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Abstract: Atmospheric ammonia is a significant pollutant throughout the year, necessitating stan-
dardized measurement and identification of emission factors. We performed a quantized evaluation
of ammonia concentrations at various locations in and around Seoul, South Korea. The established
testing methods of the Radiello Passive Sampler were used for ammonia sampling, and the method
was validated using annular denuder sampling. Urban and suburban areas were studied to gain a
deeper understanding of the factors responsible for ammonia pollution. This study aimed to establish
the fluctuations in concentration over one year, by analyzing the seasonal and regional variation
in ammonia concentration. Livestock and agricultural areas recorded the highest concentration of
ammonia among all sites, with the highest concentration recorded in autumn. However, at most
of the other studied sites, the highest and lowest ammonia concentrations were recorded during
summer and winter, respectively. This study attempted to establish a correlation between ammonia
concentration and temperature, as well as ammonia concentration and altitude.

Keywords: ammonia concentration; seasonal variation; spatial variation; passive sampler; aerosol

1. Introduction

Ammonia is an important constituent of trace particles in the atmosphere, and forms
aerosols during reactions with pollutants such as sulfuric and nitric acid [1]. It is a colorless
alkaline chemical compound and has a pungent smell [2]. Ammonia is highly soluble in
water with solubility of 31% w/w [3]. Ammonia exists in a gaseous state under atmospheric
conditions and can be liquefied at 25 ◦C and 8–10 atm. It typically has an atmospheric
lifetime of approximately 1 day, with a concentration range in the troposphere of less than
1 part per billion volume (ppbv) to several parts per million volume (ppmv) [4]. Ammonia
can also be produced in the laboratory [5]. Extensive research has been conducted on
the industrial production of ammonia, as well as on its use in agricultural fertilizers to
triple production between 1950 and 2000 [6]. Its significant influence on agriculture has
also been observed in many South Asian countries, including India and Bangladesh [7].
Using fertilizers to increase productivity is a modern agricultural practice, and the global
production of fertilizer is estimated to exceed 100 million metric tons per year [8]. However,
increased soil volatility leads to increased ammonia production, which adversely affects
soil fertility and the atmosphere. Ammonia production is also a natural result of forest
fires, as well as animal and human excreted material [9,10], with ammonia and hydrogen
sulfide being two of the most dangerous gases emitted by livestock [11,12]. Therefore,
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animal husbandry and its large-scale industrialization are significant sources of industrial
emissions of ammonia [13]. Vehicle and agricultural emissions significantly contribute
to ammonia pollution in major urban areas [14–17]. Ammonia also plays a primary
role in the deterioration of atmospheric visibility and the deposition of nitrogen in the
atmosphere [18]. Humans and land animals are at a low risk of contracting illnesses due
to ammonium consumption. However, the risk is much higher in aquatic animals that
are generally unable to excrete ammonium toxins. Marine fishes are prone to ammonia
related illnesses and are at high risk of a potentially fatal toxic build-up of ammonia in
organ tissues [19]. An increase in ammonia concentration contributes to PM2.5 formation
in the atmosphere [20], and the contribution of ammonia to atmospheric aerosols affects
human health, which can lead to increase in the likelihood of hospitalization. Air pollution
affects the respiratory and cardiovascular systems of the body and is one of the causes of
high mortality in South Korea [21]. The presence of ammonium sulfate and ammonium
nitrate in aerosols significantly impacts climatic conditions [22] as these aerosols absorb
solar radiation, further heating the atmosphere and contributing to climate change [23].
Ammonia is highly reactive and soluble in atmospheric concentrations, although it has
been demonstrated that ammonia concentrations vary with altitude [24–26]. Therefore,
analyzing and detecting ammonia concentration in real time is difficult due to significant
spatial and temporal variations. Owing to the influence of ammonia on various atmospheric
phenomena, quantifying emissions is necessary to study its effect on climate change and
living beings.

A study by Saraga et al. (2017) presented a respirable particulate matter (RPM)
method to measure ammonia in an indoor environment, with 90% of the respirable matter
demonstrating the utility of the method in ammonia detection [27]. The authors studied 16
different locations by using passive samplers and conducted a qualitative comparison to
analyze the presence of RPM. A study by Butler et al. (2016) presented an ammonia moni-
toring network using Radiello passive samplers to analyze ammonia concentration [28]. In
the study conducted by Hayashi et al. (2013), passive samplers do not provide real-time
analysis of ammonia [29], but are effective for large-scale and long-term data collection [30].
Global satellite monitoring of ammonia is a more efficient method for measuring atmo-
spheric ammonia, and satellite-based measurements of ammonia have been made using a
geostationary remote sensing instrument (GCIRI) in geostationary (GEO) and low earth
orbits (LEO). Remote sensing observations have also been conducted by Zhu et al. (2015) to
monitor the concentration of ammonia and aerosols for air quality assessment [31]. A study
by Volten et al. (2011) calculated ambient ammonia concentrations using miniDOAS, an
optical instrument used to perform active differential optical absorption spectroscopy [32].
One limitation of miniDOAS is that it was prone to modifying the concentration levels of
ammonia while operating in open air. Another study by Manap et al. (2009) presented
the possibility of using an instrument that measures ammonia in the middle level of the
ultraviolet range, with a detection limit of 1 ppb, by preventing the inlet surfaces from
absorbing ammonia [33]. A study by Sindhwani et al. (2015) estimated ammonia emis-
sions produced by transportation services using the emission factor and activity-based
approach [34]. The risk of mortality and morbidity due to air pollution in New Delhi, India,
was demonstrated by Nagpure et al. (2014) with an Ri-MAP spreadsheet model which
can model and map ammonia concentrations with high accuracy [35]. There are several
methods for measuring atmospheric concentrations of ammonia. However, there are no
current studies done in Seoul Metropolitan Area of South Korea by using passive sampler.
We used a passive sampler this study because of their external energy-free design, quick
installation, and its reliability for long-term ammonia measurements. Additionally, previ-
ous studies have not considered the ammonia concentration measurement with respect
to region, season, temperature, and altitude in several locations across the northeastern
regions of South Korea.
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In this study, we studied the variation in ammonia concentration with region, season,
temperature, distance, and altitude in several locations across the northeastern regions of
South Korea from 2020 to 2021.

2. Experimental Setup and Methods
2.1. Site Description

The Seoul Metropolitan Area is the most populated region in South Korea accommo-
dating approximately 50% of the country’s population, with a large presence of industrial,
agricultural, and other human activities, due to which the ammonia emissions in these
regions are comparatively higher than those in other regions across South Korea [36].
Changes in ammonia concentration depend on the weather, location, seasons, manner in
which animals are bred, structural development, and operating method of management
systems [4]. Due to the presence of both urban and rural areas in the Seoul metropolitan
area, different types of locations were selected for measurements of ammonia concentration.
A Background site, Hankuk University of Foreign Studies Global Campus (HUFS), was
selected to establish the background ammonia concentration, and seven studied sites were
chosen to measure the variation in ammonia concentration (Figure 1). Five sites were in
the Gyeonggi province surrounding the capital city of Seoul, which is the most populated
province in South Korea. Livestock 1 and 2 were two rural-agriculture sites in a north-
eastern region in Yongin (situated upwind from the source), 7 km from the Background
(HUFS) site and 100 and 400 m from the ammonia source, respectively. Two suburban sites
(Habitation 1 and 2) were chosen in Suwon, approximately 22 km from the HUFS; the sites
were in the same building but at an elevation of 30 and 1 m, respectively. An industrial site
(Industry) in Ansan was situated approximately 40 km from the HUFS. The majority of
the industries in the Industry site are the manufacturers of electronics products, displays,
chemicals, and medicines. Two studied sites in Seoul City were also studied. Seoul Station
(Downtown) is in the heart of the city and has a very high density of traffic and population
throughout the year.

The other Seoul City site was situated on one of the longest roads (Naebu expressway)
in a tunnel through the Bukhan Mountain, a mountain located on the northern periphery
of Seoul. Table 1 presents a summary of the studied sites, describing the type of site and
their longitude and latitude.

Table 1. Summary of studied sites with their location.

Site Name Type Latitude Longitude Sampler Type

Livestock 1 (at 100 m distance) Rural-agricultural 37.31◦ 127.22◦ Passive
Livestock 2 (at 400 m distance) Rural-agricultural 37.31◦ 127.22◦ Passive

Roadside Suburban 37.61◦ 126.97◦ Passive
Seoul Station Urban 37.55◦ 126.98◦ Passive

Industry Industrial 37.27◦ 126.86◦ Passive
Habitation 1 (at 30 m height) Suburban 37.30◦ 126.96◦ Passive
Habitation 2 (at 1 m height) Suburban 37.30◦ 126.96◦ Passive

Background (HUFS) Rural 37.34◦ 127.26◦ Passive/URG

Ammonia sampling was conducted for one year (March 2020–March 2021) at all studied sites.

It has been shown from the type of sampler used, that ambient ammonia plays a key
role in ammonia pollution by acting as a precursor in aerosol formation with atmospheric
NOx and SO2 [37–39]. Therefore, it is essential to identify areas that have a higher con-
centration of ammonia emissions. Livestock regions were chosen because fertilizers and
animal waste products generally emit ammonia [10,40–42]. Thus, measurements at these
sites were used to validate the findings of previous studies.
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the ammonia concentration studied sites in Northeastern South Korea. (Livestock 1: 100 m from source; Livestock 2: 400 m
from source; Habitation 1: 30 m above ground level; Habitation 2: 1 m above ground level) (shown on bottom).

2.2. Sample Collection and Lab Preparation

Seasonal and spatial variations in ammonia concentration were measured using a
Radiello passive ammonia sampler (developed by Sigma-Aldrich, St. Louis, MO, USA) and
an annular denuder (developed by University Research Glassware, Corp. Chapel Hill, NC,
USA) (Supplementary Figure S1). The sampler consisted of a microporous polyethylene
cylindrical cartridge (60 mm long and 4.8 mm wide) that was infused with phosphoric



Atmosphere 2021, 12, 1607 5 of 19

acid (H3PO4) to adsorb ammonia (part number (p/n): Sigma-Aldrich RAD168). The
sampler consisted of a microporous cylindrical blue diffusive body, having a length of
60 mm, a diameter of 16 mm, a thickness of 1.7 mm, and an average porosity value of
25 µm, which was used to control the rate of diffusion (p/n: Sigma-Aldrich RAD1201). A
polycarbonate plate (p/n: Sigma-Aldrich RAD 121) supported the blue diffusive body, and
a vertical adapter (p/n: Sigma-Aldrich RAD 122) was used to fit the diffusive body with the
supporting plate in a vertical or horizontal position. During preparation, all samplers were
mounted outdoors at approximately 2 m above ground level in an inverted position with
a rain shelter (p/n: Sigma-Aldrich RAD 196), as shown in Figure S2. All samplers were
developed in the laboratory at the HUFS with new adsorption cartridges that were sealed
in the factory during manufacturing. This was done on an ammonia-free laminar flow clean
bench (model number (m/n): VS-1400 LVN), which was manufactured and sold by Vision.
The sampler was placed inside the outer blue diffusive body, and an aluminum foil was
used to wrap the outer body. The assembled sample was then placed into a 50 mL centrifuge
tube, which was later sealed in a plastic bag with phosphoric acid-soaked paper towels
on both surface and bottom to eliminate any traces of ammonia in the lock and lock box.
The lock and lock box was stored in a moving box along with temperature and RH sensors,
which were transported to the sampling site. The Radiello samplers were attached to the
shelter every Monday for weekly ammonia sample collection between 30 March 2020 and
29 March 2021. We used a 1/2AA battery-operated temperature sensor (Lascar Electronics
EasyLog USB, m/n: EL-USB-2-LCD+) for the passive sampler (Figure S3), to measure the
temperature and relative humidity as the ammonia concentration was hypothesized to be
affected by these factors. These sensors were mounted at the same height as each of the
ammonia passive samplers. Ammonia concentrations were obtained by collecting samples
across all eight studied sites continuously over one year, spanning four different seasons
in Korea. After the sampling period, the samples were sealed in a 50 mL centrifuge tube
in a plastic bag with a phosphoric acid-soaked paper towel in a lock and lock box, and
placed in an ammonia-free clean freezer at a temperature between −15 and 0 ◦C. These
were sent back to the laboratory at 4-week intervals from the sampling site. Using the same
transportation methods [43], samples were returned to the laboratory where they were
placed in a clean ammonia-free freezer until the cartridge was extracted. The blue diffusive
bodies were cleaned with 18.2 MΩ cm deionized water (DI) and sonicated twice at 20 min
intervals for more than 40 min after every use. This was done to reduce contamination of
the passive sampler.

The denuders were developed in the HUFS lab a day before installation on the site.
They were stored separately in a sealed plastic bag in a refrigerator at 2–6 ◦C overnight
before installation.

2.3. Passive Sampler

Passive ammonia samplers have been used in various studies to measure concentration
because of their external energy-free design, quick installation, and reliability [43–47]. The
samplers consisted of a cylindrical outer surface that acted as a diffusive membrane,
allowing gaseous molecules to travel in a direction parallel to the adsorbent bed that was
cylindrical and coaxial to the diffusive surface. The cartridge was injected with phosphoric
acid (H3PO4) [48].

The ammonia concentration was determined by considering the passive sampler
characteristics and the rate of ammonia diffusion in the air. The diffusion index (DiffNH3 ),
which is a function of local temperature (Temp) and ambient pressure (Pres), can be
represented using Equation (1) as:

Diff(Temp, Pres) = Diff0,1 ×
(

Pres0

Pres

)
×

(
Temp
Temp0

)1.81
(1)

where Diff0,1 = 0.1978 cm2/s, with subscript 0 being the Temp0 value (273 K (0 ◦C)) and
subscript 1 being the Pres0 value (1 atm) [49]. The local pressure was determined using the
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height of the site above sea level, while the temperature was obtained using a temperature
sensor. The rate of flow of diffusion (QFrate) within the ammonia passive sampler was
determined using Equation (2) [50]:

QFrate = DiffNH3(Temp, Pres)× A
∆x

(2)

where A is the cross-sectional area of the passive sampler, and ∆x is the distance of diffusion
in the passive sampler in this experiment. A/∆x represents the constant value for the flow
in the radial section of the ammonia passive sampler and has been noted to have a value
of 14.2 cm, which is based on experimental measurements. The ammonia concentration
present in the surrounding air (CNH3 ) was determined using Equation (3) from the rate of
flow of diffusion (QFrate) in mL/min, the time taken for sampling (t) in minutes, and the
total amount of ammonia deposited on the cartridge (mNH3 ) in µg [50]:

CNH3

(
µg m−3

)
=

mNH3(µg)

t × QFrate
(3)

Final concentrations were recorded in µg m−3 and converted into ppb by using
Equation (4):

CNH3(ppb) = 22.41 ×
(

Temp
Temp0

)
× Pres0

17.031
× CNH3

(
µg m−3

)
(4)

where 22.41 is the volume of an ideal gas (L mol−1) at standard temperature and pressure
(STP), Temp is the ambient temperature in ◦C, Temp0 = 273.15 K (0 ◦C), Pres0 is the
atmospheric standard pressure (1 atm), 17.031 is the molecular weight of ammonia, and
CNH3 is the ammonia concentration in µg m−3.

2.4. Annular Denuder

An annular denuder was installed at the Background (HUFS) site to measure the
concentration of gaseous ammonia on a weekly basis for a correctness study [51]. The
denuder was coated with a denuder coating solution of a mixture of 10 g phosphoric acid
(H3PO3 80%), 100 mL deionized water (DI) (ULTiMA DUO, RO, and UP System), and
900 mL methanol (CH3OH 99.75%). The denuder was filled with 15 mL of the prepared
solution and, once the solution dissolved into the denuder, it was left to stand for 30 min
until a coating formed on it. Using a Rotameter, the denuder was attached to a URG glass-
drying manifold and connected to a nitrogen gas tank with a 6 PSI flow rate, for a minimum
of 90 min. The denuder was turned upside down every 15 min during drying [48]. Once the
denuder was dried, a polyvinylidene fluoride (PVDF) inlet tubing line was connected to it.
PVDF was used because of its low ammonia adsorption quality [52]. Atmospheric ammonia
was collected using a PVDF inlet tubing with a diameter of 6.35 mm and a Teflon filter
pack (PTFE membrane, pore size 0.45 µm, Advantech Pall Corporation) with a diameter
of 47 mm, through which the air passed. During the air passage, fine particles were also
collected on the H3PO3-coated denuder to collect any extra ammonia from the ammonium
salt particles deposited on the Teflon filter [53]. Both the denuder and passive samples
were simultaneously changed at the Background (HUFS) site. Airflow was provided using
a Thomas Piston Pump 2660 Series vacuum pump, which was controlled using a straight
0.4 mm orifice fitting, designed to fix the airflow rate by restricting it with a significantly
smaller orifice on the threaded side of the fitting. It had a 4 mm push-in fitting on one side
and a 9.728 mm male threaded port on the other side. The push-in fitting provided an
easy connection with the tubing. The tube was pushed in, and the fitting was fixed using
stainless steel clamps. The pump was also suitable for vacuum applications at a pressure
of −1 bar (−14.5 psi) and had nitrile butadiene rubber (NBR) seals (Pisco 0.4 mm Orifice,
Tameson) that made it suitable for applications within a temperature range of 0–60 ◦C. A
portable gas flow meter (SIARGO, m/n: MF5706), which had a wide application range
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with fewer constraints on power, temperature, and pressure consumption, was installed
between the denuder and orifice to provide a continuous rate of air flow. The sample flow
read by the portable gas flow meter was corrected to ambient conditions by matching the
pressure drop through the denuder and filter. The annular denuder and related sampling
components were set up in the lab with the annular denuder mounted on a clamp stand are
shown in (Figure S4). The constant total flow rate through the systems was approximately
1.35 L per min (LPM), which was calculated using Equation (5):

QFv(LPM) = QFs(SLPM)×
(

Ps

Pi

)
×

(
Ti

Ts

)
(5)

where QFv (LPM) is the desired ambient volumetric flow rate, QFs (SLPM) is the flow
rate under standard conditions, Pi is the ambient pressure, Ps is the standard condition
pressure, Ts is the standard condition temperature, and Ti is the ambient temperature. The
annular denuder established a standard of comparison for assessing the effectiveness of
the ammonia passive samplers. This method has been used in previous studies because of
its verified efficiency in gas and particle sampling [48,54,55]. Finally, the ammonia denuder
concentration (µg m−3) was calculated using Equation (6):

CNH3

(
µg m−3

)
=

(
0.994 × CNH+

4
(µN)× Vext(L)× MWNH+

4

)
Vact.air(m3)

(6)

where CNH3 is the calculated ammonia concentration (µg m−3), where g represents gram-
equivalent and CNH+

4
(µN) is the ammonium concentration measured during the extraction

from the denuder. The volume for extraction (Vext) was 0.01 L, and MWNH+
4

is the molecular
weight of NH4

+. The ratio of molecular weights of NH3 and NH4
+ (0.994) was used to

convert the measured amounts of NH3 and NH4
+ [54,56].

2.5. Qualitative and Quantitative Analysis

Annular denuders and ammonia passive samplers were obtained from the laboratory
at the HUFS. Samples were extracted from the annular denuder by adding 18.2 MΩ cm
deionized water (DI) and then hand-rotating them continuously for 60 min before they were
stored in a 10 mL falcon tube. The samples were analyzed using ion chromatography, and
the ammonia passive sampler cartridges were extracted with a power sonic (Hwashintech,
510 sonicate instrument) for a total duration of 55 min in 10 mL DI. Ion chromatography was
used to analyze the passive sampler. The cations present in the samples were segregated
using 20 mM methane sulfonic acid (CH3SO3H) solvent (1 mL min−1) on a Dionex Aquion,
CS12A column, Dionex ion Pac CG12A guard column, ion-exchange chromatography
column configured with a 100 µL sample loop, and a 4 mm Dionex CERS 500 suppressor
using a Dionex conductivity detector and a 2014 ICS-1100 Autosampler.

Ion chromatography, passive quality control, and quality assurance tests were per-
formed on the sampler to accurately measure the concentration. Accuracy was measured
by calculating the difference obtained between the concentration of the standard solution
(Kanto Chemical Co. Ltd., Tokyo, Japan) of the analyte and the concentration of the analyte
solution calculated using ion chromatography. Accuracy is a measure of error, which can
be defined in two ways. The absolute error is the difference between the measured and
standard values of the solution concentration. The relative error, expressed in the form
of a ratio, is the second measure of error. Formulae for measuring both accuracy values
are shown in Supplementary Equations (S1) and (S2), respectively. Precision is defined as
the deviation from the standard solution measurement and was obtained by continuously
repeating the measurement; it was higher if the ratio of the deviation value to the measured
value (as measured by ion chromatography) was lower. Precision can be measured using
two methods: analytical precision, which is the ratio of the deviation value to the measured
value of the standard solution, and measurement precision, which is the deviation of the
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measured value from the experimental value of the entire sample. The formulae used to
measure the precision values are given in Equations (S3) and (S4), respectively. To measure
both accuracy and precision, an additional ammonium 200 ppb standard solution was ana-
lyzed at frequent intervals during sample analysis. Ammonia concentration was measured
as follows: Replicated Radiello ammonia passive samplers were collected from all eight
studied sites to measure the performance of the ammonia passive samplers under varying
conditions and sampling periods. The experimental value for accuracy (the absolute error
value) was 0.20 ppb, and the relative error value was 0.10%. The analytical precision was
0.95%, with a pooled relative standard deviation (RSD) of 3.8% (N = 212), indicating a
strong correlation between the 1st and 2nd replicate samples (R2 = 0.999 and slope = 0.998),
as shown in (Figure S5). The weekly ammonia concentrations collected by the passive sam-
plers at the Background (HUFS) site, indicated a strong correlation coefficient (R2 = 0.99,
slope = 1.02) for the sample data (N = 25) obtained from the annular denuder located at the
same site (Figure 2). A high R2 value signified a reliable design for measuring ammonia
concentration and high accuracy at the studied sites. Blanks from the field and laboratory
were sampled for 1 year and were used to determine the minimum detection limit (MDL)
by using (Equation (S5)). The concentration of ammonia in the blanks ranged from 0.015
to 0.19 ppb, with a mean value of 0.08 ppb and a standard deviation of 0.04 ppb. Field
blanks were used to calculate the MDL, which was found to be 0.07 ppb for a Radiello
passive ammonia sample collected over a week. (Figure S6) shows a graph of the measured
values used to calculate the accuracy and MDL. The detailed QC/QA analysis values and
calculations are presented in Supplementary Table S1.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 20 
 

 

continuously repeating the measurement; it was higher if the ratio of the deviation value 

to the measured value (as measured by ion chromatography) was lower. Precision can be 

measured using two methods: analytical precision, which is the ratio of the deviation 

value to the measured value of the standard solution, and measurement precision, which 

is the deviation of the measured value from the experimental value of the entire sample. 

The formulae used to measure the precision values are given in Equations (S3) and (S4), 

respectively. To measure both accuracy and precision, an additional ammonium 200 ppb 

standard solution was analyzed at frequent intervals during sample analysis. Ammonia 

concentration was measured as follows: Replicated Radiello ammonia passive samplers 

were collected from all eight studied sites to measure the performance of the ammonia 

passive samplers under varying conditions and sampling periods. The experimental value 

for accuracy (the absolute error value) was 0.20 ppb, and the relative error value was 

0.10%. The analytical precision was 0.95%, with a pooled relative standard deviation 

(RSD) of 3.8% (N = 212), indicating a strong correlation between the 1st and 2nd replicate 

samples (R2 = 0.999 and slope = 0.998), as shown in (Figure S5). The weekly ammonia con-

centrations collected by the passive samplers at the Background (HUFS) site, indicated a 

strong correlation coefficient (R2 = 0.99, slope = 1.02) for the sample data (N = 25) obtained 

from the annular denuder located at the same site (Figure 2). A high R2 value signified a 

reliable design for measuring ammonia concentration and high accuracy at the studied 

sites. Blanks from the field and laboratory were sampled for 1 year and were used to de-

termine the minimum detection limit (MDL) by using (Equation (S5)). The concentration 

of ammonia in the blanks ranged from 0.015 to 0.19 ppb, with a mean value of 0.08 ppb 

and a standard deviation of 0.04 ppb. Field blanks were used to calculate the MDL, which 

was found to be 0.07 ppb for a Radiello passive ammonia sample collected over a week. 

(Figure S6) shows a graph of the measured values used to calculate the accuracy and MDL. 

The detailed QC/QA analysis values and calculations are presented in Supplementary Ta-

ble S1. 

 

Figure 2. Comparison of ammonia concentrations between the Radiello passive samplers and De-

nuder samplers in the laboratory at Background (HUFS) site (N = 25). 
Figure 2. Comparison of ammonia concentrations between the Radiello passive samplers and
Denuder samplers in the laboratory at Background (HUFS) site (N = 25).

3. Results and Discussion
3.1. Seasonal Variation in Ammonia Concentration

Atmospheric ammonia concentrations are largely associated with ammonia emissions
from local regions [57]. The results from this study identified a relationship between
seasonal variations in ammonia concentration and multiple atmospheric conditions. The
average seasonal ammonia concentrations at the studied sites are shown in Table S2 and
Figure 3; the variation in concentration with temperature and relative humidity is shown
in Supplementary Figure S7.
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Figure 3 shows that during all four seasons, the Livestock 1 and 2 sites had notably
higher concentrations than any other studied sites, with maximum concentrations during
the autumn. Studies have indicated that emissions from animals during summer are almost
twice as high as those in winter due to temperature increases and manure processing
during summer and autumn. The high autumn ammonia concentrations were mostly likely
due to low rainfall, which did not dilute or leach nitrogen from the soil slurry in the farming
regions [58]. In addition, the increased use of fertilizers [59] and manure processing in the
farm fields [6,17] during this time also likely resulted in a high ammonia concentration.
Studies have also shown that the daily emission rate of ammonia is highest in the autumn–
winter period, due to more pig fattening at this time, and that agricultural floors with daily
manure removal have significantly lower emissions than concrete agricultural floors [60].
Ammonia concentration is also affected by the age and weight of the animals, the amount
of urea in their urine, and amount of undigested nitrogen in the pig feces [61]. The pH of
manure is another factor that affects the release of ammonia, with lower concentrations
when the pH drops below 7 [62]. Therefore, the livestock regions contributed heavily to
ammonia emissions in northeastern South Korea during the autumn.

Ammonia emissions, which plays a crucial role in particulate matter formation, were
less dependent on the season in urban locations, which may be crucial for affecting the
particulate matter concentrations. The two sites in Seoul city (Seoul Station and Road-
side), had similar ammonia concentrations which peaked during the summer [63]. High
concentrations of ammonia in summer can be attributed to the greater usage of personal
vehicles [64]. Ammonia concentration at the Industry site was also peaked during summer;
however, overall, the seasonal ammonia concentration was lower than at the Livestock and
Seoul city sites. Ammonia concentration varied at the Habitation 1 and 2 sites, peaking
during summer but also increasing with an increase in temperature, humidity, and air
velocity [61,65]. However, there was no relationship between the increase in ammonia
concentration during winter and domestic heating; thus, household gas combustion was
not considered to be an emission source.

The Background (HUFS) site recorded the lowest ammonia concentrations due to its
rural location, with negligible industrial or agricultural activities in the surrounding area.

With the exception of the Background (HUFS) site, all of the studied sites recorded
the lowest ammonia concentrations during winter, which agrees with the findings of
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previous ammonia measurement studies [66]. This decrease in ammonia concentration
during the winter has been linked to the formation of NH4NO3 (ammonium nitrate)
particulates [6,67–69].

3.2. Spatial Distribution of Ammonia Concentration

Table 2 shows the annual average ammonia concentration, and Figure 4 shows the
annual variation in ammonia concentration and temperature at all of the studied sites; the
annual ammonia concentrations in the regions surrounding Seoul are shown in Figure
S8. High ammonia concentrations in livestock regions show that the agricultural use of
fertilizers and emissions from animals were the primary sources of ammonia in these
regions. Surprisingly, ammonia emissions in the densely populated areas of Seoul were
lower than in the livestock regions, suggesting that vehicles do not produce as much
ammonia as livestock. Industries in the Ansan region also had low ammonia concentrations,
signifying that these industries do not contribute much to atmospheric ammonia emissions.
Ammonia concentrations in Seoul City municipal sites were much greater than those in
suburban Habitation 1 and 2 sites. This is supported by research that identified high
ammonia concentrations in municipalities with high population and traffic density in the
heart of crowded areas and high-rise buildings. Ammonia emissions from road traffic,
uncovered decomposing trash dumps, and domestic burning could also contribute to this
trend [70]. The Background site is in a mountainous region surrounded by relatively dense
forests and had the lowest ammonia concentration among all the studied sites.
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Table 2. Annual average concentration and standard deviation of ammonia (ppb) at studied sites.

Sites Average Standard Deviation

Livestock 1 69.3 26.3
Livestock 2 48.3 16.7

Seoul Station 18.2 4.6
Roadside 15.9 4.3

Habitation 1 8.0 3.6
Habitation 2 8.3 3.8

Industry 8.6 2.8
Background (HUFS) 3.8 1.5

When ammonia enters the atmosphere it reacts with air pollutants, primarily nitrogen
and sulfuric oxide molecules from nearby automobiles, power plants, and factories, to
generate PM2.5, which can travel great distances. Hence, ammonia emissions from one
region of the country can affect air quality in other regions [71]. As vegetation emits very
small amounts of ammonia, increased emissions seen during the spring are more likely to
be linked to agricultural operations such as premature fertilizer application or seasonal
variations in cattle feed availability and the accompanying emissions [72,73]. Furthermore,
several studies have confirmed that in livestock areas, the ammonia concentration in
summer is nearly double the concentration in winter [74–77].

3.3. Correlation between Ammonia Concentration and Temperature

Figure 5 shows the variation in ammonia concentration with temperature and the
coefficient correlation (R2) values of all studied sites. The R2 values at the Livestock 1 and
2 sites were 0.10 and 0.21, respectively. The R2 values at the Seoul station and Roadside
sites were 0.47 and 0.44, respectively. The industrial region in Ansan had an R2 value
of 0.47, and the Habitation 1 and 2 sites had R2 values of 0.55 and 0.63, respectively.
Finally, the Background site had an R2 value of 0.54. Many of the sites had R2 values
of approximately 0.5 or higher, indicating that temperature played a significant role in
ammonia concentration, particularly at the Seoul station, Roadside, and Habitation 1 and
2 sites.

There have been many studies that have shown a correlation between ammonia
concentration and temperature. Pederson et al. (2021) found that if the ground was moist,
there was a positive correlation between ambient temperature and ammonia emissions [77].
Wang et al. (2020) also found a positive correlation between ammonia concentration and
ambient temperatures in urban areas, leading to particularly high ammonia concentrations
during summer [78]. A similar effect was observed by Li et al. (2017), but only at high
altitudes [48]. Laboratory experiments to establish a correlation between temperature and
ammonia emissions from cow manure and fertilizers also found that ammonia emissions
were greater at higher temperatures [79]. This agrees with our finding that in livestock
regions ammonia emissions are higher in summer, compared to that at the other studied
sites. It has also been found that higher concentrations of atmospheric ammonia are emitted
in agricultural areas due to the chemical instability of the ammonium nitrate compound
which is used to produce fertilizers [80].

These previous studies show that ammonia concentration is dependent on ambient
temperature, and our study further establishes that an increase in the ambient temperature
leads to an increase in the ammonia concentration. Therefore, an increase in temperature is
a key factor influencing ammonia pollution. Vehicular pollution, agricultural fertilizers,
and animal husbandry are common primary sources of ammonia, and these activities must
be monitored, especially during periods of high temperatures.
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3.4. Habitation and Livestock Region Analysis

While only one sampler was installed at most of the studied sites, the Livestock and
Habitation sites had two samplers each because two separate measurements were done at
both of these sites. This was done to analyze the variation in ammonia concentration with
distance from the pig farm and height above the ground. Livestock site data were collected
at 100 and 400 m from the pig farm, and Habitation site data were collected at heights of 1
and 30 m above ground level. Figure 6 shows the ratio of change in concentration to the
change in height for the Habitation site and the ratio of change in concentration to change
in distance for the Livestock site.

It has been reported that ammonia concentration increases with an increase in temper-
ature above a specific height and is usually unaffected at ground level [48]. This generally
agrees with our findings, wherein Habitation sites 1 and 2 had similar ammonia concentra-
tions. However, Habitation 2 (1 m) did have a slightly higher ammonia concentration than
Habitation 1 (30 m). This difference is likely due to the higher temperature and human
activity at ground level. Furthermore, the change in ammonia concentration with altitude
varied by 1–3% depending on the season.

Livestock 1 (100 m) and 2 (400 m) had significantly different ammonia concentra-
tions, despite being located relatively close to each other, with Livestock 1 exhibiting a
significantly higher ammonia concentration as it was closer to the pig farms. Further-
more, the change in the ammonia concentration with distance from the pig farm varied by
28–34% depending on the season, as the distance from the emission source increased by
approximately 300 m.
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Figure 6. (a) Change in concentrations as compared to the distance of the region plot from the livestock source. (b) Change
in concentration as compared to the height from the ground at which sampling was done in the habitation regions. (Arrow
depicts seasonal percentage change in concentration).

4. Conclusions

This study verified seasonal and regional variations in ammonia concentrations and
demonstrated that regions with high agricultural activities result in increased ammonia
emissions. This highlights the need to reduce the usage of ammonia-based fertilizers, in
order to reduce the harmful effects of ammonia pollution on the population in and around
these regions. Ammonia concentrations in the densely inhabited parts of Seoul and in
the industrial areas were significantly lower than the emissions from the livestock zones.
Among all the studied sites, the HUFS had the lowest ammonia concentration due to
its rural location, which was less densely populated and had negligible agricultural or
industrial activity in the surroundings.

Studies have indicated that emissions from animals during summer are almost twice
as high as those in winter due to temperature increases and manure processing during
summer and autumn. In this study, most of the sites recorded peak ammonia concentra-
tions during summer, indicating that high temperatures are responsible for high ammonia
concentrations. This study observed a unique trend, with the highest ammonia concentra-
tions in livestock regions with prevalent agricultural and animal husbandry activities being
observed during autumn. Low rainfall led to increase in ammonia concentrations, since
rainfall causes nitrogen leaching and removes the ammonia from the soil. The ammonia
emission rate is also affected by pig fattening, which is high during fall and winter and low
during summer and spring. Other key influencing factors on the ammonia concentration
are the concrete agricultural floor, the animal’s age and weight, urea content in urine, and
undigested nitrogen in feces. The ammonia concentration also increases when the pH of
the manure is greater than 8.

This study highlights that agricultural activities are one of the leading causes of the
increase in ammonia pollution in the Seoul metropolitan region. It has also been shown
that increased ammonia levels and residential heating during winter were unrelated. Thus,
there is a need to monitor activities such as vehicle emissions, agricultural fertilizers, and
animal husbandry during high-temperature periods, to minimize the effect of ammonia
emissions on humans and the environment [50].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121607/s1, Figure S1: Schematic diagram of ammonia passive sampler-based ammonia
collection process for its concentration measurement, Figure S2: Real-time installation of the NH3
passive sampler with temperature (◦C) and RH (%) sensor inverted in rain shelter at the studied
sites, Figure S3: Portable sensor (EasyLog USB) for measuring the temperature (◦C) and relative
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humidity (%), Figure S4: Schematic diagram of annular denuder setup in the laboratory at HUFS,
Figure S5: Comparison of ammonia concentrations measured by replicates passive samples. The
error bars represent the relative standard deviation of 3.8% calculated from all 212 pooled replicate
samples, Table S1: Quality assurance and quality control (QC/QA) using ion chromatography during
sample analysis, Figure S6: Sample analysis for accuracy, precision, and minimum detection limit
(MDL) concentration. Figure S7: Regional distribution of temperature (◦C) and relative humidity (%)
information over the period of 1 year on weekly average basis, Table S2: Seasonal average ammonia
concentration and ± standard deviation (ppb) at studied sites, Figure S8: Passive NH3 concentration
time series for all eight sites in the Northeastern region of South Korea; 2020–2021. All samples were
measured every Monday for sampling on a weekly basis.
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42. Brouček, J.; Čermák, B. Emission of Harmful Gases from Poultry Farms and Possibilities of Their Reduction. Ekológia 2015, 34,
89–100. [CrossRef]

43. Day, D.; Chen, X.; Gebhart, K.; Carrico, C.; Schwandner, F.M.; Benedict, K.; Schichtel, B.; Collett, J. Spatial and temporal variability
of ammonia and other inorganic aerosol species. Atmos. Environ. 2012, 61, 490–498. [CrossRef]

44. Thöni, L.; Seitler, E.; Blatter, A.; Neftel, A. A passive sampling method to determine ammonia in ambient air. J. Environ. Monit.
2003, 5, 96–99. [CrossRef]
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