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Abstract

Sulfur (S) is used by many industries in
the city of Guayaquil as an additive, inter-
mediate product or raw material. Howe-
ver, their management can cause environ-
mental impacts and respiratory health
problems. The purpose of this study was
to perform a stoichiometric analysis of
the critical loads of atmospheric S depo-
sits present in Guayaquil, Ecuador. Data
was collected between 2018 and 2019 in
16 sites with high anthropogenic activity,
the data was obtained with the applica-
tion of passive samplers or throughfall
traps. Stoichiometric reactions were then
applied to recognize the concentrations
of the analyte in the atmosphere and the
impact it causes. The results showed that
the oxidation of sulfur dioxide (SO2) ge-
nerates sulfur trioxide (SO3) in concentra-
tions from 0.2285 to 0.7326 g. Likewise,
between 1.36 X 103 and 6.35 X 103 g
of sulfuric acid (H2504) were formed du-
ring the washing process, corresponding
to the dry and rainy seasons in which the
samples were collected, respectively. It
was concluded that the SO present in
the atmosphere undergoes changes when
captured by the samplers, influenced by
the different oxidative states of the S.
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Validacién estequiométrica
de sulfatos de azufre en
Guayaquil, Ecuador,
durante 2018y 2019

Resumen

El azufre (S) es utilizado por muchas in-
dustrias en la ciudad de Guayaquil como
aditivo, producto intermedio o materia
prima; sin embargo, su manejo puede
provocar impactos ambientales y causar
problemas de salud respiratoria. El obje-
tivo de este estudio fue realizar un anali-
sis estequiométrico de las cargas criticas
de los depdsitos atmosféricos de S pre-
sentes en Guayaquil, Ecuador. Para ello se
utilizaron datos recolectados entre 2018
y 2019 en 16 sitios con una alta actividad
antropogénica, los datos se obtuvieron
con la aplicacién de muestreadores pa-
sivos o trampas throughfall. Después se
aplicaron reacciones estequiométricas
para reconocer las concentraciones del
analito en la atmésfera y el impacto que
provoca. Los resultados mostraron que
la oxidacién del diéxido de azufre (SO2)
genera trioxido de azufre (SO3) en con-
centraciones que varian entre 0,2285 y
0,7326 g. Asimismo, durante el proceso
de lavado se formaron entre 1,36 X 1073y
6,35 X 1073 g de 4cido sulfirico (H2504),
correspondientes a las épocas seca y
lluviosa en las que se recolectaron las
muestras, respectivamente. Se concluyé
que el SOz presente en la atmdsfera sufre
cambios al ser captado por los muestrea-
dores, influenciado por los diferentes es-
tados oxidativos del S.

Palabras clave: impacto ambiental;
sulfatos del azufre; contaminacién
atmosférica.
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Validagao estequiométrica
dos sulfatos de enxofre
na Guayaquil, Equador,
durante 2018 e 2019

Resumo

O enxofre (S) é utilizado por muitas in-
distrias na cidade de Guayaquil como
aditivo, produto intermedidrio ou maté-
ria-prima; no entanto, seu manuseio pode
causar impactos ambientais e causar pro-
blemas de saidde respiratdria. O objeti-
vo deste estudo foi realizar uma andlise
estequiométrica das cargas criticas dos
depdsitos atmosféricos de S presentes
em Guayaquil, Equador. Foram utilizados
dados coletados entre 2018 e 2019 em
16 locais com alta atividade antrépica, os
dados foram obtidos com a aplicagdo de
amostradores passivos ou armadilhas de
precipitacdo. Reag¢bes estequiométricas
foram entdo aplicadas para reconhecer
as concentragdes do analito na atmosfera
e o impacto que ele causa. Os resultados
mostraram que a oxida¢do do diéxido
de enxofre (SO2) gera triéxido de enxo-
fre (SO3) em concentracdes de 0,2285
a 0,7326 g. Da mesma forma, entre
1,36 X 103 e 6,35 X 1073 g de acido sul-
farico (H2504) foram formados durante o
processo de lavagem, correspondendo as
estacdes seca e chuvosa em que as amos-
tras foram coletadas, respectivamente.
Concluiu-se que o SO presente na at-
mosfera sofre alteragdes quando captu-
rado pelos amostradores, influenciado
pelos diferentes estados oxidativos do S.

Palavras-chave: impacto ambiental;
reagdes; analito; fons sulfato; amostra-
dores.
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Introduction

Environmental pollution significantly affects urban areas, which
are directly exposed to the combustion gases resulting from traffic
congestion [1]. This pollution adversely impacts the health of resi-
dents [2] and specifically causes harm by degrading soil quality [3],
leading to potential issues such as acidification [4]. This article
highlights the extent of this pollution by applying material balance
concepts and examining the chemical reactions involved in these
processes [5], while considering various factors such as gas emis-
sions from the burning of fossil fuels across different industries,
including textiles, steel, shipping, and vehicular traffic. These activi-
ties contribute to both dry and wet sulfur (S) deposits.

In the port city of Guayaquil [6], within the mangrove ecosystem,
high concentrations of S have been reported, exceeding the thres-
hold for sensitive ecosystems at 7,45 kilograms per hectare per
year (kg ha' year™) [7]. These processes lead to eutrophication,
which affects the environment by depositing S and nitrogen (N)
compounds that acidify both aquatic and terrestrial ecosystems [8].

Suspended particles, or atmospheric aerosols, are complex mixtu-
res that have different compositions and sizes. These particles can
be produced by both human activities and natural sources [9]. As
they travel through the atmosphere, sulfur dioxide (SO2) and its
oxidation products react with oxygen and water vapor, creating
strong acids such as sulfuric acid (H2 SO4). This acid falls to the earth
as rain, snow, or fog, a phenomenon known as acid deposition [10].

Forest ecosystems, such as mangroves, are often surrounded by
industries that have a negative impact on soil quality. These indus-
tries include liquefied gas bottling plants, thermoelectric plants,
and ports, all of which are located within or on the boundaries of
protected natural areas in urban settings [11]. Previous studies
on the S deposits in the port of Guayaquil indicate that this area is
affected by a uniform distribution of these deposits within a 40 km
radius [12]. The cities of Durdn and Guayaquil are adjacent to each
other, separated only by the Guayas River. They experience heavy
vehicular traffic because this region serves as a vital connection
point between the mountains and the coast. The industrial park in
these areas comprises approximately 300 industries spread over
about 500 ha.

Thevegetationinthe protected areas of Isla Santay and Estero Salado,
located in the cantons of Durdn and Guayaquil, respectively, can
be influenced by S deposits. While S can have beneficial effects on
plant productivity in moderate amounts [13], excessive quantities
may harm plant development [14]. A similar issue arises with soil
acidification. To assess the potential damage caused by S deposition
on both the soil and vegetation in the study area, various models
have been developed [15].

As Darmstaedter and Oesper mention [16], matter balances can be
effectively used to predict the required amounts of various com-
ponents needed to prepare a formulation of food or drugs based
on their composition. This research builds on that concept. Matter
balance is defined as the accounting of inputs and outputs in a
process, adhering to the law of conservation of mass proposed by
the French scientist Antoine Lavoisier in 1785.

To achieve an accurate balance, it is essential to identify the reac-
tions involved in the process. This implies applying stoichiometric
calculations based on established principles [17]. The aim is also to
provide new scientific contributions supported by important calcu-
lation procedures in the study of chemical reactions.

This research aims to prove the amount of sulfate (S07) (from
atmospheric deposition) that settles on the ground through stoichio-
metric calculations in mass units. It corroborates these estimates
with matter balances for each of the involved processes, enhancing
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the reliability of the critical loads for S deposition obtained in the
Port of Guayaquil during 2018 and 2019.

Materials and methods

Passive Samplers

Passive samplers, often referred to as throughfall samplers, enable
the evaluation of critical areas over extended periods due to their
simple construction, installation, and maintenance. They do not
require any pumping systems or electrical power. This cost-effective
method is especially recommended for establishing a dense sur-
veillance network with multiple key collection points or sites [18].
In this study, S deposition fluxes were estimated by using lonic
Exchange Resin (IER) columns. While this methodology enables the
simultaneous determination of N and S at multiple points economi-
cally, the study’s objective was to measure atmospheric deposition
levels of SOZ and characterize deposition gradients and trends in
the mangrove forest surroundings and downwind of some industrial
zones in the port of Guayaquil. However, it is necessary to point
out that this methodology has already been tested and validated by
Fenn et al. [19]. Therefore, a standardized protocol for installation
and exposure was implemented, utilizing replicates at selected
sites. The average standard deviation observed between pairs of
samplers installed in parallel was 7.3%, which aligns with the levels
of uncertainty anticipated in passive sampling methods [20].

The widespread application of the IER method is promising because
itallows for the measurement of accumulated deposition over exten-
ded periods, potentially up to a year [21]. This significantly reduces
the sampling effort required in the field and the number of labora-
tory analyses needed, resulting in considerable cost savings [22-24].
Additionally, the IER method can measure deposition in areas with
low rainfall or low elemental concentrations, thus avoiding issues
related to detection limits and the minimal sample size required in
the bulk deposition method [23]. The following section provides
a detailed description of how the sampling device was configured.

Resin Selection

The resin used in IER collectors was an anion and cation exchange
resin with mixed bed (Amberlite™ IRN150). Regarding this, some
researchers have evaluated various IER and extraction solutions to
identify the most suitable options for studying atmospheric throu-
ghfall deposition, depending on the specific species being analyzed.
Amberlite IRN 150 has a well-balanced blend of strong cationic and
anionic resins. This enables it to retain N ions, such as ammonium
(NH}) and nitrate (NO3), and S ions, such as SOZ, simultaneously.

Unlike other resins that require pairing for the same function, such
as Amberlite IR-120 (cationic) and IRA-400 (anionic), Amberlite IRN
150 simplifies logistics in the field by combining these capabilities
into one product. This resin exhibits good resistance to variations
in temperature, humidity, and pH, making it suitable for long-term
passive collectors. In contrast, more selective resins may degrade
faster or lose efficiency in humid or acidic tropical environments.
Although Amberlite may be more expensive than some single-type
resins, its dual functionality offsets the costs by reducing the need
for handling and allowing for a single extraction step [18, 25-26].
According to the above, Fenn et al. recommend using Amberlite™
IRN 150 to collect N and S atmospheric deposition [18].

lonic Exchange Resin (IER) Sampling Device Configuration

For each column (made from 1.27 ¢cm diameter PVC tubing), 35 g
of Amberlite IRN™ 150 resin was added and rinsed with distilled
water. This amount of resin is consistent with that used in a pre-
vious study [19]. According to Fenn et al. [18], based on their
former throughfall studies and the ion exchange capacity of the
resin, 35 g is more than sufficient for the ion exchange capacity
required for throughfall collection at the study sites.
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To facilitate the operation of the columns, glass wool was inserted
at the top and bottom. The bottom was sealed with a slit cap to
allow the throughfall solution to percolate through. The throughfall
solution, or precipitation samples, were collected using funnels like
those found in conventional throughfall samplers. However, in this
case, the solution was allowed to drain through the resin column
where the ions were adsorbed by the ion-exchange resin. Back-
ground levels of NO3 and SOZ in the resin columns were determi-
ned by extracting the columns three times with 200 mL of 2 N KCL.
Figure 1 shows a photograph of the IER device configuration used
for the deposition sampling in this study.

Figure 1. lon Exchange Resin (IER) sampling devices used in this study.

Table 1. Sampling sites chosen for this study, with their respective coordinates.

Sampling sites

N° Name Coord-X Coord-Y

1 Trinitaria 620530.80 9750011.00
2 Acacias 621913.34 9754526.36
3 A”toriccizi;aoc;ﬂ‘:f“a de | 62197450 | 9747844.00
4 Isla Trinitaria (COGUAR) 619541.70 9748739.00
5 Floresta 3 623194.70 9749971.61
6 Isla Santay - Duran 627179.92 9758098.01
7 Primavera | 629111.67 9761154.46
8 El recreo 633590.15 9759899.34
9 San Eduardo 619150.26 9758308.61
10 Parque Forestal 622811.70 9757527.00
11 Inve!gtsitgiatllcjitc?niz UG 622057.16 | 9759235.93
12 Terranostra 611079.60 9758312.41
13 Terminal Tres Bocas 615791.20 9753513.00
14 Cantera Eva Adriana 613150.89 9758658.46
15 Chongén 602451.95 9753301.68
16 Colegio Cenest Harvard 612201.00 9758820.00

The IER column design used in this study offers several advantages.
First, the resin doesn’t contact the ground nor forest floor, ensuring
that the solution has improved access to the ion exchange resin.
Additionally, the resin can be easily extracted from the same columns
used during the field exposure by percolating 200 mL of 2 N KCL
solution through the intact resin columns.

Fenn et al. [19] found that prerinsing the columns with 100 mL
of distilled water before the potassium chloride (KCl) extractions
leads to a more efficient and consistent extraction process. The
columns were extracted three times, with 200 mL used for each
extraction. However, it soon became evident that the amount of N
and S removed in the second and third extractions was minimal. In
these later extracts, concentrations of SOZ” and NO3 were frequently
close to detection limits [27].

Extraction Efficiency

Studies that report on adsorption capacity primarily focus on a limi-
ted number of elements tested in laboratory conditions [28-30]. In
contrast, recovery efficiency is frequently documented under these
same conditions, typically showing high recovery rates ranging from
87 to 100% [21]. The adsorption capacity and recovery efficiency
can be affected by environmental conditions such as drought, frost,
or high temperatures [31-32]. However, there are very few studies
that have investigated the impact of these environmental factors on
the adsorption capacity and recovery efficiency of the resin.

The effectiveness of the IER method for measuring a wide range of
elements relies on the performance of the resin. This performance
isevaluated in two keyways: first, by the adsorption capacity, which is
the percentage of the total element flux that the resin can bind; and
second, by the recovery efficiency, which indicates the percentage
of the total element flux that can be recovered from the resin [30].
To evaluate the recovery efficiency of the devices proposed by Fenn
et al. [19], we conducted two separate tests. One test was based on
the findings reported by Simkin et al. [28], while the other followed
Fenn’s suggestions [19]. In both instances, we achieved high reco-
very efficiencies for both NO3 and SO3". The results were consistent
with those noted in the literature.

An extraction efficiency test, like the one conducted by Simkin
et al. [28], was performed. Our results indicated that using 200 mL
of 2 N KCl for extracting resin columns was sufficient to recover at
least 96% of SOZ2™ from all treatments (see Table 2). These findings
align with the results reported by Simkin et al. [28].

Table 2. Experimental design to test the recovery efficiency of lon Exchange Resin
(IER) columns.

SO;”
Treatment (LEq) Recovery (%) CV (%)

50 98.70 0.82
125 98.60 3.02
250 97.41 1.31
500 96.8 0.35
2500 95.73 0.87
5000 96.43 0.79

The extraction efficiency for the 50 and 125 peq anion treatments
was nearly 100%, while recovery decreased slightly as the loading
increased. All data were adjusted by subtracting the blank values
from the raw measurements. The average blank value measured for
SO3” was 1.032 peq (+ 0.29). This blank value accounts for nearly
2% of the lowest loading level (50 peq) but represents less than
0.02% of the highest loading level (5000 peq). However, it is essen-
tial to recognize that the accuracy of this blank value is limited, as it
was close to the method'’s detection limit.

In addition, we conducted laboratory tests like those described
by Fenn et al. [19] using resin columns that were preloaded with a
simulated throughfall solution. This solution had a deposition rate
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equivalent to 120 kg of SOZ™ per hectare, allowing us to evaluate
the recovery efficiency of the adsorbed ion. Five columns were pre-
loaded with a specific amount of SO3 in the simulated throughfall
solution, and the experiment was repeated with consistent results.
The preloading rate was determined based on the highest reported
deposition rates of SOZ in various locations around the world. The
laboratory tests revealed that at least 97.1% of the SO2” was extrac-
ted during the first extraction (see Table 3). These findings closely
align with those reported [19].

Table 3. Laboratory test of ion extraction procedure from lon Exchange Resin (IER)
column.

SOZ ion recovery from resin columns

After the first | After the second | After the third
extraction extraction extraction
Percent 97.10 100.3 101.5
Standard error
of the mean 1.2 1.2 1.2
(n=5)

Extraction and Analysis Procedure

Quality control measures in this study included a blank IER tube
that was capped and deployed on-site for the same duration as the
other tubes, as well as an analysis of laboratory standards and ran-
dom duplicate samples. In the laboratory, we began by removing
the glass wool from the top end of the PVC tube and then adding a
30 cm extension of PVC pipe. We closed the bottom valve and posi-
tioned the system on a universal stand. Next, we poured 200 mL of
distilled water into each sampler and allowed it to sit for 20 min to
help dissolve any soluble residues.

After this, we opened the bottom valve to let the wash water flow
at a consistent rate of two drops per second for 10 min; this initial
eluent was discarded. Following this, we performed a second elu-
tion using 200 mL of a 2 N KCl solution, which was prepared by
diluting a 149.1 mg L' stock solution to 1 L. This solution was
collected at the same drop rate. We collected approximately 200
mL of the resulting volume into polyethylene bottles, which were
then refrigerated until analysis.

SOZ™ analysis was conducted according to the procedure outlined in
the Mexican standard NMX-AA-074-1981 [32]. To quantify SO3, a
conditioning solution was prepared, consisting of 50 mL of glycerol,
30 mL of concentrated hydrochloric acid (HCl), 300 mL of water,
100 mL of 95% ethyl (or isopropyl) alcohol, and 75 g of sodium
chloride. For the analysis, 2 mL of this conditioning solution and a

teaspoon of barium chloride (BaClz) crystals were added to 40 mL
of the eluate from each sample. The mixture was stirred magneti-
cally, and after one minute of reaction time, the resulting turbidity
was measured using a THERMO Genesys 10 UV-Vis spectrophoto-
meter at a wavelength of 420 nm. Readings were recorded every 30
seconds for a duration of 4 min. A calibration curve was constructed
using standard SO? solutions, resulting in a correlation coefficient
of R*=0.9813.

Estimation of Atmospheric Deposition Fluxes of Sulfate (SO;")

Atmospheric deposition fluxes of SOZ” were determined by extra-
polating from the area of the collector opening and the amounts of
inorganic S that were extracted from the IER columns [22].

Retrospective Description

As part of the FCI 0018 project, 16 passive samplers were deployed
in the vicinity of Estero Salado (Figure 2), located near the maritime
port of Guayaquil, during the period from 2018 to 2019. These pas-
sive devices (IER samplers) were deployed to capture the S atmos-
pheric deposition over a period of 22 to 30 days.

Figure 3 illustrates the descriptive statistics for S deposition fluxes,
measured as SOZ” in kg ha™' year™'. These fluxes were determined
from SOZ concentration in resin extracts, considering the funnel
catchment area and the collection time [33]. The highest S deposit
values were recorded at the port of Guayaquil (5.0 kg ha™" year™),
located in the southern part of the city. Surrounding neighborhoods
such as Las Acacias, Puerto Guayaquil, Coguar, and Parque Forest
also show similar levels, averaging 3.82 kg ha™ year™’, as illustrated
in Figure 3. In contrast, the lowest S deposit values were found to
the north of the city along the coastal highway, as well as in areas
with natural vegetation, which exhibit significantly lower levels
compared to the urban shipping and industrial zones in the south
of the city.
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Figure 3. Descriptive statistics of atmospheric sulfur (S) deposition fluxes (kg ha™
year™) at the 16 study sites in the mangroves of El Salado, Guayaquil, Ecuador, during
the period from May 2018 to April 2019.
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Figure 2. Geographic location of the sites for measuring sulfur (S) in dry and wet deposits within the mangroves of El Salado, Guayaquil, Ecuador. Made in Google Earth, 2023.
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Spatial analysis identified critical zones of S deposition (samples
15 and 40) with fluxes exceeding 25 kg ha™' year™' during the rainy
season of 2019, and significant peaks were observed during the dry
season of 2018. These zones were primarily located in industrial,
urban, and port areas of Guayaquil. In contrast, other locations
showed more consistent and considerably lower values (£ 7 kg ha™
year™"), highlighting the spatial heterogeneity of contamination.

30

25 2018 rainy s=3z0n = 2013 dry season

S deposition flux
kg hatyear !
=
15,1

s
[5]

Mumber of samples

Figure 4. Sulfur (S) concentrations during the dry and rainy seasons from 2018 to
2019, at 16 sampling sites in the city of Guayaquil.

The temporal analysis (Figures 4 and 5) indicates a trend of
increased atmospheric S deposition during the dry months, speci-
fically from August to December, with average values approaching
6 kg ha' year™. In contrast, during the rainy months, the con-
centrations were more variable, featuring specific events of high
deposition. These observations lead us to conclude that the passive
methodology employed is both efficient and low-cost, making it
suitable for characterizing spatiotemporal patterns in complex
urban environments. This validates its applicability in extensive
monitoring networks.
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Figure 5. Annual sulfur (kg ha™ year™) distribution for the period 2018 - 2019.

Using the data from the FCI 0018 project, we will determine the
accounting of inputs and outputs in the S capture process conduc-
ted with the passive sampler through stoichiometric operations and
material balances. Finally, we will validate the S concentrations
obtained during the study period by performing stoichiometric
calculations based on the principles mentioned above [34].

Experimental Part
Description of Reactions

To calculate the quantities of substances involved in or produced
by the chemical reactions, we apply the principles of stoichiome-
try. This means that the total mass of the reactants must equal the
total mass of the products. Using the data provided in Table 4, we
determined the mass concentrations of S by applying Eq. (1) and
considering the following reactions:

SOs + H20 — H3504 (1M

H2S04 + 2KCl = K2S04 + 2HCL K2SO4 + BaCl, = BaSO4s+  (2)
2KCL SO,;? + Ba®t — BaSO,

Fat = C/(Area X P) 3)

Where Fat is atmospheric deposition flux in kg ha™' year™, C is the
mass concentration of S (g), the Area is the external area of the funnel

Table 4. Sulfur (S) deposition flow data for 16 sites in the mangrove zone of El Salado, Guayaquil, Ecuador, from May 2018 to April 2019.

Sites May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Apr
Trinitaria 0,02 2,01 3,42 3,42 4,83 6,93 4,28 4,28 3,98 1,35 4,57 3,10
Acacias 1,08 1,31 2,25 2,72 5,53 6,23 7,79 7,79 2,81 8,38 3,98 7,50
Pto. Guayaquil 6,23 2,25 17,01 2,01 6,70 7,87 4,57 4,57 2,81 3,69 6,62 5,74
Coguar 1,78 0,37 4,36 2,25 5,53 6,23 6,03 6,03 4,57 15,11 1,64 3,98
Floresta 1,31 1,55 11,62 4,83 5,76 6,47 3,69 3,69 3,10 3,10 2,23 4,57
Isla Santay 1,78 0,61 3,65 9,04 3,65 7,64 3,10 3,10 1,93 26,53 1,35 1,35
Primavera 1 5,29 4,59 1,78 6,23 2,95 2,95 7,79 7,79 2,81 1,64 1,93 1,64
EL Recreo 0,61 1,31 4,12 2,72 3,89 4,36 3,10 3,10 2,52 3,10 5,74 3,98
San Eduardo 0,37 2,72 2,72 3,42 3,42 3,42 3,98 3,98 2,23 12,18 4,28 3,40
Par. Forestal 1,78 2,01 2,25 5,53 5,53 6,70 6,03 6,03 3,4 2,52 6,03 9,84
Inst.Inv.UG 0,84 1,08 3,89 3,89 2,48 2,48 5,74 5,74 1,93 3,10 3,10 6,62
Terranostra 4,12 1,31 3,65 1,78 2,95 2,25 2,81 2,81 1,93 1,05 1,35 2,52
Term. 3 Bocas 3,65 2,48 5,29 3,65 3,19 3,89 3,69 3,69 3,98 3,10 1,35 4,86
Pto. Hondo 2,25 0,84 1,08 2,48 2,25 2,72 2,81 2,81 4,28 2,23 0,47 4,86
Chongon 0,37 0,61 1,08 3,19 3,65 4,12 1,64 1,64 4,57 2,52 3,10 3,40
Col. Cenest 2,48 1,08 1,78 2,95 3,19 3,42 2,23 2,23 4,86 3,40 1,93 0,76
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used in the passive sampler type throughfall (Project FCI 0018)
or the collection of atmospheric deposition, and P is the period in
years in which the passive sampler stays in the study place. The cal-
culation for Eq. (3) is shown below:

Fat = 4.28 kg ha™' year™
Fat = C/(Area X P)
4.28 kg ha' year'=C/(4.15 X 107® ha X 0.08 years)
C=4.28 kg ha'year' X 4.15 X 10° ha X 0.08 years
C=1.42x10%kg=1.42% 103g

Through this data, a retrospective analysis is conducted to deter-
mine the amount of contaminant in grams that has entered to the
sampler, as follows:

SO;2 + Ba’* — BaS04 4)

The SO;? reacts with the barium ion (Ba2*), as shown in Eq. (4),
to form barium sulfate (BaSO4). The mass of sulfate in the original
sample is then determined from the mass of BaSO. precipitate using
stoichiometric relationships (see Table 5).

Table 5. Equality of masses between barium sulfate (BaSOa4) and its reactants.

SO;2 + Ba?* — BaSO4

BaSO4 50,2 Bat

Molecular weight

) 233.38 96.06 137.32
(g mol™)

1.42 X 1073 1.42 X 10*

Reaction (g)

As shown below in Eq. (5), potassium sulfate (K2SO4) and BaCl. react
to produce BaSO4, which is the focus of this study. In this process,
you can determine the amount of SO present. Although KCl is also
produced, itis notrelevantto thisanalysisand will not be considered.

K2S04 + BaCl, = BaSO4+ 2KCl (5)

Table 6. Amount of sulfates that react in the combination process.

K2S04 + BaCl, = BaSO4+ 2KCl

K2S04 BaClz BaSO4 KCl
Molecular
weight 174.259 208.23 233.38 74.5513
(g mol™)

Reaction (g) | 1.06 X 103 [ 1.27 X 103 | 1.42 X 103 | 9.07 X 10™*

The precipitation of BaSOy is the cornerstone of the analytical me-
thod used to quantify SO3 in the samples. As shown in Eq. (5),
K2SO4 derived from the washing of the ion-exchange resin, reacts
stoichiometrically with BaCl, to form an insoluble precipitate of
BaSO4 and KCL. Since BaSOs is easily quantified by turbidimetry, its
mass is used to back-calculate the original sulfate content in the
atmospheric deposit. Although KCl is also produced, it remains in
solution and does not interfere with the measurement, therefore,
it is not considered in the mass balance. The stoichiometric process
from BaSO. to their precursor compounds (K>SO, BaClz, and KCl)
is detailed in Egs. (6) to (13), this allows the accurate determination
of the mass of each reactant involved in the reaction sequence.

1.42 X 1073 g BaSO4 (1 mol BaS04/233.38 g mol™ BaSO4)  (6)
=6.08 X 107 mol BaSO4
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6.08 X 107 mol BaSO4 (1 mol K2504/(1 mol BaSO4 ) 7)
=6.08 X 10 mol K2SO4

6.08 X 107 mol K504 (174.259 g mol™" K2S04/1 mol K2S04)  (8)
=1.06 X 1073 g K2SO4

6.08 X 1076 mol BaSO4 (2 mol KCl/1 mol BaSO4) 9)
=1.22 X 1075 mol KCl

1.22 X 107 mol KCl (74.5513 g mol™" KCL/1 mol KCL) (10)
=9.07 X 10 g KCl

6.08 X 107¢ mol BaSO4 (1 mol BaClz/1 mol BaSO4) an
=6.08 X 10°¢ mol BaClz

6.08 X 106 mol BaSO4 (1 mol BaClz/1 mol BaSO4) (12)
=6.08 X 10°¢ mol BaClz

6.08 X 1076 mol BaCl, (208.23 g mol™ BaCl,/1 mol BaCl,) (13)
=1.27 X 1073 g BaCl

In the second reaction of the procedure, as shown below, H2SO4
reacts with KCl, which was used as a washing medium for the re-
sin in the samplers. This reaction produces K;SO4 and HCL. HCl is
released into the atmosphere, so it is not included in the analysis
(see Table 7).

H2S04+ 2KCl — K250+ 2HCL (14)

Table 7. Detailed overview of the reaction between potassium sulfate (K2SO4) and
hydrochloric acid (HCL).

H2S04 4 2KCl = K504+ 2HCL

H2S04 KCl K2S0a4 HCl
Molecular
weight 98.07 74.55 174.25 36.46
(g mol™)

Reaction (g) | 5.96 X 104 | 9.07 X 104 | 1.06 X 1073 | 4.44 X 10™

During the washing step of the ion-exchange resin, H.SO4 —origina-
Lly formed from atmospheric SOz captured in the samplers— reacts
with KCL, which is used as the eluent solution. As shown in Eq. (14),
this neutralization reaction produces K;SO4 and HCL. The K2SO4 re-
mains in solution and serves as the precursor for the subsequent
precipitation of BaSO4, the compound measured in the spectropho-
tometric analysis. In contrast, HClis a volatile byproduct that either
remains dissolved or partially evaporates under ambient conditions
and does not interfere with the sulfate quantification; therefore, it
is excluded from the final mass balance. The stoichiometric process
from K2SO4 back to HSO4 and KCl is detailed in Egs. (15) to (21),
this enables the precise reconstruction of the original sulfate mass
captured by the passive samplers.

1.06 X 1073 g K2S04 (1 mol K2504/174.259 K2SO4) (15)
=6.08 X 10 mol K2S04

6.08 X 107® mol K2SO4 (1 mol H2S04/1 mol K2SO.) (16)
=6.08 X 107® mol H2S04

6.08 X 1076 mol H,S04 (98.07 g H2504/1 mol H2S04)  (17)
=5.96 X 107 g H,S04

6.08 X 1076 mol K2504 (2 mol HCl/1 mol K2SO4) (18)
=1.22 X 1075 mol HCl
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6.08 X 107 mol K25SO04 (2 mol KCL/1 mol K2SO4) (19)
=1.22 X 107 mol KClL

1.22 X 107> mol HCL (36.46 g HCl/1 mol HCL) (20)
=4.44 x 10 g HCl

1.22 X 107 mol KCL (74.55 g KCl/1 mol KCl 21
=9.07 X 10 g KCl

The reaction below illustrates how sulfur trioxide (SOs), which falls
from the atmosphere and is captured by samplers, reacts with water
(H:20), used as a washing medium to form H,SO4 (see Table 8).

SO3 + H20 — H3S04 (22)

Table 8. Reaction of sulfur trioxide (SO3) with water.

SO3 + H20 — H3S04

SOs3 H20 H2SO4

Molecular weight

) 80.06 18.01 98.07
(g mol™)

Reaction (g) 487 x10% | 1.10x 10 | 5.97 X 10

Upon atmospheric deposition, SO3 —the oxidation product of SOs3
emitted by industrial and vehicular sources— is captured by the
passive samplers and subsequently hydrolyzed during the was-
hing process. As shown in Eq. (22), SOs reacts rapidly with H20 to
form HSOy, a stable and quantifiable compound that serves as the
analytical precursor for sulfate determination. This reaction is criti-
cal because it converts a highly reactive gas (SOs) into a soluble acid
that can be retained by the ion-exchange resin and eluted for la-
boratory analysis. The stoichiometric relationship between SOs and
H2S04 is 1:1, enabling the back-calculation of the original atmos-
pheric SOz mass from the measured H2SO4 (or ultimately BaSO.,)
mass. The detailed mass balance for this step is presented in Egs.
(23) to (27), confirming that the experimentally observed H2SO4
mass (5.97 X 107 g) corresponds to 4.87 X 107 g of SO3 originally
captured by the sampler.

5.97 X 107 g H2S04 (1 mol H2504/98.07 g H2S0.) (23)
=6.08 X 10 mol H2S04

6.08 X 1076 mol H2S04 (1 mol SO3/1 mol H2S04) (24)
=6.08 X 107 mol SO3

6.08 X 1076 mol SOs (80.06 g SO_3/1 mol SOs) (25)
=4.87 X 10 g SO;

6.08 X 1076 mol H2504 (1 mol H20/1 mol H2504) (26)
=6.08 X 107 mol H,O

6.08 X 107 mol H,0 (18.01 g H20/1 mol H,0) (27)
=1.10 X 10 g H,0

Material Balance

To calculate the material balance for the process, we define the
system by considering the flows involved, including the relevant
variables and the occurrence of chemical reactions. Additionally,
a material balance for each reactant involved in these reactions is
provided, detailing the amount (in grams) of each reactant that en-
ters, exits, is consumed, or is generated in the process.

The sampler is regarded as a reactor that contains an ion exchange
resin, which is responsible for retaining the contaminating materials
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100 g H,0

SO;
149.1 g KCI

..........
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K,S0, + HCI

Figure 6. Flow diagram of the sampler washing process: hydrolysis of SO3 to H2SO4
and elution with KCl to form K2SO4.

that are the focus of this study. This analysis allows the proposal
of systems in which the inputs and outputs are evaluated based on
the reactions outlined in the project. Two systems were identified.
The first system involves the sampler during a washing process with
H20 and KCL. In this step, the sample reacts with both, and the co-
rresponding analysis is conducted (as shown in Figure 6). For the
washing procedure, 100 mL (100 g) of H,O was added, followed by
a second wash using 149.1 g of KCl, as noted in Table 9.

Table 9. Reactions observed when samplers were washed with distilled water (H20).

SO3 + H20 — H2504
SO3 H.0 H2S04
Molecular weight 80.06 18.01 98.07

(g mol™)

Input (g) 4.87 X 10 100 0
Reaction (g) 4.87 X 10 1.10 X 10™ 0
output (g) 0 99.99 5.97 X 10

Generating (g) 0 0 5.97 X 10

The sampler is an open chemical reactor that contains an ion-ex-
change resin, which is responsible for retaining the atmospheric
contaminants of interest in this study. This approach enables the
definition of mass balance systems in which inputs and outputs
are evaluated based on the chemical reactions occurring during the
analytical procedure. Two sequential systems are considered. The
first system corresponds to the washing step with distilled water,
during which SOs, previously captured from the atmosphere, under-
goes hydrolysis. As shown in Eq. (22), SOz reacts stoichiometrically
with H,O to form H2SO.. For this step, 100 mL (100 g) of distilled
H20 was added to the sampler, as detailed in Table 9.

To verify mass conservation and ensure stoichiometric consistency,
a material balance was applied to each chemical species involved.
The general balance equation, derived from the law of conservation
of mass, is expressed as:

Output = Input — Reaction + Generating (28)

This equation states that the mass of a component leaving the sys-
tem (Output) equals the initial mass introduced (Input) minus the
amount consumed in the reaction (Reaction) plus any mass genera-
ted as a product (Generating). Applying Eq. (28) to the substances
in the hydrolysis step yields the following results:
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Eq. (29) shows that the output mass of H20 is 99.99 g, indicating
that only an insignificant fraction (1.10 X 10™ g) is consumed in
the reaction:

Output H0=100g-1.10 X 10 g+ 0=99.99 (29)

Eq. (30) confirms the complete consumption of the captured SO3
with no residual mass remaining in the system:

Output SO3=4.87 X 104 g-4.87 X 10%g+0g=0g (30)

Eq. (31) demonstrates that all H2SO4 present in the output is gene-
rated in situ, with no initial mass added:

Output HoSO4=0g-0g+597 X 10%g=597x10*g (31)

These results, showed in Table 9, validate the closed mass balance
for the hydrolysis step and confirm the quantitative conversion of
atmospheric SOs into measurable H2SO4, a critical prerequisite for
the subsequent analytical stages of sulfate determination. In the se-
cond washing step, 149.1 g of KCl was used as the eluent solution.
The H,SO4 generated in the first step reacts with KCl to produce
K2S04 and HCL, as shown in Eq. (14). Table 10 presents the corres-
ponding mass balance.

Table 10. Generation of reactions from washing samples with 2KCL.

H2S04 + 2KCl — K2S04+ 2HCL
H2S04 KCl K2S04 HCl
Molecular
weight 98.07 74.55 174.25 36.46

(g mol-")

Input (g) | 5.97 x 107 149.1 0 0
Reaction (g) | 5.97 X 10 | 9.07 X 10™ 0 0
Output (g) 0 149.09 1.06 X 1073 | 4.44 x 10

Generating (g) 0 0 1.06 X 1073 | 4.44 x 10

Applying the general balance of Eq. (28), Eq. (32) shows that the
output mass of KCl is 149.09 g, indicating that only 9.07 X 10™g
(an insignificant fraction) reacts:

Output KCl = 149.1g-9.07 X 10%g+0=149.09g  (32)
Eq. (33) confirms the complete consumption of H2SO4:
Output H2SO4=5.97 X 104g-597 X 10*g+0g=0g (33)

Eq. (34) demonstrates that K2SOs4 is entirely generated in situ, with
no initial input:

Output K2SO4=0g-0g+1.06 X 103g=1.06 X 103 g (34)
Eq. (35) shows the co-generated HCL, which remains in solution:
Output HCl=0g-0g+4.44 X 10%g=4.44 X 10™*g (35)

These results confirm the quantitative conversion of H.SO4 into
K2S0a, enabling accurate sulfate determination via BaSOa precipi-
tation.

The last analytical step involves the precipitation of sulfate as
BaSO4, which is quantified by turbidimetry. In this step, K2SO4
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obtained from the previous elution with KCl reacts with BaCl; in
a full-mix reactor, as shown in Eq. (5). Table 11 summarizes the
material balance for this precipitation system. A significant excess
of BaClv (1 g) was used to ensure complete conversion of K;SO4
into the insoluble BaSO4, which was then measured spectrophoto-
metrically.

Table 11. Reaction between potassium sulfate (K2SO4) and barium chloride (BaCl2).

K2S04 + BaCl; — BaSO4+ 2KCl
K2S04 BaClz BaSOa4 KCl
Molecular
weight 174.25 208.23 233.38 74.55
(g mol™)
Input (g) 1.06 X 1073 1 0 0
Reaction (g) | 1.06 X 1073 | 1.27 X 1073 0 0
output (g) 0 1.00 1.42 X 1073 | 9.07 X 104
Generating (g) 0 0 1.42 X 1073 | 9.07 X 10™

Applying the general material balance equation (Eq. 28), Eq. (36)
shows that the output mass of BaCl; hasn’t changed (1.00 g), as
only 1.27 X 1073 g is consumed:
Output BaCl =1.00g-1.27 X 103g+0=1.00127g  (36)
Eq. (37) confirms the complete consumption of K2SO4:
Output K2SO4=1.06 X 103g-1.06 X 103g+0g=0g (37)
Eq. (38) demonstrates that BaSOa is entirely generated in situ:

Output BaSO4=0g-0g+1.42Xx 103g=142%x103g (38)

Eq. (39) shows the co-generated KCL, which remains in solution and
doesn’t interfere with the turbidimetric measurement:

Output KCl=0g-0g+9.09 X 10%g=9.09 X 104g  (39)

These results validate the stoichiometric completeness of the preci-
pitation step and confirm that the mass of BaSO4 measured directly
reflects the original sulfate content captured from the atmosphe-
re. The unquantified KCl is environmentally benign under analyti-

K»S0, + HCI BaCl

BaSO, + KCI
e

Figure 7. Flowchart of analytical precipitation: reaction of K2SO4 with BaClz to form
BaSO4, the compound quantified by turbidimetry.
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cal conditions and doesn’t interfere in the final determination. This
latter compound is released into the atmosphere, as illustrated in
Figure 7.

BaSO. is the compound of interest because its mass is used to de-
termine the amount of SO3™ originally present in the sample. Al-
though the mass of SO3 isn't equal to that of BaSOs, it can be cal-
culated using stoichiometric relationships based on their molecular
weights, as shown in Table 12.

Table 12. Reaction between barium sulfate (BaSO4) and sulfate ion (SOZ").

SO3™ + Ba®* > BaSO4
BaSO4 Nera Ba2*
Molecular weight | 35 34 96.06 137.32
(g mol™)
Reaction (g) 142 X 1073 5.85 x 10 -

Eq. (4) shows the precipitation reaction. The insoluble precipitate is
stable, easily measured by turbidimetry, and doesn’t have environ-
mental risks under laboratory conditions. As in the other reactions,
KCl remains in solution and doesn’t interfere with the analysis.

Results and Discussion

The SO data, expressed in kg ha-' year-', obtained during the pe-
riod from 2018 to 2019, were converted into grams (Table 13) to
facilitate the comparison of S mass in grams.

Table 13. Calculated sulfur trioxide (SO3) and sulfate (SO3 ) values derived from
stoichiometric calculations based on the exit data from the samplers at 16 different
sites in the cities of Guayaquil and Durdn during the period of 2018 to 2019.

SOsg S0% g

Site/Seasons/g Dry season | Rain season | Dry season | Rain season

(2018) (2019) (2018) (2019)

San Eduardo 0.33 0.37 1.7 X102 | 1.06 X 1073

Acacias 0.49 0.64 1.36 X 1073 | 1.87 X 1073
Puerto de 0.73 053 |1.36x10%|1.56 x 107
Guayaquil
COGUAR 0.46 0.70 1.36 X 1073 | 2.08 X 1073
Floresta 3 0.55 0.37 1.36 X 1073 | 1.08 X 1073
Isla Santay 0.46 0.88 1.36 X 1073 | 2.55 X 1073

Primavera 1 0.56 0.22 1.36 X 103 | 6.35 X 1073
El Recreo 0.33 0.43 1.36 X 1073 | 1.26 X 1073
San Eduardo 0.34 0.62 1.36 X 1073 1.81 x 1073
Parque Forestal 0.51 0.62 1.36 X 1073(1.81 % 1073
Insti
Instituto de 0.36 042 [1.36x1073|2.67 x 107
investigacion
Terranostra 0.30 0.19 1.36 X103 | 1.99 X 1073
Terminal Tres 0.42 037 [1.36x1073[1.08x 103
Bocas
Puerto Hondo 0.24 0.33 1.36 X 103 | 9.85 X 107
Entrada de 0.23 038 [1.36x103|1.11x 107
Chongén
Colegio Cenest 0.27 031 |136x1073|9.08x 10
Harvard
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Figure 8. Normalization of sulfate ion (S03) and sulfur trioxide (SO3) data.

The SO,;? data collected in grams through stoichiometry and vali-
dated by mass balance are closely related to the SOs data obtained
from the sampler throughfall (Figure 8).

0.0200
—e— 50; (Dry 2018)
~e— SO; (Rain 2019)

00175
08 —0- 503" (Dry 2018)

o~ 503" (Rain 2019)
00150

00125

9)

00100 4,

SO.

0.0075

0.0050

0.0025

00 0.0000

Figure 9. Distribution of sulfur trioxide (SO3) and sulfate (soﬁ') concentrations du-
ring the dry and rainy seasons from 2018 to 2019.

We used stoichiometry to calculate the mass of SOs that fell to the
ground and was captured by the Amberlite resin placed in the sam-
plers. This resin is water-soluble and can oxidize in air without nee-
ding water droplets. The production of SOs, as shown in Figure 9, is
associated with shipping ports and its presence in nearby neighbor-
hoods. It also results from thermoelectric power plants, industrial
boilers, and various industries, including cement, glass, fiberglass,
rock wool, ceramics, and metal foundries, as well as from the energy
recovery of waste [34].

The passive sampler used for collection operates as an open sys-
tem, allowing atmospheric matter to enter and exit through it. This
sampler facilitates field operations to capture SO3". The system
boundary is defined at the end of the sampler valve, which enables
rainwater to escape from the system. In this context, the chemical
process primarily involves quantifying the amount of each chemical
component involved in various processes, including input, output,
and usage. According to the law of conservation of mass, the total
mass entering a process or unit is equal to the total mass exiting
it. It is important to note that this principle refers to mass, not the
quantity of matter measured in moles or to any other physical rela-
tionships among the components.

The presence of SOz in the atmosphere is closely linked to coal usa-
ge, contributing up to 50% of global emissions. The burning of fossil
fuels also releases S, which constitutes about 2.3% of their compo-
sition. Once released, SO dissolves in atmospheric water vapor to
form acid rain, H,S0s3, and H2SOa. The formation of these acids can
persist for several days and involves several chemical reactions at
different stages.

It's important to note that there are natural sources of SOz, such
as volcanic eruptions. For example, during the period from May to
December 2018, the Cotopaxi volcano was active. The volcanic
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plume demonstrated how SO travelled following the predominant
winds from the West (WNW-WSW) and carried the gases along this
trajectory (see Table 14). This observation suggests a close rela-
tionship between the S concentrations determined in the present
study and the high SO values reported [35].

Table 14. Emissions from the Cotopaxi Volcano, Ecuador, 2018. Data for 2019 are
not shown. Taken from [35].

Month Emission t/day a‘?:::ze .Winfi
(dry season) ® (t/day) direction
May 20,935 1682 675 West
June 17,603 1541 587 West
July 16,954 1532 547 West
August 12,002 738 387 Southwest
September 12,803 955 427 West
October 14,416 1171 465 Southwest
November 12,559 741 419 Southwest
December 29,487 1680 951 West

In the context of critical acidity loads for S, one of the levels asses-
sed was the “mass balance” level, which involves calculating the
chemical inputs and outputs of acidity per unit of time. The resul-
ting critical load value was found to be 34%. This value is linked
to the acidity levels in the ground and indicates potential risks for
surrounding ecosystems [36]. Research suggests that agriculture,
industry, and other activities significantly influence these levels.
Consequently, this critical load value can serve as both a chemical
criterion and an environmental indicator [37-38].

According to another study, combustion systems [39] require the
presence of oxygen (Oz), which contributes to increase production of
SOa. These systems are commonly found in industrial settings, ship-
ping areas, and some ways of transportation. As a result, the presen-
ce of SO is associated with high concentrations in the study area.
Itis projected that the continued rise in energy demand will lead to
ongoing contributions of SO and nitrogen oxides (NOx) [40], which
can manifest as acid rain. This phenomenon poses direct threats
to the mangrove ecosystems surrounding the city of Guayaquil.

Conclusions

This study concludes that, following the release of contaminating
materials into the atmosphere, SO; is formed upon initial contact
with air. Due to the presence of Oz, SOz is subsequently conver-
ted to SOs. This SOs is then collected by the passive sampler and
absorbed by the Amberlite resin, which doesn’t retain particulate
materials that can be filtered. This finding is significant due to the
phytotoxic effects associated with sulfite, highlighting a latent risk
to local vegetation, particularly mangrove ecosystems.

Itis important to note that critical load categories cannot be applied
at the study site due to the lack of historical data or baseline assess-
ments. Therefore, a level O classification is used, which provides a
semi-quantitative approximation based on assigned critical load
ranges for sensitive receptor ecosystems. Additionally, S inputs
from volcanic sources are relevant to the outcomes of this study
and represent another factor that may contribute to the deteriora-
tion of air quality in the port of Guayaquil and its surrounding urban
and mangrove ecosystems.
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To obtain better estimates of SOz fluxes and dry deposition, it is re-
commended to integrate modeling approaches with high-resolution
meteorological data and spatial analysis of emission sources. Using
passive sampling alongside active monitoring techniques (e.g., de-
nuder systems or DOAS) may improve accuracy and temporal re-
solution. Furthermore, current modeled estimates of N deposition
don't capture the full scope of reactive N inputs, particularly those
from gaseous organic N species, nitrous acid (HONO), and nitric
oxide (NO). Including these species in future monitoring campaigns
would yield a more comprehensive understanding of N dynamics
and their combined ecological impacts.
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