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aDepartamento de Qúımica, Pontif́ıcia Unive
E-mail: agioda@puc-rio.br
bCentro Interdisciplinar em Energia e Ambi

Bahia, Salvador, BA, Brazil
cInstituto Nacional de Ciência e Tecnolo

Universidade Federal da Bahia, Salvador, B
dCentro Universitário SENAI-CIMATEC, Salv
eUniversidade Estadual do Norte Fluminens
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of mercury in atmospheric
particulate matter in the state of Rio de Janeiro,
Brazil

Luis Fhernando Mendonça da Silva, a Caio Silva Assis Felix,bc

Madson Moreira Nascimento,bcd Jailson Bittencourt de Andrade,bcd

Maria Cristina Canela, e Cibele Maria Stivanin de Almeida,e Carla Semiramis Silveira,f
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Despite its low atmospheric concentration, mercury in particulate matter (PHg) significantly impacts its

biogeochemical cycle. This research focused on the airborne Hg concentrations in fine particulate

matter (PM2.5) collected from three distinct sites: an urban area, an urban area affected by sugarcane

burning, and protection reserve area within the state of Rio de Janeiro, Brazil, across various seasons

during 2022–2023. The findings revealed average concentration of PM2.5 in Gávea was 19 ± 8 mg m−3

(with values ranging from 8 to 37 mg m−3), in PARNASO, it was 24 ± 11 mg m−3 (with values ranging from

0.2 to 46 mg m−3), and in Campos, it was 10 ± 6 mg m−3 (with values ranging from 1 to 19 mg m−3).

Given these values, no day surpassed the threshold outlined by Brazilian regulations. However, 63% of

the samples showed daily concentrations exceeding the standards established by the World Health

Organization. The average mercury concentrations in PM2.5 were 81 ± 116 (3–366) pg m−3, 169 ± 139

(2–392) pg m−3, and 110 ± 71 (8–272) pg m−3 for the urban region of the capital, interior with sugarcane

burning and forest locations, respectively, throughout the study period. The study also found that PHg

concentrations were about twice as high during the dry period compared to the summer season,

suggesting contributions from both local sources and transboundary pollution. Furthermore, significant

seasonal variation in PHg concentrations was observed, with notably higher levels detected in the

interior urban area impacted by burns than in the capital and preserved sites.
Environmental signicance

This research paper makes a signicant contribution to atmospheric science and the understanding of air quality in South America. It addresses the emerging
issue of mercury found in PM2.5 concentrations in three regions of Rio de Janeiro, Brazil: urban areas, areas affected by sugarcane burn, and forested areas. The
study reveals that 63% of the samples showed daily concentrations exceeding the standards established by the World Health Organization (WHO) for PM2.5

concentrations. Additionally, it was found that regions affected by sugarcane burning and environmental preservation areas exhibited the highest concen-
trations of particulate mercury. The study also highlights seasonal variability and the contribution of both local and transboundary pollution.
1 Introduction

Mercury (Hg) represents a ubiquitous environmental pollutant
with profound implications for human health and ecosystems
rsidade Católica do Rio de Janeiro, Brazil.

ente – CIEnAm, Universidade Federal da

gia em Energia e Ambiente – INCT,

A, Brazil

ador, BA, Brazil

e Darcy Ribeiro, Laboratório de Ciências
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worldwide, owing to its persistence, bioaccumulative nature, and
capacity for long-range atmospheric transport. Existing in diverse
forms, including elemental mercury (Hg0), reactive mercury gas
(RGM), and particle-bound mercury (PHg), the latter poses
a signicant concern as it can deposit into ecosystems and water
bodies, where it transforms into methylmercury — a potent
neurotoxin readily assimilated within aquatic food webs.1–4

The global distribution of mercury emissions exhibits
marked heterogeneity, shaped by regional disparities in
industrial practices, energy generation methods, and natural
emissions. The origins of mercury are attributed to natural
phenomena such as forest res and volcanic activity.5 While
anthropogenic activities such as coal combustion, non-ferrous
metal production, and cement manufacturing stand as primary
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PM2.5 sampling sites: GAVEA: Gávea, PARNASO: Serra dos
Órgãos National Park, and CAMPOS: Campos dos Goytacazes. QGIS
3.26.3.
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contributors to atmospheric mercury releases, the interplay of
natural sources and re-emissions from previously deposited Hg
further complicates the global Hg cycle.4,6,7 The intricate trans-
port dynamics of Hg, encompassing atmospheric processes,
precipitation regimes, and interactions with terrestrial and
aquatic surfaces, further underscore its complex behavior on
a global scale.7–9 Researchers have been widely concerned about
Hg in recent decades, and the WHO has listed it as one of the
ten most important chemicals for public health.10,11

In Brazil, Hg contamination has garnered signicant atten-
tion, mainly stemming from the nation's extensive historical
and ongoing gold mining endeavors, particularly prevalent in
the Amazon region, where Hg amalgamation is utilized in gold
extraction from sediments, resulting in widespread environ-
mental degradation and health ramications. In addition to
mining activities, Brazil's industrial operations, energy
production, and urban pollutants collectively contribute to its
Hg emission landscape.6,12,13 Notably, the state of Rio de Janeiro
serves as a pertinent case study, representing a pivotal nexus of
industrialization and urbanization, emblematic of the chal-
lenges associated with managing Hg emissions in rapidly
developing urban locales. Detecting particulate mercury (PM)
within urban environments underscores broader concerns
regarding air quality and public health.

A comprehensive understanding of the dynamics surrounding
particle-bound mercury, encompassing its sources, transport
mechanisms, and deposition patterns, is imperative for formu-
lating effective mitigation strategies to curb its deleterious effects.9

This study endeavors to augment our comprehension of particulate
mercury dynamics, specically focusing on quantifying concen-
trations, delineating seasonal variations, and discerning potential
emission sources within the global and Brazilian contexts.

2 Methods and experiments
2.1 Study area

The state of Rio de Janeiro, the third most populous in Brazil
with over 17 million inhabitants, stands out for the concentra-
tion of vehicles in its capital and metropolitan region,
contributing to environmental challenges related to air quality.
The Metropolitan Region of Rio de Janeiro (MRRJ) is recognized
as Brazil's second-largest industrial hub and the third most
signicant area in South America according to the Brazilian
Institute of Geography and Statistics (IBGE).14 The MRRJ boasts
a vehicular eet exceeding 3 million, encompassing buses,
trucks, and passenger vehicles powered by gasoline, diesel,
ethanol, and natural gas (GNV).14–16 Furthermore, the region
hosts a variety of industrial operations, including oil reneries,
electric power stations, and facilities specialized in metallurgy
and petrochemicals, just as national preservation parks, such as
the Serra dos Órgãos National Park (PARNASO).

Campos dos Goytacazes, situated in the interior of the state of
Rio de Janeiro within the Southeastern region of Brazil, is
a prominent city in the Northern Fluminense region. With
a population exceeding 500 thousand inhabitants, it ranks as the
seventh most populous city in the state's interior.17 Spanning
a vast territorial extension of 4,032 km2, Campos dos Goytacazes
© 2024 The Author(s). Published by the Royal Society of Chemistry
boasts signicant industrial and economic activity, notably as
the host of Brazil's largest oil platform, the P-51, located in the
Campos basin. Alongside Macaé, it is dubbed the National
Petroleum Capital.17,18 Additionally, serving as the primary urban
center in the Northern Fluminense region, Campos functions as
a residential hub for workers employed in Porto do Açu, the
largest port-industry complex in Latin America. In Campos dos
Goytacazes, sugarcane dominates agriculture, comprising 55.7%
of the planted area and 53.5% of the state's production in 2018.
Despite legislation targeting the gradual cessation of sugarcane
burning, manual harvesting preceded by burning remains prev-
alent in the region.18–20

PM2.5 samples were collected from three monitoring sites
situated at Gávea (GÁVEA, 22°5805000 S and 43°1305800 W),
Campos dos Goytacazes (CAMPOS, 21°45039.100S 41°17031.100 W),
and the Serra dos Órgãos National Park (PARNASO, 22°29047.500

S and 43°00005.200 W) (Fig. 1). A concise overview of these
monitoring stations is presented in Table 1.

The climate seasonality in state of Rio de Janeiro is charac-
terized by two seasons with different characteristics. The rainy
season (October–March) also corresponds to the winter and
summer, with higher temperatures and insulation, what leads
from one side to a more intense atmospheric washing-out
process and from the other to more favorable conditions for
secondary aerosol formation. The autumn and winter seasons
correspond to a dryer period (April–September) with more soil
dust and frequent vegetation res. The winter is also character-
ized by frequent thermal inversions.21,22 Fig. 2 illustrates the
precipitation volume during the study period for each station.

2.2 Measurements of PM2.5 mass concentration

PM2.5 samples were gathered employing quartz microber
lters (QFF) of 203 × 254 mm (Whatman, Fisher Scientic,
Environ. Sci.: Atmos., 2024, 4, 872–878 | 873
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Table 1 Brief description of sampling sites of PM2.5 in Rio de Janeiro

Location Surrounding characteristics

Gávea It is located in the Pontical Catholic University of Rio de Janeiro (PUC-
Rio), a few meters from the subway line 4 and 8.5 km from the André
Rebouças Tunnel, and near the sea

Serra dos Órgãos National Park (PARNASO) Environmental protection area located in the cities of Teresópolis,
Petrópolis, Magé and Guapimirim

Campos dos Goytacazes (CAMPOS) Region where sugarcane is cultivated and subjected to combustion for
processing and production of hydrated ethanol and sugar. In addition to
the burning, there is also the large Port of Açu, which already has 12
companies installed in its area and another 15 using its infrastructure

Fig. 2 Monthly precipitation by station.
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Maidstone, United Kingdom) over 24 h, monthly, utilizing
monitoring equipment following Brazilian standards (ABNT
NBR 13412/1995) and methods outlined by the United States
Environmental Protection Agency (US EPA) under method 130
(Method IO-2.1). This process utilized a high-volume air
sampler (Hi-Vol 3000, Energética, RJ, Brazil) with an average air
ow rate of 1.07 m3 per minute. The QFF was chosen due to its
high efficiency, thermal stability, and low background
contamination.23 The lters underwent a conditioning process
in a desiccator for 24 h and they were subjected to gravimetric
analysis before and aer the sampling sessions using an
analytical balance (Gehaka AG200 ± 0.0001, Marte Cient́ıca,
Brazil) to ensure accurate measurement of particulate mass.
Before sampling, the lter was heated at 450 °C for 24 h. All
lters were conditioned at temperatures ranged from 20 °C to
25 °C and relative humidity levels were maintained between
20% and 30%, both before and aer sampling. The loaded lter
was packed and sealed in plastic bags, and stored in a refriger-
ator at about 4 °C. This study examined all available PM2.5

samples to assess their particulate mass content.

2.3 Measurement of Hg concentration

Total Hg concentrations in PM2.5 were determined using a Direct
Mercury Analyzer – DMA-80 (Milestone, Sorisole (BG), Italy). The
DMA-80 operates on the thermal decomposition of the sample,
mercury amalgamation, and atomic absorption for Hg detection.
874 | Environ. Sci.: Atmos., 2024, 4, 872–878
Initially, samples were weighed and placed into a nickel boat,
which was then subjected to thermal decomposition in a stream
of air or oxygen. Mercury, along with other combustion by-prod-
ucts, was directed into the catalyst section aer decomposition.
Here, a continuous oxygen ow transports the decomposition
products through a heated catalyst bed, where mercury gases are
captured. Mercury species are converted to Hg0, which, along with
the reaction gases, is selectively captured to a gold amalgamator,
while other gases and decomposition products are expelled from
the system. The amalgamator is then heated to release the
captured Hg into a single beam, xed wavelength atomic
absorption spectrophotometer for quantication. The amount of
Hg released is measured in an optical cell through atomic
absorption spectrometry at a wavelength of 253.65 nm.13,24,25
2.4 Backward trajectories analysis

The National Oceanic and Atmospheric Administration
(NOAA) HYSPLIT model was utilized to perform a 7 days
backward trajectory analysis aimed at gaining insights into
the origins of air masses affecting the study locations. This
analysis is crucial for identifying the sources of pollutants,
thus enhancing air quality forecasting. Additionally, forward
trajectory analysis was employed to assess pollution disper-
sion patterns. Trajectories were computed at different alti-
tudes (100 m, 500 m, and 1000 m). In the HYSPLIT model,
these altitudes corresponded to different layers of the atmo-
sphere: 100 m representing the ground surface layer, 500 m
representing the boundary layer, and 1000 m representing the
upper boundary layer.26
2.5 Statistically analysis

Statistical analysis was conducted using PyCharm 2023.2.5 for
Windows. The one-way ANOVA test was utilized to assess the
variance in particulate mercury (PHg) concentrations across
different locations and seasons.
3 Results and discussion
3.1 PM2.5 concentrations

The average concentration (during the period 2022 and 2023) of
PM2.5 in Gávea (n = 18) was 19 ± 8 mg m−3 (with values ranging
from 8 to 37 mgm−3), in PARNASO (n= 14) it was 24± 11 mgm−3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Distribution of the average concentrations and percentages of
mercury in at three sites (Gavea, PARNASO, and Campos).
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(with values ranging from 0.2 to 46 mg m−3), and in Campos (n=

16) it was 10 ± 6 mg m−3 (with values ranging from 1 to 19 mg
m−3). Given these values, none of the days sampled exceeded
the threshold recommended by Brazilian regulations (60 mg
m−3). However, 63% of the samples exhibited daily concentra-
tions surpassing the guidelines set by the WHO (15 mg m−3).

PM2.5 concentrations were observed to be relatively elevated
during the dry season (April to September) in contrast to the wet
season (October to March). This pattern has been documented
in numerous prior studies.27–30 Many researchers attribute this
phenomenon to the cleansing impact of rainfall, which
captures and deposits suspended particles in the atmosphere.

3.2 Particulate mercury (PHg) concentration

The concentrations of PHg in PM2.5 at urban, and preserved
sites from 2022 to 2023 are summarized in Table 2. The average
PHg concentrations (range) were 81 ± 116 (3–366) pg m−3, 169
± 139 (2–392) pg m−3 and 110 ± 71 (8–272) pg m−3 at the urban
region of the capital, interior with sugarcane burning and forest
sites during the sampling period, respectively. The average
concentration of PHg in the urban with sugarcane burning
(CAMPOS) and forest (PARNASO) sites was approximately two
times higher than in the urban site (GAVEA).

The results showed that PHg concentrations at urban sites in
coastal cities are considerably lower than those in other cities,
such as Gávea, a city on the coast of China, and regions in Bahia
(Brazil). The surface winds in coastal areas inuence the
concentrations of PM in these regions.32 PHg concentrations in
urban areas were 5.9–11.3 times higher than the nearby values
found in Asian countries, and North America (Detroit, USA),
indicating that a large amount of anthropogenic Hg has been
released into the atmosphere in Brazil.

3.3 Seasonal distribution of Hg in PM2.5 at sites

In this study, PHg was analyzed across three sampling locations
to assess seasonal variations. The highest percentages of PHg
Table 2 Comparison of atmospheric PHg concentrations (PM2.5) amon

Location Classication

Gávea Urban
Campos dos Goytacazes Urban with

sugarcane burning
PARNASO Remote
Navy base of Aratu – (Bahia)25 Urban area near

industrial complexMaré Island (Bahia)25

Itaparicá (Bahia)25

Southeast coastal cities of China4 Urban
Rural
Remote

Beijing33 Urban
Changchun33 Industrial
Chengdu33 Urban
Hong Kong33 Urban
Detroit (USA)31 Urban

© 2024 The Author(s). Published by the Royal Society of Chemistry
were found in the autumn, at 37%, followed by 28% in the
spring, 24% in the winter and 11% in the summer, respectively
(Fig. 3). The difference between the Hg in PM2.5 was found to be
much more signicant in spring, autumn and winter than in
summer, which corroborates other work carried out in China
and the USA.31,33 The observed patterns can be explained by the
fact that PHg from combustion primarily exists in ne particles,
signicantly reduced in summer.34,35 Additionally, atmospheric
PHg can form through two mechanisms: adsorption of gaseous
mercury on particles and gas-particle chemical trans-
formation.36,37 Mercury in coarse particles typically results from
the adsorption of gaseous mercury, while mercury in ne
particles is formed through both mechanisms. The high
temperatures and intense solar radiation in summer can facil-
itate gas-particle transformation.35,36,38 Therefore, the size
distribution of Hg in different seasons may be inuenced by
g different sampling sites

Time

PHg concentration (pg m−3)

Range Mean S.D.

Feb/2022–Jun/2023 2.7–365.9 81.2 115.7
1.6–391.8 169.3 138.6

7.5–271.7 109.8 71.4
2010 118.0 45.5

81.6 27.0
20.5 5.29

Nov/2010, Jan, Apr,
and Aug/2011

7.6–956.5 141.2 128.1
5.6–89.4 37.0 19.2
3.2–59.9 24.0 14.6

Jan/2014 20–820 240 180
60–730 240 150
240–5020 1300 1090
20–140 60 40

2003 1.8–611.2 20.8 30

Environ. Sci.: Atmos., 2024, 4, 872–878 | 875
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Fig. 4 Seasonal variation of PHg concentration during the sampling
period.

Fig. 5 A-week air parcel backward trajectories for different seasons.
The end point is at 100, 500, and 1000mAGL at (A) Gávea, (B) Campos,
and (C) PARNASO stations.
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both primary mercury emissions and secondary mercury
formation processes.39

The seasonal concentrations of PHg at individual sampling
sites are shown in Fig. 4. There was a statistically signicant
difference in PHg concentration between the seasons (ANOVA
test; p < 0.05). The highest levels of PHg were found in Campos
and PARNASO, while the lowest concentrations of PHg were
present in Gavea (Fig. 4). The high concentration of PHg at the
sites may be associated with anthropogenic emissions. In
Campos, the most signicant contributions may come from
vehicular traffic, the port area and, above all, the burning of
sugar cane. PARNASO, despite being an environmental
conservation area, usually receives many visitors to the park,
with vehicles being the primary commuter. In addition, it is less
than 200 m away from BR-116, one of the main avenues linking
the metropolitan region of Rio de Janeiro to the Serra and other
states in the country, with heavy vehicle traffic.40

PHg concentrations were lowest in rainy at all sampling
sites. Precipitation is a pivotal element in atmospheric
dynamics, inuencing the dispersion of airborne pollutants. It
is well-established that rainwater has the capacity to capture
atmospheric particles, thereby aiding in their removal from the
air.41 However, despite the recognized role of precipitation in
mitigating pollutant concentrations, our study did not reveal
any signicant correlation between precipitation and the levels
of mercury and particulate matter.

The atmospheric concentration of PHg in the rainy season
may be inuenced by air masses coming from the ocean. Most
876 | Environ. Sci.: Atmos., 2024, 4, 872–878
of the mercury was emitted in Hg0 species from the ocean and
contributed less to PHg (Fig. 4). On the other hand, clean air
masses could dilute the PHg concentration to a large extent. In
addition, wet precipitation was more frequent and intense in
the summer, eliminating a large amount of PHg in the ambient
air.36,42 In Campos, in the summer, the sugar cane crop is
growing and there is no burning during this period, which also
explains the low concentration of Hg in the area.

It is widely recognized that air masses originating from
different regions carry various chemical components within
aerosols, thus providing information on their possible
sources.43,44

It was found that PHg concentrations in the dry season were
evidently higher compared to the rainy season at all the
sampling sites. There are several reasons for this. Firstly, the
autumn and winter sampling period in this study took place
during the beginning (mid-September) and end (mid-March) of
the heating season; therefore, the northwest monsoon can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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transport a large amount of particles with condensed Hg to
southeastern coastal cities in spring and autumn, as well as in
winter, which can be conrmed by reverse trajectory analysis.

The results of the analysis of the reverse trajectory of the air
are shown in Fig. 5. Very different origins were observed for the
air masses that arrived at Gávea and PARNASO at different levels
and in different seasons. In spring, the air masses at heights of
500 and 1000 m originated from the continental areas of the
Andes with volcanoes, Central Brazil, while the trajectory at
a height of less than 100 m came from the south of the country.
At a height of 1000 m, they passed through other areas of South
America, such as Bolivia, Paraguay and the interior of Brazil.
The rainy season usually began at the end of November and
lasted until mid-March, so the air masses brought a large
amount of mercury emitted and ultimately increased the
concentrations of PHg in the areas investigated during the dry
season. Completely different trajectories were found during the
summer. In this season, the trajectories originated from the
Atlantic Ocean until they reached the study sites, Gavea and
Campos. In contrast to the continental air masses, the oceanic
air masses led, to a certain extent, to a decrease in PHg
concentrations. Campos during the rainy season and in the dry
season does not receive any inuence from other countries,
being mostly from the ocean in both seasons.

4 Conclusions

During the sampling period, it was found that the concentration
of PM2.5 varied across the studied locations. In Gávea, PAR-
NASO, and Campos, the average concentrations were within
acceptable limits according to Brazilian regulations, with none
exceeding the specied threshold. However, a signicant
portion of the samples from all locations surpassed the daily
concentration standards recommended by the WHO, indicating
potential health concerns. Regarding Hg concentrations, vari-
ations were observed across different environments, with
higher levels detected in areas associated with sugarcane
burning compared to urban and preserved sites.

Mercury levels were found to be highest at urban re sites,
surpassing those in both urban and preserved areas. The
summer season recorded the lowest PHg concentrations in
comparison to other seasons, with a consistent pattern of
signicantly elevated PHg levels during the dry season across all
examined periods.

Analysis of backward air trajectories revealed that air masses
reaching the study area predominantly originated from oceanic
sources, leading to a dilution of PHg concentrations in the
atmosphere during the summer at Gávea and Campos dos
Goytacazes. In contrast, during other seasons, PHg levels were
primarily affected by air masses coming from other South
American countries and the continental areas of the Andes with
volcanoes at PARNASO and Gávea. This explains why PHg
concentrations were similar during the dry season but signi-
cantly higher than those recorded in the rainy season.
Furthermore, Campos during the rainy season and in the dry
season does not receive any inuence from other countries,
being mostly from the ocean in both seasons.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The main limitation of this study is that the sampling in the
preservation area (PARNASO) is close to the highway. Ideally, it
would have been conducted in a more central part of the park to
get natural samples, but this was not possible due to the lack of
electricity. In addition, for future studies we intend to do more
research on Hg in the regions in particulate and gaseous form,
in order to understand the cycle of this pollutant in the Rio de
Janeiro region.
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