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Abstract: Ammonia (NH3) is a significant air pollutant with major environmental and
health impacts, largely attributed to agriculture. Pig production is a major contributor,
accounting for 25% of livestock NH3 emissions. This study developed a new system based
on gas-permeable membranes (GPM) technology for NH3 recovery from the atmosphere
obtaining a solution of ammonium sulfate as the resulting fertilizer product. Various
experimental configurations were evaluated in the novel system using a synthetic NH3-
emitting solution. The optimal arrangement was a GPM system with recirculation of
the generated NH3 and without recirculation of the acidic trapping solution, yielding a
nitrogen (N) recovery rate of up to 237 g m−2 d−1. Subsequent tests using pig manure
(PM) at varying durations achieved rates of up to 73 g m−2 d−1, representing a four-
fold increase in N capture efficiency compared to previous research. The influence of
manure temperature on NH3 emission and capture were analyzed, simulating the possible
differences between seasons (summer and winter), and revealing higher N recovery rates
at elevated temperatures. At 21.5 ◦C, the recovery rate was 7.7 g m−2 d−1, while increased
temperatures of 38.8 ◦C and 49.3 ◦C yielded rates of 15.9 and 27.2 g m−2 d−1, respectively.

Keywords: ammonia emissions; gas-permeable membranes; nitrogen recovery; fertilizer

1. Introduction
Among air pollutants, NH3 is one of the greatest gases of concern in terms of air qual-

ity, environmental impact, and nutrient loss from manure. In addition, NH3 contributes
significantly to soil acidification, water eutrophication, loss of biodiversity, and deteriora-
tion of human health [1]. By 2030, NH3 emissions to the atmosphere from livestock (e.g.,
beef, dairy, swine, and poultry) are projected to reach 2.67 million metric tons per year−1 [2].
Consequently, the livestock sector faces a difficult situation, as it must ensure both a high
level of production and a reduction of its environmental impact.

About 94% of all anthropogenic NH3 emissions in the European Union (EU) are
attributable to agriculture, and animal production produces 75% of these emissions. Pigs
are the second largest producer of NH3 emissions of all livestock categories when it comes
to the complete manure handling cycle (housing, storage, application), accounting for 25%
of the emissions of the entire livestock sector [3].

NH3 emissions pose a persistent challenge in the EU, with 33% of Member States
struggling to achieve significant reductions. Since 2005, NH3 emissions have shown
minimal decrease across many EU countries [3]. This trend underscores the urgent need
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for more robust policies targeting the agricultural sector, which is the primary source
of NH3 emissions. According to the Directive (EU) 2016/2284 [4], nine Member States
must further reduce their NH3 output to meet the 2020–2029 national emission reduction
commitments, while a substantial 66% of Member States need to implement additional
measures to achieve their 2030 targets. The impact of NH3 emissions extends beyond
air quality, affecting biodiversity and contributing to the formation of secondary PM2.5,
recognized as the principal air pollutant responsible for premature deaths in the EU.
Addressing NH3 emissions is not only crucial for air quality but also aligns with the Zero
Pollution Action Plan 2021 [5], which aims to reduce by 25% the number of ecosystems
threatened by air pollution-induced biodiversity loss. This multifaceted challenge requires
a coordinated approach, combining agricultural innovation, policy reform, and cross-sector
collaboration to effectively mitigate NH3 emissions and their far-reaching consequences.

In this way, livestock farmers are forced to adopt the best available techniques (BAT)
to reduce NH3 emissions. Therefore, there is a lot of interest in the application of con-
trol technologies to decrease NH3 emissions through Nitrogen (N) capture and recovery,
which would help to partially offset the costs of their implementation and maintenance
through the sales of the fertilizer product [6,7]. Air-stripping towers and acidic absorp-
tion [8], filtration methods such as biotrickling or biofilters [9], adsorption with zeolites [10],
precipitation by struvite, ultrafiltration/reverse osmosis, or gas-permeable membrane
(GPM) technology are some technologies for N recovery from NH3 emitted in livestock
buildings [11,12]. GPM technology offers significant advantages for recovering N from
the air if compared to other technologies. More specifically, GPM technology does not
require pretreatments or the use of chemical additives, while air-stripping towers and
adsorption with zeolites need pretreatment, and precipitation by struvite requires the use
of chemicals. Ultrafiltration/reverse osmosis requires high pressure in the process [13],
while GPM technology works at atmospheric pressure. Additionally, the GPM technology
boasts low energy requirements, making it a more sustainable option in comparison to
energy-intensive alternatives [14,15]. Therefore, the utilization of GPM technology results
in lower economic costs compared to alternative technologies, as the N recovery per animal
is less than in the others [16].

GPM technology relies on the diffusion of NH3 through a hydrophobic microporous
membrane, followed by its capture and concentration in an extraction solution on the
opposite side of the membrane. Primarily, it provides an expansive surface area for gas
transfer, enhancing the efficiency of ammonia capture. At the same time, the N captured is
retained in the extraction solution (i.e., acidic trapping solution), obtaining a valuable and
sustainable fertilizer product [14].

Several experimental tests utilizing GPM technology for atmospheric N capture have
been conducted, yielding promising results. Laboratory-scale experiments have demon-
strated recovery rates of up to 25 g m−2 d−1 [13], while pilot plant-scale tests have achieved
rates as high as 28.6 g m−2 d−1 [17]. However, it is crucial to note that N recovery is
influenced by a multitude of factors, so more research is needed to elucidate the influence
of different factors on N recovery using GPM technology. For instance, temperature has
been highlighted as a crucial parameter for N recovery from the atmosphere. According
with Tichý et al. (2023) [18], significant variations in N capture rates between winter and
summer seasons were observed. This seasonal variation is primarily attributed to the
temperature-dependent volatilization of ammonia from the soil, with emissions reaching
their highest levels during the summer months (563 Gg) and declining to their lowest
during the winter season (286 Gg).

The Life Green Ammonia project is developing a novel system for the recovery of NH3

from the livestock sector; therefore, the aim of this study—which is part of this project—is
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to evaluate how to mitigate NH3 emissions with the use of a novel technology based on
gas-permeable membranes. In order to select the most advantageous conditions for GPM
technology implementation on an industrial scale (TRL 8–9), this study is firstly aimed
at developing an NH3 capture system based on GPM technology for NH3 recovery in
the atmosphere of livestock buildings. Different system configurations were studied to
maximize N recovery rate. Then, the effect of NH3 contact time with the gas-permeable
membrane system and the effect of PM temperature on N recovery were investigated.

2. Materials and Methods
2.1. Origin and Composition of the Substrates

Pig manure (PM) was obtained from a pig farm in Segovia, Spain. The manure had
been subjected to solid–liquid separation on-farm through a separator with a filter size
of 0.5 mm mesh. The liquid fraction of PM was used. The characterization of the PM is
shown in Table 1. The PM used was the same in the three experiments; however, due
to the non-simultaneous nature of the experiments, initial parameters were measured
independently for each. This approach was necessary to account for potential variations
in TAN concentration, pH levels, and electrical conductivity that may occur over time in
stored PM.

Table 1. Characterization of PM. Standard deviation between duplicate analyses is shown in parenthesis.

pH TAN Conductivity TS VS

- mg L−1 mS cm−1 % %

PM_EXP 1 7.00 (0.2) 4600 (127) 29.7 (0.14) 2.7 (0.3) 0.92 (0.1)
PM_EXP 2 8.02 (0.0) 4656 (4) 26.5 (0.14) 2.7 (0.3) 0.92 (0.1)
PM_EXP 3 7.30 (0.1) 4818 (28) 29.2 (0.14) 2.7 (0.3) 0.92 (0.1)

A synthetic NH3 solution was used in some experiments. It was prepared with
concentrated ammonia (Panreac Química S.L.U, Barcelona, Spain) and diluted to the
concentration required for each test. The synthetic NH3 solution had an initial total
ammonia nitrogen (TAN) of 663.47 mg N L−1, an initial conductivity of 738 mS cm−1, and
an initial pH of 11.65.

2.2. Ammonia Capture System
2.2.1. Description of the Novel Configuration for N Recovery

A two-part system was designed to capture NH3 from the air. A first part was named
“Generation system”, in which the NH3 was generated in gaseous form to simulate the
atmosphere of a farm, and a second part was named “Capture system”, in which the gas
was introduced into a cartridge, where the GPM system was located and the NH3 was
captured. The membrane was placed longitudinally inside the cartridge, in parallel with
the cartridge walls, and fixed centrally (Figure 1). The membrane was made of expanded
polytetrafluoroethylene (e-PTFE) (Zeus Industrial Products Inc., Orangeburg, SC, USA)
with an outside diameter of 5.2 mm, a wall thickness of 0.64 mm, a polymer density of 0.95
g cm−3, an average pore size of 2.5 µm, and a bumble point of 207 kPa. The membrane
had a length of 1 m. The membrane’s surface area was 163.36 m2. This system is shown
in Figure 1. In the generation system, a variable volume of synthetic solution or PM was
added and aerated to generate NH3 gas. The aeration was carried out with an aquarium
pump (Marina 60, model 1110, Hagen Inc. Montréal, QC, Canada) with a continuous air
flow connected to porous stones giving an aeration flow rate of 50 L h−1. Then, NH3

was allowed to enter the capture system, where the GPM was located. A solution of
sulphuric acid 1N was used as an acidic trapping solution to recover N from the air. The
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acidic trapping solution was contained in an acidic solution tank and introduced into the
membrane with the aid of a peristaltic pump (Heidolph, Peristaltic Pump, Hei-FLOW Value
01 EU, Schwabach, Germany).
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2.2.2. Experimental Tests to Design the Two-Parts N Recovery System

Three different experiments were carried out, namely experiment 1, 2 and 3, respec-
tively. Experiment 1 was aimed at elucidating the best GPM system configuration. For that,
five tests were carried out under different experimental conditions: (E1.1) without recircu-
lation of the NH3 generated neither the acidic trapping solution, (E1.2) with recirculation
of the NH3 generated and no recirculation of the acidic trapping solution, (E1.3) without
recirculation of NH3 generated and with recirculation of the acidic trapping solution, and
(E1.4) with recirculation of NH3 and the acidic trapping solution. For each test, four tripli-
cated assays were carried out at different times of 60, 90, 120, and 180 min. For tests E1.1 to
E1.4, a synthetic NH3 solution was used as an emitting solution. The fifth test (E1.5) was
performed using PM as an NH3 emitting solution and the best configuration was selected
among E1.1 to E1.4. For this experiment, duplicated tests were carried out at different times
of 60 and 90 min.

The sampling procedure was the same for all the tests in experiment 1. An initial and
final sample of the synthetic solution/PM and the acidic trapping solution were taken to
measure pH, conductivity, and TAN. Then, the mass balance and the TAN recovery rate, as
grams on recovered N per membrane surface and day, were calculated.

2.2.3. Experimental Tests to Study the Effect of NH3 Contact Time with the Gas-Permeable
Membrane System and the Effect of PM Temperature on N Recovery

For experiment 2, the two-part system (Figure 1) was modified to capture NH3 from
the atmosphere using PM as an NH3 emitting solution. Due to the generation of foams
during the aeration of the PM, a second flask was placed next to the aeration flask where
the foams were collected. The “Capture system” remained as shown in Figure 1. In the
“Generation system”, a volume of 500 mL of PM was introduced, where aeration was
carried out with a vacuum pump giving an aeration flow rate of 6.5 L min−1 (390 L h−1). In
this manner, the aeration rate was increased almost eight times if compared to experiment
1. This was done to promote NH3 emission form manure [19]. Aeration was maintained
during the experimental time in order to increase the pH and thus improve NH3 generation.
During this time, the valve that gave access to the capture system remained open and the
generated gas was introduced in the cartridge, being recirculated back to the generation
and part of the system using a vacuum pump. In this way, the test was carried out in a



Agronomy 2025, 15, 1109 5 of 13

closed cycle, reintroducing the air from the cartridge outlet into the generation system. The
acidic trapping solution was introduced into the membrane with the aid of a peristaltic
pump (Heidolph, Peristaltic Pump, Hei-FLOW Value 01 EU, Schwabach, Germany) and
remained static until the end of the test. Duplicate tests were carried out with different
test times (60, 120, and 240 min). An initial and final sample of the PM and the acidic
solution was taken to calculate the mass balance. In the PM, pH, conductivity and TAN
were measured at the beginning and end of each test. In the acidic solution, pH, volume,
and TAN (mg L−1) were measured in all tests.

Experiment 3 was aimed at evaluating the effect of PM temperature on NH3 emission
and, consequently, N capture. The same experimental set-up than in experiment 2 was
used. To modify the temperature of the PM used as an emitting solution, a water bath
with different operating temperatures was used to heat the flask containing the PM. The
temperature of the bath was monitored throughout the test, and the final temperature of
the PM was measured at the end of the test. The bath temperatures selected to carry out the
experiment 3 were atmospheric temperature (21.5 (0.5) ◦C), 38.8 (1.3) ◦C, and 49.9 (0.7) ◦C).
In the PM, pH, conductivity, and TAN were measured at the beginning and end of each
test. In the acidic solution, pH, volume, and TAN were measured in all tests.

2.3. Analytical Methods and Yield

A Crison Basic 20 pH meter (Crison Instrumentos S.A., Barcelona, Spain) was used to
measure pH. Electrical Conductivity was monitored using a pH/Cond 340i/SET (WTW
Wissenschaftlich-Technische Werkstätten, Weilheim, Germany). A Kjeltec TM 8100 nitrogen
distillation equipment from Foss Iberia S.A. in Barcelona, Spain, was used to perform TAN
analysis, which was carried out by distillation, absorption of the distillate in borate buffer,
and subsequent titration with 0.4 M HCl. Analyses of TAN were measured according to
APHA standard methods (2005) [20]. To calculate the N emitted, it is necessary to know
the initial and final TAN in the PM with which the test has been carried out and multiply
by the volume with which the test is carried out. As the volume was measured at the end
of the tests, the volume loss was corrected in all the calculations.

Initial TAN (mg) was calculated following Equation (1):

TANinitial (mg) = TANinitial

(
mgL−1

)
∗ Vinitial(L) (1)

where TANinitial initial is total ammonia nitrogen initial in mg or mg L−1 and Vinitial is the
initial volume of PM in L.

Final TAN (mg) was calculated following Equation (2):

TAN f inal (mg) = TAN f inal

(
mgL−1

)
∗ Vf inal(L) (2)

where TAN f inal final is total ammonia nitrogen final in mg or mg L−1 and Vf inal is the final
volume of PM in L.

Emitted N (mg) was calculated following Equation (3):

Emitted N (mg) = TANinitial (mg)− TAN f inal (mg) (3)

Emitted (%) was calculated following Equation (4):

Emitted N (%) =
Emitted nitrogen (mg)

TANinitial (mg)
∗ 100 (4)
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N recovery (%) was calculated following Equation (5):

N recovery (%) =
recovered nitrogen (mg)
Emitted nitrogen (mg)

∗ 100 (5)

N recovery rate (g m−2 d−1) was calculated following Equation (6):

N recovery rate (g m−2 d−1) =
recovery nitrogen (mg)

Super f icial Membrane Area(m2) ∗ time(days) ∗ 1000
(

mg
g

) (6)

3. Results and Discussion
3.1. Design and Optimization of a Novel System Based on GPM Technology for NH3 Capture in
the Air—Experiment 1

The results obtained in experiment 1 are shown in Table 2. The different configurations
were as follows: (E1.1) without recirculating the NH3 generated neither the acidic trapping
solution, (E1.2) with recirculation of NH3 generated and no recirculation of the acidic
trapping solution, (E1.3) without recirculation of NH3 generated and with recirculation of
the acidic trapping solution, and (E1.4) with recirculation of both the NH3 and the acidic
trapping solution.

Table 2. Results obtained in experiment 1. N.d. stands for not determined. Standard deviation
between triplicate (E1.1–E1.4) and duplicated (E1.5) tests is shown in parenthesis.

Emitting Solution Acidic Trapping Solution

Test Test Time Final pH Conductivity Emitted N Final pH N Recovery

min mS cm−1 mg TAN % mg TAN % g m−2 d−1

E1.1

60 10.0(0.3) 1055.3 (51.9) 530.5 (55.4) 84 0.4 (0.0) 1.5 (0.6) 0.3 2.1
90 9.7(0.8) 1046.7 (463.6) 562.2 (41.9) 89 0.6 (0.1) 2.0 (0.4) 0.4 1.9

120 9.0(0.3) 1209.0 (111.0) 583.3 (199.3) 92 0.7 (0.1) 1.2 (0.1) 0.2 0.9
180 8.7(0.5) 727.0 (29.5) 564.5 (92.1) 89 0.7 (0.2) 9.0 (7.2) 1.6 4.4

E1.2

60 10.5(0.1) 1219.3 (98.4) 294.1 (105.9) 47 1.3 (0.1) 161.3
(21.1) 55 237.0

90 9.6(1.2) 1462.3 (91.7) 364.2 (32.0) 58 1.3 (0.3) 183.0
(36.3) 50 179.2

120 10.3(0.1) 1249.7 (147.9) 409.3 (30.0) 65 1.3 (0.1) 223.0
(68.4) 55 163.8

180 9.2(0.1) 2840.0
(1633.3) 424.1 (6.9) 67 0.2 (0.1) 376.6

(112.8) 89 184.4

E1.3

60 10.7(0.0) 1296.7 (395.3) 345.1 (51.9) 55 0.9 (0.0) 87.5 (5.8) 25 128.6

90 9.9(0.1) 1300.3 (217.1) 399.4 (20.0) 63 0.9 (0.0) 102.1
(13.8) 26 100.0

120 n.d. 709.7 (71.4) 457.7 (1.4) 72 0.9 (0.0) 87.0 (58.1) 19 63.9

E1.4

60 10.2(0.2) 1189.0 (315.2) 358.1 (26.2) 57 0.5 (0.0) 139.7 (5.9) 39 205.3

90 9.7(0.3) 1421.0 (352.7) 405.9 (24.82) 64 0.5 (0.0) 151.5
(232.4) 37 148.4

120 n.d. n.d. 453.9 72 n.d. n.d. n.d.

E 1.5
60 7.6(0.3) 27.4 (0.6) 167.2 (17.4) 37 0.2 (0.0) 13.9 (4.9) 8 20.4
90 8.0(0.5) 26.6 (0.7) 223.1 (9.6) 48 0.2 (0.1) 14.9 (2.6) 7 14.6

The best results were obtained with the configuration tested in test E1.2, where NH3

was recirculated through cartridge and the acidic trapping solution remained static inside
the gas-permeable membrane. N recoveries in the acidic solution of up to 89% of the
emitted N were reached for the experimental time of 180 min (Table 2). The best N recovery
rates were also obtained with the configuration tested in E1.2, being in the range of 164
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to 237 g m−2 d−1, depending on the experimental time. The following best result was
obtained with the configuration tested in E1.4, with recirculation of the NH3 and the acidic
solution, with N recovery percentages in the acidic solution in the range of 37–39% of
the emitted N, and N recovery rates of up to 205 g m−2 d−1. However, E1.2 was chosen
as the best configuration since it presented a higher capture ratio in less time and the
non-recirculation of the acidic trapping solution would result in lower operational costs.

When analyzing the experimental times versus N recovery rate, it was observed that
an increase in experimental time resulted in a reduction in N recovery rate, so that the
configuration used in E1.2 and experimental times of 60 and 90 min were selected for test
E1.5 (Table 2).

Test E1.5 was carried out using PM as an NH3 emitting solution. It can be observed that
the N emitted in PM (E1.5), 167 mg and 223 mg for 60 and 90 min, respectively, represented
37% and 45% of the N emitted, which was much lower than those obtained in E1.2 tests,
where a synthetic solution was used as an emitting solution. This was because the PM
has a buffer capacity which can influence NH3 emissions, as a stable pH environment can
affect the equilibrium between ammonium (NH4+) and ammonia (NH3), thereby impacting
volatilization rates, and making the emission slower [21]. The N recovery results obtained
in E1.5 were 8.3% and 6.7% for the 60- and 90-min tests, respectively, with N recovery rates
of 20.4 and 14.6 m−2 d−1, respectively.

From the results obtained in Table 2, an increase in the pH of synthetic solution and
PM was observed at the end of the test, which is due to the aeration of the manure. pH
is a critical factor because it affects the equilibrium between ammonium (NH4

+) and free
ammonia (NH3), with higher pH values favoring NH3 volatilization and its transfer across
the membrane [22,23]. The pH in the acidic solution increased as NH3 concentration in-
creased, although in this case it did not reach saturation of acidic solution. The conductivity
decreased with the ammonium concentration decreasing in all experiments.

3.2. Effect of Contact Time on N Capture with GPM—Experiment 2

The modified two-part system was used for capturing NH3 using PM as an emitting
solution. The volume of PM and the flow rate of aeration in PM were increased with respect
to experiment 1, being the volume of PM used in experiment 2; five times higher than that
of experiment 1. Results are shown in Table 3.

Table 3. Effect of contact time on N recovery. Standard deviation between duplicate tests is shown
in parenthesis.

Pig Manure Acidic Trapping Solution

Test Time Initial pH Final pH Conductivity Emmited N Final pH N Recovery

min - - mS/cm mg TAN % - mg TAN % g m−2 d−1

60 8.0 (0.0) 8.9 (0.0) 26.5 (0.4) 93.3 (15.6) 4 0.3 (0.0) 15.5 (0.6) 17 (3.4) 22.7 (0.8)
120 8.9 (0.2) 9.2 (0.0) 23.7 (1.1) 237.5 (66.1) 10 0.7 (0.1) 99.6 (24.0) 42 (1.6) 73.2 (17.6)
240 9.0 (0.0) 9.2 (0.1) 20.6 (0.8) 406.2 (169.4) 20 0.9 (0.1) 162.6 (28.7) 42 (10.6) 59.7 (10.5)

An increase in the pH of the PM was observed at the end of the tests, due to the aeration
of the manure. As expected, the longer the aeration time the greater the NH3 emission.
More specifically, 93, 238, and 406 mg N were emitted in 60, 120, and 240 min, respectively.
This represents 4%, 10%, and 20% of the initial N content in the PM, being proportional to
the time. The pH in the acidic trapping solution increased as N concentration increased,
although in this case it did not reach saturation of acidic solution. The N recovery results
obtained were 17%, 42%, and 42% for 60, 120, and 240 min, respectively. Nitrogen capture
rates of 22.7, 73.2, and 59.7 g m−2 d−1 were obtained for 60, 120, and 240 min, respectively.
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The N recovery rate was observed to have a non-lineal relationship with time. Initially,
it increased from 22.7 g m−2 d−1 (60 min) to 73.2 g m−2 d−1 (120 min) during the first two
hours of the test but subsequently decreased to 59.7 g m−2 d−1 (180 min). This pattern
can be attributed to the significant pH increase from 8.0 to 8.9 within the first 60 min,
which caused a shift in the ammonia–ammonium equilibrium, generating the majority
of N emissions. However, during this period, only 17% of the emitted N was recovered,
resulting in an N recovery rate of 22.7 g m−2 d−1. By extending the test duration to 120 min,
a substantial percentage of the N emitted in the first 60 min was recovered, increasing the
N recovery to 42% and consequently elevating the N recovery rate to 73.2 g m−2 d−1. In the
180-min test, the rate decreased due to the PM buffer capacity. Initially, the pH increased,
but then stabilized, leading to reduced N emissions. As a result, while the N recovery
remained at 42%, the N recovery rate declined to 59.7 g m−2 d−1.

A revision on TAN recovery values using different configurations of GPM systems to
recover N from the atmosphere has been carried out. This revision is shown in Table 4.

Regarding laboratory experiments, the different studies involved different NH3 emit-
ting substrates, including poultry litter, PM, synthetic manure, and synthetic solutions.
The results obtained from poultry litter tests demonstrated that the N recovery rate of
5.1 g m−2 d−1 achieved by Soto-Herranz (2021b) [24] was significantly higher than the
N recovery rates of 1.3–1.4 g m−2 d−1 observed in other tests. While all experiments
involved acidic trapping solution recirculation through the interior of the membranes,
ref. [25] carried out a test circulating NH3-laden air on the exterior of the membranes,
resulting in improved N capture rates. When using PM as the emitting substrate, the
configuration used in this study circulating NH3-laden air yielded higher N recovery rates
(11.4–73.2 g m−2 d−1) compared to static gas conditions, which produced N recovery rates
of 9.5–12.7 g m−2 d−1. Notably, tests recirculating the acidic trapping solution inside the
membrane at a flow rate of 2.1 L h−1 achieved N recovery rates (11.4–18.8 g m−2 d−1) lower
than those maintaining a static acidic trapping solution (22.7–73.2 g m−2 d−1), as conducted
in this study. These findings suggest that a design incorporating NH3 gas circulation on the
exterior of the membranes while maintaining a static the acidic trapping solution enhances
N capture rates.

The results obtained by Soto-Herranz in various studies [13,14] using synthetic manure
reveal significant differences based on different parameters. In Soto-Herranz (2021a) [13],
the N capture rate for synthetic manure was analyzed at three different N concentrations:
3, 6, and 12 g L−1. Experiments were conducted using two different membrane surface
areas: 0.0164 m2 and 0.00817 m2, all carried out with an acid flow rate of 0.8 L h−1. For
synthetic manure with 3 g L−1 N concentration, better N recovery rates were achieved
with the 0.0164 m2 membrane length, yielding 7 g m−2 d−1 compared to 6 g m−2 d−1

with the 0.00817 m2 membrane. However, for 6 and 12 g L−1 concentrations, superior
N recovery rates were obtained with the 0.0164 m2 membrane, reaching 14 g m−2 d−1

and 34 g m−2 d−1, respectively, in contrast to the results obtained with the 0.00817 m2

membrane, which were 13 g m−2 d−1 and 34 g m−2 d−1, respectively.
This study also examined the impact of acid flow rate on N capture rate, utilizing a

synthetic manure solution of 6 g L−1 and a membrane surface area of 0.01225 m2. Various
tests were conducted for four acid flow rates: 0.8, 1.3, 1.6, and 2.1 L h−1, resulting in N
recovery rates of 13.5, 15.6, 16.0, and 21.4 g m−2 d−1, respectively. The research concluded
that higher acid flow rates correspond to improved N recovery rates. A subsequent study
by Soto-Herranz (2022a) [14] employed an acid rate of 2.1 L h−1, with a synthetic manure
solution of 6 g L−1 N, and a membrane area of 0.0164 m2, achieving capture ratios of
24–25 g m−2 d−1. Nevertheless, a design that combines circulating gas on the exterior
of the membrane while maintaining static acid conditions enhances capture ratios, as
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evidenced by comparing the results obtained by Soto-Herranz (2021a) [13] with those from
this study using PM.

Table 4. Revision of studies reported in the literature attained in laboratory and pilot plant scale
using to recover N from the atmosphere using GPM technology.

Scale Substrate
Acidic

Solution Static:
Yes/No

Ammonia
Gas Static:

Yes/No

Ammonia
Recovery

Rate
Reference

- - - g m−2 d−1

Laboratory

Poultry Litter
No No 5.1 [24]
No Yes 1.4 [26]
No Yes 1.3 [6]

Pig Manure
No Yes 9.5–12.7 [25]
No No 11.4–18.8 [25]
Yes No 22.7–73.2 This study

Synthetic
Manure

12 g L−1 TAN No Yes 19–34 [13]
6 g L−1 TAN No Yes 13–21.4 [13]
3 g L−1 TAN No Yes 6–7 [13]
6 g L−1 TAN No Yes 24–25 [14]

Synthetic Solution 0.6 g L−1 TAN Yes No 163.8–237.0 This study

Pilot

Poultry Litter
No No 0.41 [24]
No Yes 10.4–28.6 [17]
No Yes 16.5 [26]

Poultry Manure
Composting No No 1.9–6.9 [16]

Pig Manure No No 2.3 [24]

The experiments conducted in this study using a synthetic solution demonstrated a
significant improvement in N recovery rates, ranging from 163.8 to 237.0 g m−2 d−1. This
enhancement was attributed to the novel GPM system design and configuration, which
involved circulating gas on the exterior of the membrane while maintaining a static acid
trapping solution inside. The exceptionally high ratios observed were primarily due to the
elevated N emission generated by the synthetic solution, which lacks the buffering capacity
present in synthetic manure and PM. Although these results may not directly correspond
to farm conditions, they provide valuable insight into the potential outcomes that could be
achieved when NH3 emissions from PM are increased.

In the experiments carried out in pilot plants, N recovery rates of up to 28.6 g m−2 d−1

in a poultry farm and 2.3 g m−2 d−1 in a pig farm were reported (Table 4). More specifically,
Soto-Herranz (2021b) [24], studied the performance of pilot plants for the recovery of
NH3 from the atmosphere of a pig farm and a poultry farm, operating for 232 days and
256 days, respectively. In those studies, an acidic trapping solution was recirculated
inside the membranes with a flow rate of 2.1 L h−1, and the gas with NH3 from inside
the farm was introduced with a flow rate of 52.6 m3 h−1. In the experiments conducted
by Rothrock (2010) [6], the recovery of NH3 from 32.5 kg of poultry litter was studied
using flat membranes with recirculation of acid solution with a flow rate of 27 L d−1. N
recovery rates of 10.42–28.62 g m−2 d−1 were obtained. These ratios are higher than those
obtained by Soto-Herranz (2021b) [24] in pilot plants. If the results obtained in the pilot
plants are compared with those obtained in this study, the results obtained with the GMP
configuration system proposed in this study are much higher, obtaining N recovery rates
of up to 73.15 g m−2 d−1 for PM.
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The results obtained with the new system proposed in this study demonstrate signifi-
cantly higher recovery ratios compared to those reported in previous studies. Specifically,
recovery rates were up to four times higher when using PM in a laboratory scale, in com-
parison with the higher result obtained by Soto-Herranz (2022b) [25]. The use of synthetic
solution significantly increased the N recovery rate showing the huge potential of this new
designed system, which represents a much more efficient and innovative technology. This
is attributed to the static operation of the acidic trapping solution, while NH3 gas circulates
externally around the membranes.

3.3. Effect of Manure Temperature on N Capture—Experiment 3

The objective of experiment 3 was to evaluate the effect of the PM temperature on the
emission of NH3 and subsequent capture with the GPM membrane system proposed. For
this purpose, PM was used as the emitting solution at different temperatures using a water
bath to heat the flask containing the PM. Tests were carried out for 60 min. The results
obtained for the different tests are shown in Table 5.

Table 5. Effect of temperature. Standard deviation between duplicate tests is shown in parenthesis.

Pig Manure Acidic Solution

Water Bath
Temperature Initial pH Final pH Final

Temperature Emitted N Final pH N Recovery

◦C - - ◦C mg - mg % g m−2 d−1

21.5 (0.5) 7.4 (0.0) 8.2 (0.4) 23.5 (0.3) 50.5 (10.3) 0.2 (0.02) 5.1 (1.4) 11 (0.93) 7.7 (2.2)

38.8 (1.3) 7.5 (0.0) 8.7 (0.1) 38.6 (0.9) 39.1 (18.9) 0.3 (0.06) 10.4 (0.7) 31 (16.58) 15.9 (1.1)

49.3 (0.7) 7.5 (0.1) 8.5 (0.1) 48.4 (0.5) 151.7 (69.1) 0.2 (0.01) 17.8 (6.7) 13 (4.3) 27.2 (3.5)

The final pH was higher when the temperature in PM increased, reaching values
between 8.5 and 8.7, compared to the ambient temperature, which resulted in a pH of
8.2. Consequently, the highest emission of 151.7 mg N was observed at the maximum
temperature (Table 5). Notably, the N recovery rate showed a clear upward trend with
increasing temperature in PM. More specifically, the test conducted at atmospheric temper-
ature achieved an N recovery rate of 7.7 g m−2 d−1, while tests with increased temperature
in PM resulted in N recovery rates of 15.9 and 27.2 g m−2 d−1 for test temperatures of 38.8
and 49.3 ◦C, respectively.

From these results it can be seen that an increase in manure temperature resulted
in an increased N recovery rate. Therefore, in the case of a real farm, during the times
of the year with higher temperatures (summer season), the N recovery rates using GPM
technology will increase compared to those in winter. Ammonia emissions from animal
manure are significantly influenced by temperature, which affects both the emission rate
and the ammonium–ammonia equilibrium. NH3 is produced through the breakdown of
nitrogenous compounds in manure, and its emission is a concern due to its environmental
and health impacts [27,28]. The equilibrium between ammonium (NH4

+) and NH3 is highly
dependent on temperature and pH. At higher temperatures, the equilibrium shifts towards
the gaseous form of ammonia (NH3), increasing emissions. This is because the solubility of
ammonia in water decreases with rising temperature, leading to more NH3 being released
into the atmosphere. Additionally, at higher temperatures, microbial activity in manure
increases, accelerating the breakdown of urea and other nitrogenous compounds into
ammonia [28]. As a result, the higher temperatures produced more ammonia gas, which
led to an improvement in the transfer of ammonia through the GPM and an enhancement
of the nitrogen recovery rate as the temperature rises [29–31].
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4. Conclusions
A new system based on gas-permeable membranes (GPM) for ammonia recovery

from the atmosphere was designed and evaluated. Nitrogen recovery rates of up to
237 g m−2 d−1 were achieved using the novel system with recirculation of the generated
NH3 and without recirculation of the acidic trapping solution. Subsequent tests using
pig manure at varying durations achieved rates of up to 73 g m−2 d−1, representing a
four-fold increase in capture efficiency compared to previous studies. The effect of manure
temperature on ammonia emission and capture with the novel GPM system was studied,
obtaining N recovery rates of 7.7, 15.9, and 27.2 g m−2 d−1, for temperatures of 21.5, 38.8 ◦C,
and 49.3 ◦C, respectively. This study reveals the high potential of GPM technology for
nitrogen recovery from ammonia-rich environments.
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