determined using the impinger method
([NH3‐N]i ) by the airflow rate through the scrubber
(F,m 3h‐1) during the sampling period (t, min) using
equation 4:
ANH3 = [NH 3 -N] i × 10 − 6 ×

F

∫ 60 × dt

(4)

Ammonia Recovered in the Water
The amount of ammonia recovered in the water was
calculated as the difference between the amount of ammonia
present in the acid solution basin before and after the
measuring period using equation 5. To obtain these values,
the ammonium concentrations in water (WNH4+‐N, kg N
m‐3) as well as the water volume in the acid solution basin
(V,m 3) at the beginning (i) and end (f) of the experiment were
determined:

(

)f − (WNH +4 − N × V)i

(5)

Duplicate water samples (100 mL) were taken from the
acid solution basin at the beginning and end of each sampling
period. These samples were later analyzed for ammonium
concentration using spectrophotometric methods (NEN,
2006). EC and pH determinations were conducted as well
(APHA, 2005). For consecutive sampling periods (trials 3 to
5 and trials 6 to 10), it must be considered that the final
sample of a period equals the initial sample of the next period.
The volume of the liquid in the acid solution basin was
determined by multiplying the acid solution basin surface
times the water height. The surface of the acid solution basin
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TIME SCALE
In order to evaluate the effect of the time scale of the
measurements, the data obtained from daily measurements
were assessed in two ways. First, the daily variability of the
air balance was calculated. This value was used as an
estimator to determine the minimum number of daily
measurements needed to obtain the average removal
efficiency of the system with a relative error below 5%. The
following expression was used:
2

where 10‐6 is the conversion factor from mg m‐3 to kg m‐3.
The airflow rate was determined using four fan‐wheel
anemometers (Fancom BV, Panningen, The Netherlands)
attached to the four exhaust fans (90 cm dia.) of the building.
The anemometers were calibrated in a wind tunnel by the
DLG in Germany (Ref 09‐566). Airflow rates were recorded
every 5 min using a data logger (CR10X, Campbell
Scientific, Inc., Logan, Utah).

WNH 3 = WNH +4 − N × V

was calculated using the manufacturer's measurements. The
measurement of the water height at the beginning and end of
each sampling period was determined as follows: first, the
recirculation pump of the scrubber was manually stopped, if
running, to allow stabilization of the water level. After 5 min
without recirculation, a calibrated ruler was introduced into
the acid solution basin, and the water height was measured in
triplicate. As explained earlier, for consecutive sampling
periods, the final volume of a period equals to the initial
volume of the next period. In order to check whether the
water volume measurements were correct, a psychometric
balance was also developed. Air humidity and temperature
data, as well as the volume of compensation water added in
each balance, were used. Water volume measurements were
considered valid only if the difference between direct
measurements and the psychometric balance remained
below 5%, which happened for all measurement periods
presented in this work.

⎛t ⎞ ⎛ s⎞
N ≥ ⎢ α ⎟ ×⎢ ⎟
⎝ 2 ⎠ ⎝δ⎠

2

(6)

where t /2 is the upper critical values from a t distribution,
 is the risk of rejecting a true hypothesis (0.05), s is the
standard deviation of the sample (the ammonia removal
efficiency in percentage), and  is the maximum relative
expected error (5%).
As a second step, the time scale of the combined water‐air
balance was evaluated. This balance was calculated on both
a daily basis and during a cycle, considering that a cycle
comprises consecutive measurements between water
discharge processes. Therefore, this balance was developed
using the data from the last five trials (trials 6 to 10).
STATISTICAL ANALYSIS
The effect of inlet ammonia concentration on outlet
ammonia concentration was tested through linear regression.
In addition, in order to test the effect of average pH and EC,
inlet airflow rates, inlet ammonia concentrations, and
environmental conditions (inlet temperature and relative
humidity) on the ammonia removal efficiency calculated
using the air balance, a simple linear regression with each of
the parameters was developed. The REG procedure of the
statistical software SAS (2001) was used, following the
model below:
Eff a = α + β × X + ε

(7)

where  is the intercept of the regression,  is the slope, X is
the considered parameter (average pH, average EC, airflow
rates, inlet ammonia concentrations, inlet T, and inlet RH),
and  is the error of the model.
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Figure 4. Average daily (N = 278) temperature and relative humidity registered during the experimental period in the inlet and outlet air.

RESULTS AND DISCUSSION
ENVIRONMENTAL CONDITIONS, AIRFLOW RATES, AND
WATER VOLUMES
The average temperature and relative humidity registered
during each trial are shown in figure 4. Average (±SE)
values for temperature (25.8°C ±2.3°C) and relative
humidity (54.5% ±7.3%) were in the ranges observed by
Seedorf et al. (1998b) in fattening pig farms during summer
in northern European buildings. As expected, an increase in
the humidity of the air (on average 21.8% ±5.5%) and
subsequently a reduction of the air temperature (averaging
3.2°C ±0.9°C) were observed. This fact is due to the
“wetting effect” (adiabatic evaporation) of the scrubber,
which causes an average (±SE) water content increase of the
air of 1.9 ±0.4 g H2O kg‐1 air. The average (±SE) airflow
rate for the whole experiment was 41.9 ±6.6m 3 h‐1 animal‐1.
The daily average value for each trial is presented in table 1.
If expressed per animal place, the airflow rates were
similar to those obtained for fattening pig buildings by
Seedorf et al. (1998a) in summer conditions in The
Netherlands, which were on average 42.7 m3 h‐1 animal‐1
(inthis study, the average airflow rate was 42.0 ±0.1 m3 h‐1
animal ‐1). The standard error of these measurements was
0.3% of the average value. This low error value is attributable
to the high frequency of the measurements. This standard
error must not be considered an indicator of the measurement
accuracy, since it does not include any reference to the
measurement device's accuracy, only its precision.
Average water volumes in the acid solution basin for each
trial are also shown in table 1. The water volume always re-

mained below the maximum level of the basin (1.97 m3). The
water level presented a low variability among different trials,
varying from 1.3 to 1.6 m3.
AMMONIA AND AMMONIUM CONCENTRATIONS
In table 1, the average inlet and outlet ammonia
concentrations in the air are shown for each measurement
period. The average (±SE) inlet concentration for all
measurement periods was 9.8 ±0.2 mg m‐3. The variability
of the inlet concentrations within days was low during the
experiment, ranging from 8.1 to 11.6 mg m‐3. The average
value is within the range reported by Melse and Ogink (2005)
for the same animal category, and it is also very close to the
average NH3 concentration of 10.4 mg m‐3 observed by
Groot Koerkamp et al. (1998) for the same animal category
and management system in northern European facilities. The
standard error was 1.6% of the average value, which is very
close to the uncertainty calculated for this factor (1.2%) in the
theoretical approach developed by Estellés et al. (2011a,b).
Outlet ammonia concentrations were on average (±SE)
2.9 ±0.2 mg m‐3, ranging from 1.2 to 5.3 mg m‐3. The
variability of the data was higher as compared to the inlet, and
a clearly decreasing tendency as the experiment advanced can
be observed, which means that the removal efficiency
increased. The standard error (7.11% of the average value) is
similar to the uncertainty value (3.9%) determined by Estellés
et al. (2011a,b) for this parameter in a theoretical framework. In
this case, the relative error is higher due to the lower absolute
concentrations observed. There was no statistical relationship
between the inlet and outlet ammonia concentrations (p > 0.09).

Table 1. Average (±SE) air ammonia concentrations in the inlet ([NH3‐N]i ) and outlet ([NH3]o ), ammonium‐N concentrations
in the water at the beginning (WNH4i ) and end (WNH4f ) of the trial, airflow rates, and initial (Vi ) and final
(Vf ) water volumes in the acid solution basin for each 24 h trial (June 2009, Schijndel, The Netherlands).
[NH3‐N]i
[NH3‐N]o
Airflow
WNH4i
WNH4f
Vi
Vf
(mg NH3 m‐3)
(mg NH3 m‐3)
(m3 h‐1)
(kg NH4+‐N m‐3) (kg NH4+‐N m‐3)
(m3)
(m3)
Trial
1
2
3
4
5
6
7
8
9
10
Average (±SE)[a]
[a]

9.5 ±0.1
8.9 ±0.1
7.4 ±0.0
7.7 ±0.0
8.1 ±0.2
8.5 ±0.0
7.7 ±0.0
6.1 ±0.0
7.6 ±0.0
8.2 ±0.1
8.0 ±0.4

4.3 ±0.3
3.3 ±0.3
3.0 ±0.1
2.9 ±0.1
2.6 ±0.2
2.0 ±0.3
1.5 ±0.0
1.9 ±0.0
1.2 ±0.0
1.0 ±0.1
2.4 ±0.5

37,589 ±240
41,858 ±218
55,046 ±318
52,616 ±391
48,177 ±295
44,695 ±376
51,737 ±503
55,593 ±178
53,062 ±313
53,288 ±230
49,475 ±148

20.9 ±1.8
26.6 ±4.9
43.0 ±2.7
41.9 ±0.2
6.90 ±0.0
23.2 ±0.2
39.8 ±2.9
20.9 ±1.3
35.4 ±0.7
42.8 ±0.1
30.1 ±2.7

35.3 ±0.9
33.2 ±4.1
41.9 ±0.2
6.90 ±0.0
40.6 ±4.2
39.8 ±2.9
20.3 ±1.3
35.3 ±0.7
42.8 ±0.1
53.3 ±0.2
34.9 ±2.9

1.28 ±0.00
1.36 ±0.00
1.36 ±0.01
1.58 ±0.00
1.6 ±0.01
1.55 ±0.00
1.57 ±0.00
1.41 ±0.00
1.4 ±0.01
1.53 ±0.00
1.47 ±0.02

1.40 ±0.00
1.60 ±0.00
1.58 ±0.00
1.60 ±0.01
1.47 ±0.00
1.57 ±0.00
1.41 ±0.00
1.40 ±0.01
1.53 ±0.00
1.50 ±0.00
1.51 ±0.01

SE = standard error of the mean.
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Trial

Table 2. Values for each component of the nitrogen balance, initial and final
pH and EC, inlet temperature, and calculated efficiencies for each trial.
Inlet
ANH3
WNH3
ECi
ECf
T
(kg N‐NH3) (kg N‐NH4)
(mS cm‐1)
(mS cm‐1)
(°C)
pHi
pHf

Air
Balance
(Effa , %)

Water‐Air
Balance
(Effc , %)

1
2
3
4
5
6
7
8
9
10

8.7
7.5
9.7
9.6
9.2
9.0
9.4
8.9
9.6
9.3

22.8
16.9
7.8
‐55.0
48.5
26.5
‐34.0
20.8
16.0
14.7

1.9
1.5
2.9
1.9
2.0
1.9
1.5
1.6
1.4
1.8

2.5
2.1
1.9
2.0
1.4
1.5
1.5
1.5
1.5
1.6

145.5
192.6
>200
>200
59.1
104.5
>200
137.8
196.7
>200

182.8
>200
>200
59.1
>200
>200
137.8
196.7
>200
>200

24.9
22.7
25.1
26.6
26.0
25.2
25.0
25.9
26.4
27.2

54.5
62.9
59.1
62.5
68.1
76.9
81.7
71.7
84.5
87.8

263.3
225.0
80.4
‐571.8
525.4
294.2
‐363.1
235.6
165.8
157.9

Average (±SE)[a]

9.1 ±0.2

8.5 ±9.6

1.8 ±0.2

1.8 ±0.1

163.6[b]

177.6 [b]

25.8 ±1.5

70.9 ±3.6

254.5 ±52.5[c]

[a]
[b]
[c]

SE = standard error of the mean.
SE was not calculated due to the presence of values out of the equipment measuring range (>200 mS cm‐1).
The average value and its SE have been calculated only for non‐consecutive (i.e., independent) trials (trials 1, 2, 3, 5, 6, 8, and 10).

The measured ammonium concentrations in water during
the experiment are shown in table 1. Ammonium
concentrations varied from 6.9 to 53.3 g L‐1. It is not clear
why WNH4i of trial 5 is much lower than the other measurements. The variability of concentration in the basin for a
given moment can be related to the standard error of the
results, which represents 8.9% and 8.3% of the average value
for the initial and final concentrations, respectively. This
adds an extra error source with respect to the theoretical
model developed by Estellés et al. (2011a,b).
The variability within days (deviation between replicated
samples) ranged from 0.2% to 26% of the average observed
value, being on average 8.7%. This is an indicator of the high
variability of ammonium concentrations within different
days in the acid solution basin. This high variability could be
also caused by the operating principle of this specific
scrubber, since the discontinuous water recirculation and the
packing material with sheets parallel to the airflow could
favor the formation of ammonium salts in the packing.
An increase in concentration over time was not observed,
nor was a reduction in ammonium concentration observed
after water discharges (before trials 2 and 6; fig. 2). This may
have been caused by the partial (rather than full) discharge of
the water contained in the acid solution basin. In addition,
ammonium salts retained in the packing material may have
dissolved in the fresh water, leading to an increase of the
ammonium concentration in the acid solution after water
discharge.
REMOVAL EFFICIENCIES CALCULATED FROM AIR BALANCE
AND WATER‐AIR BALANCE
The average (±SE) NH3 removal efficiency calculated
using the air balance was 70.9% ±11.4% over the inlet
concentration, ranging from 54.5% to 87.9% (table 2). It can
be considered that this average removal efficiency
accomplishes the specifications of the manufacturer (70%
reduction) and the Dutch regulations (Melse et al., 2009b).
The variation of the system efficiency between days was
reported during the certification of the system by the DLG
(2009). The average pH of each balance presented a
significant effect (p < 0.01) on the ammonia removal
efficiency calculated using the air balance method, with an
intercept  = 124.0 ±13.2 (p < 0.001) and slope  = ‐29.7
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±7.3 (p < 0.005). The inlet temperature of the air also
presented a significant effect (p < 0.05) on the system
efficiency. Nevertheless, the R2 of the regression obtained
was below 45%. Thus, further research is needed to confirm
this relationship. There was no statistical effect of average
inlet ammonia concentration (p > 0.3), airflow (p > 0.2), or
relative humidity (p > 0.7) on the calculated efficiency.
The efficiency calculations on a daily basis using the
combined water‐air balance method produced unsatisfactory
results, with an average (±SE) of 254.5% ±52.5%
(calculated only for independent trials) and with values
ranging from ‐571.8% to 525.4% (table 2). No relationship
was observed among these results and the efficiencies
calculated using the air balance method. The high variability
observed for the calculated efficiencies based on the
combined water‐air balance (if compared with the air
balance) may indicate a high random error for this method.
Considering that no water was discharged during the trials
and the measurements of ammonia concentration in air,
airflow rate, and water volume presented very low
variability, these errors may arise from the measurements of
ammonium concentrations in the acid solution. The high
variability observed in these concentrations may arise from
accumulation and precipitation processes of ammonium salts
occurring in the packing material. The DLG (2009) reported
an accumulation of ammonium‐N in the packing material of
16.3% over the inlet ammonia‐N load when testing an acid
packed bed scrubber of the same model as the scrubber
evaluated in this work. This accumulation and precipitation
of ammonium salts may occur in all scrubbers (i.e., acid
scrubbers, forming ammonium salts, and biological
scrubbers, forming organic nitrogen floccules). Nevertheless, the characteristics of this model (with discontinuous
wetting and sheets placed parallel to the airflow rate) make
this process more frequent and significant.
Another explanation for the high variability of this
specific type of scrubber is that, due to the on/off cycle of the
pumps, the mixing of the water in the acid solution basin
before sampling was not optimal, resulting in non‐
representative sampling.
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TIME SCALE
Given the calculated variability of the removal efficiency
using the air balance method (SD was 16% of the average
value), and following equation 6, to obtain an average
efficiency of the system with a relative error below 5%, at
least 23 daily measurements must be performed (p < 0.05).
This variability between trials is slightly higher than the
variability reported by Melse and Ogink (2005) for different
types of acid packed bed scrubbers (in that work, the standard
deviation of the average efficiency ranged from 1% to 10%
of the mean for different scenarios). Nevertheless, the
number of measurements proposed in this work is within the
range proposed by Melse and Ogink (2005) when monitoring
the performance of acid packed bed scrubbers in The
Netherlands (from 19 to 100 measurements per scrubber).
Regarding the time scale of the combined water‐air
balance method, during the period from trials 6 to 10
(consecutive measurements without water discharge), the
total ammonium-N recovered in the water was 44.1 kg
NH4+‐N, and the ammonia-N at the inlet was 46.1 kg N‐NH3,
which equals a removal efficiency of 95.50%. This value is
still different from the calculated average for the whole
period using the air balance method (80.4%). This means that
the results obtained with the combined water‐air balance
method improve (considering the air balance method as a
reference) when longer integration times are used, i.e., when
a number of consecutive measurements is performed.
Nevertheless, the accuracy of this method is low when compared to the air balance method.
Based on the results of this case study, the accuracy of the
air balance method is higher than that of the combined water‐
air balance method. Because more parameters are involved
when developing the combined water‐air balance, the error
sources also increase, leading to higher errors when
determining the overall ammonia removal efficiency. These
findings agree with the theoretical work developed
previously by Estellés et al. (2011a,b).

CONCLUSIONS
Ten complete 24 h nitrogen balances were carried out in
order to determine the ammonia removal efficiency of the
acid air scrubber system. The results obtained show that:
S The average (±SE) ammonia removal efficiency
calculated using the air balance method was 70.9%
±3.6%. This method is normally used to assess the
efficiency of a scrubber. Using the combined water‐air
balance method, which also takes into account the
nitrogen recovery from the water phase, the calculated
efficiency (average ±SE) was 254.5% ±52.5%.
S The large variations that were found using the combined
water‐air balance method might be explained by
accumulation and precipitation of ammonium salts in
the packing material, as well as non‐representative
sampling of water due to incomplete mixing occurring
in this type of scrubber (i.e., operating with discontinuous recirculation of water).
S 24 h air balances are simple and stable (due to the low
variability observed) tools to assess the ammonia
removal efficiency of acid scrubbers. However, 24 h
combined water‐air balances are not recommended for
the type of scrubber that was investigated in this study

Vol. 54(5): 1905-1912

due to the large variations that were found using this
method.
S From the results of this study, it follows that in order to
determine the removal efficiency using the air balance
method with a relative error lower than 5% it is
necessary to acquire at least 23 measurements with a
time basis of 24 h.
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