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Abstract
Odors are often associated with nuisance and health risks. In this study, the atmospheric levels of H2S and NH3 were 
determined in 5 sites near polluted urban rivers during rainy and dry periods in the city of Salvador, Brazil, as well as the 
relationships between these odorous compounds and meteorological and water quality parameters applying multivariate 
analysis, and the non-carcinogenic risks (as hazard quotient—HQ). The compounds H2S and NH3 were passively sampled 
and determined by molecular spectrophotometry. Average concentrations were lower in the rainy period (6.56 ± 0.83 μg m−3 
for H2S; 8.67 ± 2.50 μg m−3 for NH3) than in the dry period (8.05 ± 1.44 μg m−3 for H2S; 10.62 ± 4.39 μg m−3 for NH3), 
probably due to lower water and air temperatures, which contribute to lower water–air transfer rates and higher precipita-
tion and relative humidity values, thus favoring the removal of these compounds from the atmosphere. The PCA and HCA 
results confirmed these relationships, as well as showing strong positive correlations between NH3, N-NH4

+, TN, Twater, 
BOD, and EC, and strong negative correlations between H2S, pH, and DO, indicating that these water quality parameters 
also influence the levels of H2S and NH3 in air, thereby confirming a common source for the gas emissions as being mainly 
from polluted rivers. The maximum H2S concentrations were above the odor threshold value established by the WHO in 
both periods. According to deterministic health risk assessment, the HQ values for NH3 were below the acceptable limit 
set by USEPA (HQ = 1). However, all HQ values found for H2S (4.28, 2.80, 1.46 at 95th percentile) for the 3 groups of the 
exposed population in the dry period using probabilistic risk assessment with Monte Carlo simulation were above this limit, 
therefore indicating human health risks.

Keywords  Air and water pollution · H2S and NH3 · Urban rivers · Passive sampling · Multivariate analysis · Non-
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Introduction

In many countries, with the disorderly expansion of cities, 
rivers in urban areas are often disposal sites for domestic 
and industrial sewage, because the construction of sewage 
treatment systems has not kept pace with the increase in 

urbanization and industrialization, resulting in a significant 
increase in urban river pollution (Liang et al. 2018; Wan 
et al. 2014). This also affects the urban landscape, which 
is currently identified as a significant aspect of city devel-
opment (Miao et al. 2020). In addition, it causes negative 
impacts on air quality on a local scale, mainly related to 
emissions of unpleasant odors and adverse effects on human 
health. Odors also contribute to negative economic effects 
through property depreciation and are considered the main 
causes of nuisances reported by exposed populations.

Odors are complex mixtures consisting mainly of 
reduced sulfur compounds (RSC) such as hydrogen sulfide, 
methyl sulfide, dimethyl sulfide, and dimethyl disulfide; of 
volatile organic compounds (VOCs), including aromatic, 
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aliphatic, and chlorinated hydrocarbons, terpenes, short 
chain fatty acids, aldehydes, and ketones; and of nitrogen 
compounds such as ammonia and amines (Borrás et al. 
2016; Sazakli and Leotsinidis 2021). Under anaerobic 
conditions, such as those found in urban rivers polluted 
predominantly by domestic sewage, hydrogen sulfide 
(H2S) resulting from dissimilatory sulfate reduction is the 
main RSC emitted into the atmosphere, causing unpleas-
ant odors (Zhou et al. 2011). Ammonia (NH3), the major 
nitrogenous compound present under these conditions, is 
generated from the disintegration of nitrogen-rich com-
pounds such as proteins and urea, also causing odors 
(Liang et al. 2018). In this paper, H2S and NH3 were cho-
sen as typical odor-generating pollutants in areas near 
contaminated urban rivers due to the scarcity of studies to 
determine such compounds in these areas.

Hydrogen sulfide is a colorless, irritating, corrosive, 
flammable, asphyxiating gas, with a very unpleasant odor, 
perceptible at very low concentrations by humans, making 
smelly the areas near emission sources, in addition to caus-
ing corrosion in pipes, metallic, and concrete structures, due 
to the oxidation reaction of the H2S occurring in the pres-
ence of aerobic bacteria producing sulfuric acid (H2SO4) 
(Cruz and Campos 2008; Zuo et al. 2019). In the tropo-
sphere, H2S is oxidized mainly by hydroxyl radicals (OH•), 
being converted initially to sulfur dioxide (SO2), and then 
to H2SO4 and sulfate ion (SO4

2−), leading to degradation of 
air quality (Finlayson-Pitts and Pitts Jr 2000). The H2S acts 
on the central nervous system, eyes, and respiratory system, 
and acute exposure at high concentrations can cause paraly-
sis of the olfactory nerve, pulmonary edema, convulsions, 
and even death (WHO 2000; Guidotti 2010). Studies have 
shown that long-term exposure to low concentrations also 
affects human health, causing symptoms such as eye irrita-
tion, nausea, headaches, coughing, and respiratory problems 
(Drimal et al. 2010; Aatamila et al. 2011).

Ammonia is also a colorless gas with an extremely strong 
odor, one of the main constituents of the nitrogen cycle and 
the principal alkaline compound with an important func-
tion in atmospheric chemistry, due to its participation in 
neutralization reactions of SO2, H2SO4, nitric acid (HNO3), 
and hydrochloric acid (HCl). The product of these reactions 
is a fine particulate material (PM2.5) of ammonium salts 
(NH4NO3, (NH4)2SO4, NH4Cl), present in submicron aero-
sols, cloud droplets, and precipitation, resulting in decreased 
visibility and risks to human health (Finlayson-Pitts and Pitts 
Jr 2000; Nair and Yu 2020). Furthermore, excessive deposi-
tion of nitrogen in ecosystems contributes to eutrophication 
aquatic environments and increased nutrients in soil (Behera 
et al. 2013a). Inhaled ammonia is almost completely retained 
in the upper respiratory tract and chronic exposure can cause 
respiratory irritation, coughing, chest tightness, wheezing, 
and impaired lung function (USEPA 2016a).

For sampling H2S, NH3, and other air pollutants, active 
or passive techniques are generally used in different environ-
ments. Unlike the active sampling technique, where air is 
sucked into the sampler with the aid of a pump, requiring a 
continuous supply of electrical energy or use of batteries, in 
addition to air flow meters, constant calibrations, as well as 
periodic maintenance and expensive equipment, the passive 
sampling is based on physical processes, such as diffusion 
and permeation, without the need for artificial pumping, 
where the driving force for the transport is the difference 
in chemical potential of the analyte between the sampled 
medium and the collection surface. Thus, the latter technique 
is useful for monitoring in different areas including sites 
where electricity is not available and therefore other tech-
niques could not be used (Campos et al. 2010b; Zabiegała 
et al. 2010).

The application of the passive sampling, when compared 
to active sampling techniques (continuous and discontinu-
ous), has also other significant advantages, such as low cost, 
small dimensions, portability, easy, and silent operation, 
usually which combines the sampling steps with analyte 
isolation and pre-concentration in a single step, and also 
no specialized training and maintenance are required for 
exposure of the samplers in the field, further reducing the 
operational costs. This technique is a potential tool for cost-
effective monitoring of air pollutants with high spatial and 
temporal coverage, eliminating many disadvantages of active 
sampling and sample preparation techniques while produc-
ing results with high precision and accuracy (Huang et al. 
2018; Marć et al. 2015; USEPA, 2014).

Principal component analysis (PCA) and hierarchical 
cluster analysis (HCA) are multivariate statistical techniques 
which are widely used to assess similarities and patterns 
among samples. These techniques have been applied in 
studies involving air quality and/or water quality to deter-
mine and evaluate possible relationships between different 
variables (sampling stations and samples; air pollutants and 
meteorological parameters; urbanization indicators, envi-
ronmental variables, physicochemical and microbiological 
parameters of water quality; air pollutants and water qual-
ity parameters), as well as to identify pollution or emission 
sources (Calazans et al. 2018; Cruz et al. 2019, 2020a; 
Glińska-Lewczuk et al. 2016; Passos et al. 2021; Santana 
et al. 2019; Wan et al. 2014).

Health risk assessment (HRA) associated with the expo-
sure to odorous compounds can be used as a tool to deter-
mine the influence of these compounds on human health 
(Niu et al. 2014). However, to our knowledge, no studies 
have so far been found in the literature assessing the risks 
associated with the health of exposed populations in areas 
near to polluted urban rivers.

In recent years, some studies have been carried out in 
order to determine the composition and concentration of 
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odorous compounds emitted into the atmosphere mainly 
from wastewater treatment plants (WWTPs) and municipal 
solid waste (MSW) landfills (Chang et al. 2019; Godoi et al. 
2018; Guo et al. 2017; Kim et al. 2013; Lasaridi et al. 2010; 
Niu et al. 2014), as well as to assess the associated health 
risks to the population of nearby areas and/or workers of 
WWTPs or MSW landfills exposed to odorous compounds 
(Cheng et al. 2019; Godoi et al. 2018; Niu et al. 2014; Ulutaş 
et al. 2021; Wang et al. 2020; Wu et al. 2018). However, 
studies conducted in areas near to polluted urban rivers to 
quantify odorous compounds and apply multivariate statisti-
cal techniques are scarce (Wan et al. 2014).

In Brazil, the urban population is over 160 million peo-
ple, corresponding to about 84% of the total population, 
according to the latest census conducted by the Brazilian 
Institute of Geography and Statistics (IBGE 2010). Moreo-
ver, 45% of Brazilians do not have access to basic sanitation 
and 57% of the sewage generated per day (about 9.0 ton) 
does not receive adequate treatment (ANA 2017). Never-
theless, in Brazilian cities, few studies have been conducted 
to determine atmospheric levels of odorous compounds in 
urban areas near open sewers, wastewater treatment plants 
(WWTPs), or streams polluted by domestic sewage (Campos 
et al. 2010a; Godoi et al. 2018; Oliveira et al. 2019).

Thus, the objectives of the present study were to deter-
mine the concentrations of H2S and NH3 in air ambient of 
five sites near polluted rivers in the city of Salvador, Bahia, 
Brazil, during two different seasons (rainy and dry) using 
passive sampling, and to evaluate the relationships between 
the concentrations of these compounds, physicochemical 
parameters of water quality and meteorological param-
eters using multivariate statistical techniques. Furthermore, 
estimating the non-carcinogenic risks for three population 
groups associated with exposure to studied odorous com-
pounds by inhalation was also part of these objectives.

The results of this study can also contribute to encourage 
governments on the need to implement public policies in 
order to achieve the Sustainable Development Goals (SDGs) 
contained in the United Nations Agenda 2030 (UN 2019), 
linked specifically to goal 6 which aims to ensure availability 
and sustainable management of water and sanitation for all, 
since the lack of basic sanitation has been identified as one 
of the main causes of pollution of water resources, besides 
also influencing air quality.

Material and methods

Sampling

The city of Salvador, capital of the state of Bahia, in north-
eastern Brazil, has a tropical climate and presents a precip-
itation profile with two well-defined periods, the rainy one 

occurring from April to the first half of September, and the 
dry one from the second half of September to March. This 
city has about 3.0 million inhabitants and twelve water-
sheds that are currently impacted by anthropogenic activi-
ties, mainly by the discharge of domestic sewage. River 
waters are generally dark and have an unpleasant odor, 
indicating severe pollution of these aquatic environments.

Five sampling sites R1–R5 (Fig. 1a) were selected near 
polluted urban rivers in the city of Salvador. The first and 
second sampling sites (R1 and R2) are located in areas of 
the Pedras and Pituaçu rivers watershed, being R1 (12° 
56′ 45.1″ S, 38° 27′ 05.0″ W) and R2 (12° 58′ 09.5″ S, 
38° 26′ 13.7″ W) in the Tancredo Neves and the Imbuí 
neighborhoods, respectively. This watershed has an area of 
27,050 km2, which corresponds to 8.76% of the municipal 
territory, being considered the fourth largest watershed 
of Salvador, in terms of surface area. The third sampling 
site (R3—12° 59′ 50.6″ S, 38° 26′ 58.0″ W) is situated in 
the Camarajipe River watershed area, in the Costa Azul 
neighborhood. This watershed has a total area of 35,877 
km2, corresponding to 11.62% of the entire territory of 
Salvador, being the third largest watershed in extension 
of this city (Santos et al. 2010). The fourth sampling site 
(R4—13° 00′ 23.0″ S, 38° 29′ 20.8″ W) is situated in the 
area of the Lucaia River watershed, in the Rio Vermelho 
neighborhood. Located in the south of the city of Salvador, 
this watershed has an area of 14,740 km2, and concentrates 
about 11% of the population in its surroundings. The fifth 
sampling site (R5—13° 00′ 13.8″ S, 38° 30′ 32.5″ W) is 
in the Ondina river basin area, within the campus of the 
Federal University of Bahia (UFBA) in the Ondina neigh-
borhood. This river basin is situated in the extreme south 
of Salvador, with an area of 3.08 km2, and is the smallest 
basin in extent, corresponding to 1% of the territory of 
Salvador (Santos et al. 2010).

Sampling for determination of H2S and NH3 in ambient 
air from five sites near polluted urban rivers in the city of 
Salvador was conducted in the rainy and dry seasons of 
2019, using diffusive passive samplers. At each sampling 
site and for each compound studied, three passive sam-
plers were simultaneously exposed at a minimum height 
of 2 m (Fig. 1b). These samplers based on gas molecular 
diffusion through static air layer (Fig. 1c) were developed 
locally and validated in tropical environments for exposure 
periods of 1 and 2 weeks to the passive sampler for H2S, 
and only 1 week to the passive sampler for NH3, accord-
ing to previous studies (Campos et al. 2010b; Lima 2011). 
Thus, in this study, as the samplings of H2S and NH3 were 
carried out simultaneously, the exposure period used was 
1 week. The detailed description and preparation of the 
passive samplers have been presented in previous study 
(Campos et al. 2010b).
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Analysis and quality control

After exposure of the passive samplers, each filter was trans-
ferred to a microtube and the analytes fixed on impregnated 
filters were extracted with 1.5 mL of deionized water in an 
unheated ultrasonic bath, followed by centrifugation for 
5 min (13,500 rpm).

The H2S fixed on the filters impregnated with the solu-
tion of 5.5 × 10−2 mol L−1 zinc acetate/1.0 × 10−1 mol L−1 
sodium hydroxide/1.0 × 10−2 mol L−1 trisodium citrate was 
determined as sulfide ion by molecular spectrophotometry 
(λ = 670 nm) using the methylene blue method (Shanthi 
and Balasubramanian 1996). The NH3 attached to the filters 
impregnated with 3.3 × 10−3 mol L−1 oxalic acid was ana-
lyzed as ammonium ion by molecular spectrophotometry 
(λ = 630 nm) using the indophenol blue method (Kothny 
et al. 1989).

Calibration curves for H2S and NH3 based on the external 
standardization method were constructed from dilution in 
water of standardized solution of sodium sulfide 37 μg L−1 
and NH4Cl 1.0 × 10−4 mol L−1, respectively. They were com-
posed of seven points, with a linear dynamic range between 
0.2 and 2.0 μg mL−1 for H2S and 18 and 540 μg L−1 for 
NH3. The regression equation for each calibration curve was 
calculated using the linear regression method. Good linear 

correlations were found for both analytes, with R2 > 0.9965 
for H2S and R2 > 0.9980 for NH3. The LOD and LOQ values 
were determined by statistical analysis of the data, and the 
following values were obtained: 0.027 and 0.090 μg mL−1 
for H2S, and 0.011 and 0.040 μg mL−1 for NH3, respectively.

Statistical analysis

PCA and HCA are multivariate statistical techniques classi-
fied as exploratory and unsupervised. The PCA is based on 
reducing the dimensionality of the data with the least pos-
sible loss of information, aiming to redistribute the observed 
variation on the original axes to obtain a set of orthogonal 
axes, and denominated principal components (PCs). In this 
analysis, the grouping of samples sets the data structure by 
constructing the graphs of scores and loadings, whose axes 
are the PCs on which the data are projected. The HCA is a 
multivariate technique which allows samples to be grouped 
based on their similarities or differences, and the results of 
the groupings are shown through a two-dimensional graph 
called dendrogram (Cruz et al. 2020a; Granato et al. 2018).

In addition to the concentrations of H2S and NH3 deter-
mined in this study, secondary data of physicochemical 
parameters of water quality were obtained from technical 
reports of environmental quality of the rivers of the city of 

Fig. 1   a Location of the five selected sampling sites near polluted urban rivers in the city of Salvador, Bahia (BA), Brazil; b passive sampling of 
the H2S and NH3 compounds at one site; and c scheme of the passive sampler used in this study

162 Air Quality, Atmosphere & Health (2022) 15:159–176



1 3

Salvador on the official website of the Institute for the Envi-
ronment and Water Resources of Bahia (INEMA) (http://​
www.​inema.​ba.​gov.​br), as well as meteorological parameters 
provided by the official website of the Brazilian National 
Institute of Meteorology (INMET) (https://​portal.​inmet.​gov.​
br) were also used in the statistical analysis.

Information concerning meteorological parameters were 
obtained from the automatic meteorological station of the 
city of Salvador, whose operation is under the responsibility 
of INMET. Thus, in this study, for periods of 1 week in the 
dry and rainy seasons, the sum of the values of precipitation 
(PPT) and average values calculated from hourly values of 
wind speed (WS), relative humidity (RH), air temperature 
(Tair), and solar irradiation (SI) were used. Physicochemi-
cal parameters of water quality were monitored by INEMA 
at different points in each watershed. Thus, mean concen-
trations of ammoniacal nitrogen (N-NH4

+), total nitrogen 
(TN), dissolved oxygen (DO), biochemical oxygen demand 
(BOD), mean values of hydrogen potential (pH), water tem-
perature (Twater), and electrical conductivity (EC) obtained 
from locations next to the five sampling sites chosen in this 
study were used.

Thus, the relationships between the average measured 
concentrations of H2S and NH3 compounds, of seven phys-
icochemical parameters of water quality and five meteoro-
logical parameters, were determined and evaluated in the 
five sampled sites. The data were submitted to multivari-
ate analysis, applying PCA and HCA, using Statistica 7.0 
software. The sampling sites were identified as R1–R5 and 
the letters RN and D were used to define the rainy and dry 
seasons, respectively.

Health risk assessment (HRA)

Constant exposure to various toxic compounds found in dif-
ferent environmental matrices contributes to deteriorate the 
health of the population directly or indirectly. Health risk 
assessment is an estimation of potential adverse effects on 
human health caused by exposure to toxic compounds and 
has been used to estimate potential adverse carcinogenic and 
non-carcinogenic health effects (Cruz et al. 2020b; Ulutaş 
et al. 2021; USEPA 2016b).

According to the USEPA classification system for carci-
nogenicity, the H2S and NH3 compounds were classified in 
group D, with inadequate or inexistent evidence of human 
carcinogenicity (USEPA 2003a, 2016a), and therefore, only 
the non-carcinogenic risks could be estimated regarding 
these compounds.

The HRA method recommended by USEPA was used in 
this study to estimate the health risks to the adult popula-
tion due to exposure to H2S and NH3 compounds by inha-
lation over 25 years, at the five sites near polluted rivers 
in the city of Salvador (Bahia, Brazil), considering the 

non-carcinogenic risks, expressed as the hazard quotient 
(HQ) (USEPA 2016b). Three different groups of exposed 
population were considered: P1 represents residents who live 
and work near sampling sites; P2 is for residents living near 
the sampling sites but studying or working elsewhere; and 
P3 is for persons who work or study near sampling sites but 
reside in another location with a certain distance, as sug-
gested by Godoi et al. (2018).

The hazard quotient (HQ) was calculated according to the 
following equations:

Regarding Eq. 1, EC is the exposure concentration (μg 
m−3); C is the concentration of the contaminant in ambi-
ent air (μg m−3); ET is the daily exposure time (h day−1); 
EF is the exposure frequency (day year−1), using the val-
ues of ET = 24, 15, and 8 h day−1, and EF = 350, 350, and 
225 day year−1, considering P1, P2, and P3, respectively; 
ED is the exposure duration (25 years); and AT is the aver-
age lifetime in hours (ED × 365 day year−1 × 24 h day−1). 
Equation 2 includes the variables EC (previously defined 
in Eq. 1), and RfC, the reference concentration (μg m−3), 
which is specific for each compound, a level below the one 
at which adverse health effects are unlikely to occur during 
a lifetime (USEPA 2013).

Based on the hazard quotient estimate, if HQ ≤ 1, expo-
sure to a given chemical compound is unlikely to cause 
adverse effects on human health (acceptable level), while 
values of HQ > 1 correspond to exposure to a certain com-
pound that is likely to cause adverse effects on human health 
(USEPA 2016b).

HRA can be carried out by deterministic and probabilistic 
methods (Rajasekhar et al. 2020). Deterministic health risk 
assessment considers that all variables are known constants, 
and it was used in this study to ammonia, which has a much 
higher RfC value (500 μg m−3) when compared to the RfC 
value for H2S (2.0 μg m−3). Probabilistic risk assessment 
(PRA) is a general term for risk assessments which use mod-
els to represent the probability of different risk levels in a 
population (i.e., variability) or to characterize uncertainty in 
risk estimates (USEPA 2001). Monte Carlo simulation is the 
technique widely used for PRA, in which random values are 
repeatedly generated for each uncertain variable to simulate 
a model. Each uncertain variable is assigned a possible value 
that is associated with a probability distribution (Abdo et al. 
2017; Yaghmaien et al. 2019).

In the case of H2S, the Monte Carlo simulation (MCS) 
was applied to quantify the uncertainties and sensitivity of 

(1)EC =
C.ET .EF.ED

AT

(2)HQ =
EC

RfC
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the parameters used in the HRA associated with HQ values, 
using a probabilistic approach, according to the parameters 
and distribution models shown in Table 1. The Crystal Ball 
software (version 11.1.2.4) was used to calculate the prob-
ability distributions of these risks, and a total of 10,000 rep-
etitions were performed to simulate the Monte Carlo method 
and sensitivity analysis.

Results and discussion

Concentrations of the hydrogen sulfide 
and ammonia compounds in the ambient air 
in areas near polluted urban rivers and comparison 
with previous studies

The distributions of the concentrations of H2S and NH3 
considering each of the five sampling sites near polluted 
urban rivers in the city of Salvador during rainy and dry 
periods are represented by the amplitude of the boxplot dia-
grams in Fig. 2. Table 2 presents a statistical summary of 
H2S and NH3 concentrations considering all sampling sites 

chosen in this study for the two sampling periods. Accord-
ing to this table, the average concentrations found showed 
a seasonal variation with lower values in the rainy period 
(6.56 ± 0.83 μg m−3 for H2S and 8.67 ± 2.50 μg m−3 for 
NH3) than in the dry period (8.05 ± 1.44 μg m−3 for H2S 
and 10.62 ± 4.39 μg m−3 for NH3), probably due to lower 
water and air temperature values, which contribute to less 
evaporation of these compounds from the water surface into 
the air. Moreover, higher values of precipitation and relative 
humidity favor the removal of these compounds from the 
atmosphere during the rainy season. Assessing water and air 
temperatures helps to better understand seasonal variations 
as these influence emissions of odorous compounds from 
liquid sources in open areas, such as polluted urban rivers 
and WWTPs. The increase mainly in water temperature con-
tributes to greater volatilization and the consequent increase 
in emissions of odorous compounds into the atmosphere 
during the dry season. The results of previous studies con-
firm these observations (Invernizzi et al. 2019; Rong et al. 
2009, 2012; Rumsey and Aneja 2014; Santos et al. 2012).

Current Brazilian environmental legislation (CONAMA 
2018), which establishes national air quality standards in 

Table 1   Parameters and distribution models used for Monte Carlo simulations for estimating hazard quotient and sensitivity analysis for the H2S 
compound

Arithmetic mean and standard deviation for normal distribution; minimum, mean, and maximum value for triangular distribution; minimum and 
maximum value for uniform distribution

Parameter Description Unit Distribution model Value

P1 P2 P3

C Concentration µg m−3 Normal Shown in Table 2
ED Exposure duration year Uniform 22, 25 22, 25 22, 25
EF Exposure frequency day year−1 Uniform 350, 365 350, 365 225, 240
ET Daily exposure time h day−1 Uniform 16, 24 12, 15 6, 8
AT Average lifetime h Triangular 197,100, 219,000, 240,900 197,100, 

219,000, 
240,900

197,100, 
219,000, 
240,900

Table 2   Statistical summary (average, minimum, and maximum) of concentrations (μg m−3) of H2S and NH3 compounds during rainy and dry 
periods and the exposure limits set by the WHO, USEPA, OME, and TCEQ

WHO World Health Organization; USEPA United States Environmental Protection Agency; OME Ontario Ministry of the Environment; TCEQ 
Texas Commission on Environmental Quality
a, odor threshold; b, air quality guideline

Compounds Concentration (µg m−3) Exposure Limits (µg m−3)

Rainy period Dry period

Average ± SD Min Max Average ± SD Min Max WHO USEPA OME TCEQ

Short exposure Long 
expo-
sure

H2S 6.56 ± 0.83 4.90 8.48 8.05 ± 1.44 6.16 10.87 7.0a/150b 2.0 7.0 –- –-
NH3 8.67 ± 2.50 4.26 12.56 10.62 ± 4.39 6.44 18.13 –- –- 100 180 92
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outdoor environments, despite establishing that compounds 
inconvenient to public welfare due to the unpleasant odors 
generated can be considered air pollutants, does not estab-
lish limits for the compounds H2S and NH3, thus requir-
ing the use of international legislation or guidelines for the 
evaluation of the data obtained in this study. Table 2 also 
presents a comparison of the results obtained in this study 
with the recommended exposure limits by the World Health 
Organization (WHO), United States Environmental Protec-
tion Agency (USEPA), Ontario Ministry of the Environment 
(OME), and Texas Commission on Environmental Quality 
(TCEQ).

The World Health Organization (WHO) recommends 
as a guideline to avoid substantial complaints about odor 
annoyance among the exposed population that H2S concen-
trations should not exceed 7.0 μg m−3 in an average period 
of 30 min (WHO 2000). The results obtained in this study 
showed that maximum H2S concentrations in both periods 
are above this established limit, thereby confirming the 

frequent complaints of the population in the sampled areas. 
Additionally, the average H2S concentrations exceeded about 
3.3 times in the rainy period and 4 times in the dry period, 
the level recommended by USEPA (2.0 μg m−3) for daily 
inhalation exposure to ensure lifetime risk reduction, indi-
cating potential adverse effects on human health (USEPA 
2003b). However, according to the WHO air quality guide-
line, the allowable limit of H2S in air (150 μg m−3) over an 
average 24-h period (WHO 2000) was not exceeded at the 
sampling sites (Table 2).

For ammonia, the limits set by the Texas Commission 
on Environmental Quality (TCEQ) in outdoor environments 
are 180 μg m−3 and 92 μg m−3 for short-term and long-term 
exposure, respectively (TCEQ 2016). The Ontario Ministry 
of the Environment (OME) sets a limit of 100 μg m−3 for a 
24-h exposure period (OME 2012). At all sites studied, the 
average NH3 concentrations were below these limits for the 
sampling periods in both periods.

The odor threshold for H2S is quite low (0.7 μg m−3), in 
comparison with the odor threshold concentration for ammo-
nia (26.6 μg m−3) (Ruth 1986). In this study, the maximum 
NH3 concentrations obtained were not above the odor thresh-
old in both periods. However, the maximum H2S concentra-
tions correspond to about 12 and 15 times the odor threshold 
in the rainy and dry periods, respectively. These results are 
in accordance with complaints from the population due to 
odor nuisance in these areas and with previous studies where 
H2S was indicated as the main compound responsible for 
odors in areas near to WWTPs and open sewage (Lasaridi 
et al. 2010), as well as in urban areas near stormwater catch 
basins (Kabir et al. 2010).

Hence, this evaluation corroborates the need to imple-
ment actions for minimizing the release of untreated sewage 
into urban rivers in the city of Salvador, as well as a revi-
sion of the Brazilian environmental legislation to introduce 
air quality standards for odorous compounds, to avoid com-
plaints from population due to discomfort caused by odors.

Since studies in urban areas near polluted rivers are 
scarce, the results obtained in this work were compared 
with few studies conducted near wastewater treatment plants 
(WWTPs) and streams polluted by domestic sewage in Bra-
zilian cities in recent years, and it was possible to observe 
that the concentrations were in the same order of magni-
tude (Campos et al. 2010a; Godoi et al. 2018; Oliveira et al. 
2019).

Godoi et al. (2018) in a study carried out in the city of 
Curitiba, in southern Brazil, monitored H2S concentrations 
in air from indoor and outdoor areas of two WWTPs (A 
and B) using Radiello® diffusive passive samplers dur-
ing winter and summer. The average H2S concentrations 
found ranged from 0.14 to 32.0 µg m−3, and the concentra-
tions at most of the WWTP-A points and also at all of the 
WWTP-B sampling points were above the concentration 

Fig. 2   Boxplot diagrams for the distribution of H2S and NH3 concen-
trations (μg m−3) in the air of five different sites near polluted urban 
rivers in the city of Salvador, Brazil, during dry and rainy periods. 
The upper and lower bars show the maximum and minimum values. 
Lines inside the boxes show the median values and the “x” represents 
the average values
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established by the USEPA guideline (2.0 μg m−3), thus 
suggesting potential adverse effects on human health and 
odor nuisance. The highest H2S concentrations were found 
in the summer at points located closer to the WWTPs 
(Godoi et al. 2018).

Oliveira et al. (2019) reported that among thirteen sites 
sampled of urban recreation areas (URA) in the city of For-
taleza, in northeastern Brazil, only two sites, one next to a 
stream heavily polluted by domestic sewage and another near 
one of the largest WWTPs in this city, have the occurrence 
of H2S which was detected, and the average concentrations 
varied between 0.76 and 7.53 µg m−3. They also determined 
ammonia concentrations at the thirteen sites of the URA and 
reported average NH3 concentrations ranging from 2.78 to 
11.07 μg m−3, with the highest mean value found at the site 
near the WWTP, which according to Liu et al. (2019) is one 
of the main sources of NH3 in urban environments, besides 
vehicle traffic and industries. The authors emphasized the 
importance of monitoring at sites impacted by emissions of 
these compounds, due to odor problems and the potential 
harmful to human health.

Campos et al. (2010a) applied an optimized analytical 
methodology using cryogenic capture and gas chromatogra-
phy to determine H2S and other RSC at some sites with open 

sewers in the city of Salvador and found H2S concentrations 
varying from 0.44 to 2.1 µg m−3.

However, higher concentrations of H2S and NH3 
(maximum 90 µg m−3 and 9.3 mg m−3, respectively) emitted 
from the indoor of WWTP in urban area have been reported 
by Kim et al. (2013) in South Korea and only of H2S (in 
the undetected range, 87.50 µg m−3) by Niu et al. (2014) in 
Tianjin, North China. Wan et al. (2014) also reported higher 
concentrations of H2S and NH3 (mean 0.71 and 1.42 mg m−3, 
respectively) emitted from polluted recreational rivers in the 
city of Nanjing, China.

Figure 3 presents a more comprehensive comparison of 
the maximum concentrations (μg m−3) of H2S and NH3 in 
this study and other localities in the last decade in differ-
ent areas: industrial or affected by industries (Campos et al. 
2010b; Lima, 2011; Drimal et al. 2010; Rattanapan et al. 
2014); urban (Reche et al. 2012; Kim et al. 2012; Behera 
et al. 2013b; Teng et al. 2017); near polluted recreational 
rivers (Wan et al. 2014); near open sewers (Campos et al. 
2010a); next to stream heavily polluted by domestic sewage 
and WWTP (Oliveira et al. 2019); indoor and/or outdoor of 
WWTPs (Godoi et al. 2018; Kim et al. 2013; Niu et al. 2014; 
Ulutaş et al. 2021); near geothermal power plants (Cabassi 
et al. 2017; Cichowicz and Dobrznski 2021; Dumanoglu 

Fig. 3   Maximum concentrations 
(μg m−3) of H2S and NH3 in 
different areas of other locations 
in the period 2010–2021, 
compared with this study. a, 
Teng et al. 2017; b, Li et al. 
2017; c, Yao and Zhang 2013; 
d, Behera et al. 2013b; e, Kim 
et al. 2012; f, Reche et al. 2012; 
g, He et al. 2021; h, Ulutaş 
et al. 2021; i, Cichowicz and 
Dobrzanski 2021; j, Dumanoglu 
2020; k, Cabassi et al. 2017; 
l, Rattanapan et al. 2014; m, 
Drimal et al. 2010; n, Wan 
et al. 2014; o, Niu et al. 2014; 
p, Kim et al. 2013; q, Oliveira 
et al. 2019; r, Godoi et al. 2018; 
s, Lima, 2011; t, Campos et al. 
2010b; u, Campos et al. 2010a; 
v, this study (dry period); w, 
this study (rainy period)
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2020); near large concentrated animal feeding operations (Li 
et al. 2017); agricultural and remote non-agricultural areas 
(Yao and Zhang 2013); indoor and outdoor of the municipal 
solid waste landfill (He et al. 2021).

Multivariate analysis

A data matrix (30 × 14) was generated in which the sam-
pling results in triplicate at the five sites during the rainy 
(RNR1-RNR5) and dry (DR1-DR5) seasons were arranged 
in lines, while information about the variables H2S and NH3 
compounds, physicochemical water quality parameters (TN, 
N-NH4

+, DO, BOD, pH, EC, and Twater), and meteorologi-
cal parameters (WS, RH, Tair, PPT, and SI) were disposed 
in columns. The data were pre-processed by autoscaling, 
eliminating the influence of order of magnitude differences 
between the data.

The first two principal components (PC1 and PC2) were 
selected for data characterization because they presented 
eigenvalues greater than 1 and together explained 75.81% 
of total data variance; therefore, more than half of the vari-
ance described (Fig. 4a and Table 3). Through the PCA, 
the loading and score plots of the data were obtained from 
the correlations between the selected variables (Fig. 4a and 
b). The PC1 has accumulated 42.66% of the data variance 
and the variables that most contributed to data characteriza-
tion were physicochemical parameters of water quality and 
the compounds H2S and NH3, as they were the variables 
with the highest absolute weights on this PC, according to 
Table 3.

In analyzing PC1, strong positive correlations are 
observed between NH3, N-NH4

+, TN, BOD, Twater, 
and EC. The BOD parameter is used to quantify 

biodegradable organic matter in water bodies. N-NH4
+ 

can originate through the hydrolysis of urea present in pol-
luted aquatic environments. Thus, the parameters BOD, 
N-NH4

+, and TN are strongly related to the presence of 
untreated domestic sewage discharges in aquatic environ-
ments (Glińska-Lewczuk et al. 2016; Mizukawa et al. 2019), 
which justifies the positive correlation of these parameters 
with NH3. Similar results were found by Wan et al. (2014), 
who applied PCA to evaluate the relationships between 
atmospheric levels of odorous compounds and some water 

Fig. 4   a Plot of the loadings (PC1 versus PC2) of 14 variables studied; and b plot of the scores (PC1 × PC2) for the 5 sampling sites near pol-
luted urban rivers in the city of Salvador, Brazil, during the rainy (RNRx) and dry (DRx) periods

Table 3   Loadings of the 14 variables of this study on the first two 
principal components

Variables PC1 PC2

H2S  − 0.630 0.353
NH3  − 0.768 0.054
WS 0.499  − 0.790
Tair  − 0.379 0.916
RH 0.358  − 0.911
PPT 0.380  − 0.913
SI  − 0.242 0.796
Twater  − 0.824  − 0.343
pH 0.880 0.380
N-NH4

+  − 0.903  − 0.392
TN  − 0.730  − 0.288
DO 0.638 0.324
BOD  − 0.680  − 0.242
EC  − 0.769  − 0.304
Variance % 42.66 33.15
Cumulative variance % 75.81
Eigenvalue 5.97 4.64
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quality parameters of 22 polluted recreational rivers in Nan-
jing, China. Correlations between H2S and S2−

(aq) could not 
be established, since the latter parameter was not evaluated 
in the technical reports on environmental quality of rivers in 
the city of Salvador from the Institute of Environment and 
Water Resources of Bahia. The positive correlation between 
H2S and BOD indicates that this compound probably was 
emitted from polluted rivers. The H2S and NH3 compounds 
also are positively correlated, thereby confirming a common 
source for these gases, in the case of this study, emissions 
from urban rivers polluted mainly by domestic sewage.

It was also observed in PC1 that the H2S and NH3 com-
pounds are positively correlated with Twater (Fig. 4a). The 
positive correlations between these odorous gases and Twater 
are justified on the basis that volatilization of these com-
pounds from the water surface to the atmosphere occurs in 
accordance with Henry’s law and Fick’s first law of molec-
ular diffusion (Invernizzi et al. 2019; Santos et al. 2012). 
Under these laws and the two-film theory, the total mass 
transfer coefficient (K) is the parameter that incorporates 
the effects of Henry’s law along with those mass transfer 
coefficients of the gaseous phase (kG) and liquid phase (kL). 
According to Hudson and Ayoko (2008), values of the Henry 
constant (H) indicate the phase that controls the total mass 
transfer. Thus, for compounds with H values > 1 × 10−1, the 
volatilization is faster and controlled by kL. For compounds 
with H values < 1 × 10−3, volatilization is slower and limited 
by kG. For compounds with intermediate H values ranging 
from 1 × 10−3 to 1 × 10−1, volatilization is moderate and 
influenced by kL and kG. The magnitude of mass transfer 
is a function of the properties of each compound studied. 
The emission rates of H2S and NH3 depend mainly on the 
liquid phase (Rong et al. 2009, 2012; Santos et al. 2012). 
Therefore, increasing water temperatures leads to higher 
water–air transfer rates, and consequent increases in H2S 
and NH3 concentrations in the atmosphere.

Regarding conductivity, positive correlations were found 
with H2S and NH3 compounds. Conductivity is a measure 
of the ability of water to conduct an electric current, and 
high conductivity values are related to high salinity. In water 
bodies polluted by domestic sewage, conductivity is related 
to organic matter of food and fecal origin and residues in 
general that incorporates salts into the water (Di Blasi et al. 
2013), therefore explaining the positive correlations between 
H2S and NH3 compounds and conductivity.

Furthermore, strong negative correlations between H2S, 
DO, and pH were also observed in PC1 (Fig. 4a). In pol-
luted urban rivers, the presence of organic matter is high, 
mainly due to the discharge of untreated domestic sewage. 
To degrade this organic matter, microorganisms consume 
dissolved oxygen (DO), which causes a decrease in its con-
centration, until reduction processes occur producing com-
pounds with unpleasant odors, thus increasing the emissions 

of these compounds into the atmosphere. According to Chen 
et al. (2019) and Liang et al. (2018), blackening and odoriza-
tion of urban rivers are generally caused by the large amount 
of organic pollutants from untreated sewage, which result 
in disequilibrium in the supply and consumption of DO in 
aquatic systems due to the high load of organic matter that 
rapidly consumes DO, leading to anaerobic conditions. The 
emissions of H2S from the aqueous phase to the gas phase 
are also influenced by pH. The sulfide solubilized in polluted 
water reacts with the hydrogen ion forming HS− and H2S 
(Eq. 3). Decreasing pH values favor the reaction towards H2S 
formation, increasing the water–air transfer rate and hence 
the concentrations of this compound in the atmosphere.

With respect to PC2, 33.15% of data variance was accu-
mulated. In Table 3 and Fig. 4a, it can be noted that the 
variables that contributed most to the discrimination of 
the sample set in PC2 were the meteorological parameters 
(PPT, RH, Tair, WS, and SI). The following correlations were 
observed: (a) PPT, RH, and WS had positive correlation; (b) 
Tair and SI had positive correlation; and (c) PPT/RH/WS and 
Tair/SI had negative correlation. Similar correlations have 
also been found in a previous study conducted in the city of 
the Salvador (Cruz et al. 2020a).

The score plot of PC1 versus PC2 for the 5 sampling sites 
near polluted urban rivers in the city of Salvador during the 
rainy (RNRx) and dry (DRx) periods is shown in Fig. 4b. 
According to this figure and considering PC2, it was pos-
sible to note a tendency towards separation of the samples in 
two groups, according to the seasonal period. The samples 
collected in rainy period (RNR1-RNR5) were displaced to 
the region of negative scores, while samples collected in 
the dry period (DR1-DR5) were displaced to the region of 
positive scores on this PC.

Comparing the loading and score plots (Fig. 4a and 
b), it appears that samples from the rainy period pre-
sented higher values of precipitation, relative humidity, 
and wind speed, whereas samples from the dry period 
showed higher values of air temperature and solar irra-
diation. These five variables contributed the most to the 
discrimination of the samples in PC2, corresponding 
to average values for RH and PPT of 75.3% and 81.1% 
and 28.6 mm and 60.6 mm in the dry and rainy periods, 
respectively. Higher RH and PPT values indicate that 
higher amounts of water in the atmosphere during the 
rainy period contributed to the removal of the H2S and 
NH3 compounds through wet deposition, since they are 
water soluble. Increased WS contributed to the transport 
of these compounds to others sites this period as well. 
Although the air temperatures at the sampled sites were 
high in both periods (means = 24.2 °C and 26.5 °C in 

(3)S2−(aq) + H+
(aq) ↔ HS−(aq) + H+

(aq) ↔ H2S(g)
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the rainy and dry periods, respectively), the maximum 
temperature values reached 31.7 °C in the dry period, 
thus contributing to a greater evaporation of H2S and NH3 
compounds from the polluted rivers and the consequent 
increase in the concentrations during this period. Solar 
irradiation and air temperature showed a positive correla-
tion according to PC2, since SI is one of the factors that 
directly influence air temperature.

Figure 5 shows a dendrogram generated by hierarchical 
cluster analysis (HCA). The result represents the groups 
joined in decreasing order of similarity (x-axis) and the 
distances between them (y-axis). The data were grouped 
according to Ward’s method, and the metric used to cal-
culate the degree of similarity was the Euclidean distance. 
The formation of five groups was observed, whose simi-
larities were consistent with the data obtained through 
PCA.

The dendrogram (Fig. 5) shows well-established lin-
ear correlations between NH3, N-NH4

+, TN, and EC, 
in addition to H2S with Tair, SI, pH, and DO. The NH3 
and N-NH4

+ exhibited greater similarity, followed by 
the group formed by TN and EC. Furthermore, Tair and 
SI formed a more similar group to H2S than the group 
formed by pH and DO. These data corroborate with PCA 
and suggest that N-NH4

+, TN, and EC are the most influ-
ential parameters for atmospheric NH3 levels in those 
sites. The correlations of H2S with pH and DO, as dis-
cussed earlier, indicate that polluted rivers are predomi-
nant sources of this pollutant.

Assessment of population health risks associated 
with exposure to hydrogen sulfide and ammonia

According to a deterministic health assessment for NH3, 
the estimated HQ values at all sites studied varied from 
9.0 × 10−3 to 3.0 × 10−2 and are below the USEPA acceptable 
level, i.e., HQ < 1, indicating that non-carcinogenic risks to 
the population health due to exposure to only this compound 
are not observed considering an exposure period of 25 years. 
Individuals belonging to the three considered groups of the 
exposed population (P1, P2, and P3) may only suffer adverse 
health effects if the average NH3 concentrations exceed 521, 
834, and 2433 μg m−3, respectively.

Table  4 presents the HQ values (average, median, 
minimum, and maximum) and their specific percentiles 
(10th–90th) obtained from Monte Carlo simulations for 
H2S emissions in the five sampled sites near polluted urban 
rivers in the city of Salvador, considering the three groups 
of exposed population P1, P2, and P3. The maximum HQ 
values were about 6, 4, and 2 times higher than the limit set 
by USEPA (HQ = 1) in the dry period for P1, P2, and P3, 
respectively, and about 4 and 3 times in the rainy period for 
P1 and P2. Maximum risk corresponds to the acute chronic 
exposure condition, which uses the maximum values of all 
input variables in the risk models used for exposure assess-
ment. This maximum exposure condition is less likely to 
occur and therefore maximum risks can be overestimated 
(Rajasekhar et al. 2020). According to the risk assessment 
guideline (USEPA 2001) and other studies (Niu et al. 2014; 

Fig. 5   Dendrogram obtained 
by HCA for H2S and NH3 com-
pounds, seven physicochemical 
water quality parameters, and 
five meteorological parameters
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Ghaderpoury et al. 2021; Rajasekhar et al. 2020; Yaghmaien 
et al. 2019), the 95th percentile value was adopted as the 
upper-bound estimate of the potential risk.

Figure 6 presents the probability distributions of the non-
carcinogenic risks of hydrogen sulfide for three groups of the 
exposed population within a 5 to 95% confidence interval 
at the five studied sites near polluted urban rivers in the 
city of Salvador during dry and rainy periods. The results 
showed HQ values of 4.28, 2.80, and 1.46 for the dry period 
and 3.31, 2.15, and 7.36 × 10−1 for the rainy period at the 
95th percentile for P1, P2, and P3, respectively, i.e., the non-
carcinogenic risks were higher in the dry period than in the 
rainy one. Except for P3 in the rainy period, all other values 
were higher than the limit allowed by USEPA, meaning that 
the risks are high considering 25 years of exposure and, 
therefore, the three groups of the exposed population consid-
ered in this study may suffer adverse health effects, such as 
eye irritation, headache, nausea, and respiratory problems. 
Hence, urgent actions are required for the recovery of pol-
luted rivers in the city of Salvador.

A sensitivity analysis was also performed in this study 
to determine the contributions of the input variables in 
estimating the non-carcinogenic risk values for H2S. The 
results of the sensitivity analyses of the non-carcinogenic 
risks (Fig. 7) revealed that H2S concentration was the most 
important contributing variable to the non-carcinogenic risk 
values, accounting for 64.9%, 81.7%, and 77.4% in the dry 
period and 47.5%, 67.8%, and 60.3% in the rainy period for 
P1, P2, and P3, respectively. As the contributions of H2S con-
centrations to sensitivity were positive values in all cases, 
there was a positive correlation between concentrations and 
non-carcinogenic risks. For ET, the sensitivity contributions 
were 28.8%, 10.2%, and 15.7% in the dry period and 42.8%, 

17.3%, and 26.9% in the rainy period considering P1, P2, 
and P3, respectively. The results showed that ET also had 
positive correlations with the non-carcinogenic risks. The 
variables contributing least to HQ values were AT, ED, and 
EF, with positive correlations being verified between ED and 
EF and non-carcinogenic risks, but a negative correlation 
between AT and these risks.

There are few studies using the probabilistic approach to 
health risk assessment (HRA) for populations and/or work-
ers due to exposure to H2S by inhalation. Niu et al. (2014) 
performed HRA for workers associated with exposure to 
H2S and other odorous compounds emitted from wastewa-
ter treatment plants (WWTPs) in Tianjin, northern China, 
using Monte Carlo probabilistic analysis and considering 
daily exposure time of 8 h. The 95th percentile, average, 
and median HQ values obtained for were 1.60, 1.14, and 
1.13, respectively, thus higher than the limit established 
by USEPA (HQ = 1), representing a human health threat to 
workers at the WWTPs. The contributions of the input vari-
ables to the non-carcinogenic risk values were also evaluated 
through sensitivity analysis, and H2S concentration was the 
most influential variable. These results are in accordance 
with those obtained in the present study.

Other studies have used the deterministic method to per-
form the HRA associated with exposure to H2S. Godoi et al. 
(2018) showed that non-carcinogenic risks due to H2S emis-
sions are significant (HQ > 1) for workers and local resi-
dents, especially those closest to anaerobic WWTPs in the 
city of Curitiba, Brazil. These authors warn that these results 
are important from a social and public health point of view, 
and that WWTPs operating with anaerobic technology with-
out rigorous control, process optimization, and H2S emission 
reduction must be recognized as a significant source of air 

Table 4   Probabilistic 
assessment of non-carcinogenic 
health risks for the exposed 
population (P1, P2, P3) by 
exposure to H2S in studied sites 
near polluted urban rivers in the 
city of Salvador during dry and 
rainy periods

Hazard quotient (HQ)

Dry period Rainy period

P1 P2 P3 P1 P2 P3

Average 3.09 2.09 1.08 2.52 1.70 0.57
Median 3.04 2.07 1.07 2.49 1.69 0.57
Minimum 0.96 0.70 0.29 1.21 0.86 0.28
Maximum 5.85 3.95 2.04 4.39 2.86 0.95
10th 2.25 1.57 0.80 1.95 1.37 0.46
20th 2.50 1.73 0.89 2.12 1.48 0.49
30th 2.69 1.86 0.96 2.25 1.56 0.52
40th 2.86 1.97 1.02 2.37 1.63 0.55
50th 3.04 2.07 1.07 2.49 1.69 0.57
60th 3.22 2.18 1.13 2.61 1.76 0.59
70th 3.42 2.29 1.19 2.74 1.83 0.62
80th 3.65 2.43 1.27 2.91 1.92 0.65
90th 4.00 2.63 1.37 3.12 2.04 0.70
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pollution, causing adverse health effects to local populations. 
Ulutaş et al. (2021) carried out a study on the assessment of 
H2S and BTEX concentrations in indoor and outdoor areas 
of one of the largest WWTPs in Istanbul, as well as HRA for 
workers and local residents due to exposure to these com-
pounds. The non-carcinogenic risks found of all pollutants 
were less than 1 (HQ < 1), except benzene, showing that 
these compounds have no adverse health effect under three 
different exposure time scenarios (8, 12, and 24 h day−1).

Wu et al. (2018) conducted a study aiming to perform 
HRA for workers due volatile compound emissions from 
one of the largest municipal solid waste (MSW) landfills 
in Beijing, China. The results indicated that the potential 
risks for workers were not negligible in the waste areas, 
and that the non-carcinogenic risks were mainly due to 
the compounds H2S, trichloropropane, and naphthalene, 
since the corresponding HQ values (maximums of 2.3, 
2.0, and 1.2, respectively) found in these areas exceeded 

Fig. 6   Probability distributions of the non-carcinogenic risks for hydrogen sulfide considering three groups of the exposed population (P1, P2, 
and P3), in the dry (a1, a2, a3) and rainy (b1, b2, b3) periods
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the limit set by USEPA (HQ > 1) during all seasons of the 
year. Cheng et al. (2019) also carried out a study for the 
identification and HRA of odor emissions from waste land-
filling and composting in southeast Shanghai, China. The 
results showed that with respect to contributions for occu-
pational exposure, the carcinogenic risk was negligible in 
both facilities; however, H2S emissions from the landfill 
pose a threat to workers’ health, as non-carcinogenic risks 
(HQ = 1.2 × 101) are high for on-site workers.

Limitations and uncertainties of the passive 
sampling

Although passive sampling presents significant advantages 
for application in monitoring of gases and vapors, this tech-
nique has some disadvantages, because it does not provide 
instantaneous concentrations and cannot distinguish tran-
sient episodes of high and low concentrations in a particu-
lar period, the results are given in form of time-weighted 

Fig. 7   Results of sensitivity analyses of non-carcinogenic risks for H2S to P1, P2, and P3 in dry (a1, a2, a3) and rainy (b1, b2, b3) periods
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average (TWA) concentrations, and therefore the results 
obtained are more useful for comparisons with long-term air 
quality standards (Marć et al. 2015; Zabiegała et al. 2010).

Uncertainties also accompany the results obtained with 
passive diffusive samplers operating according to Fick’s 
first law, because although the sampling rate (SR) which 
is theoretically calculated from the defined geometry (area 
and length) of the sampler and the diffusion coefficient must 
be constant for a given compound, theoretical SR values 
generally differ from experimental values due to the influ-
ence of some environmental variables such as temperature, 
air velocity, and relative humidity. Furthermore, the per-
formance of a passive sampler can also be affected by the 
sampling time required to capture an adequate amount of 
the analyte to ensure its subsequent quantification through 
an analytical method with minimal interference from other 
compounds (Leiva G et al. 2013; USEPA, 2014).

Studies aiming to assess the uncertainties of measure-
ments performed with passive samplers for air quality 
investigations based on the application of the Guide to the 
Expression of Uncertainty in Measurement are still scarce 
(Leiva G et al. 2013). Uncertainties of the passive meas-
urements have generally been evaluated by comparing the 
results obtained through parallel measurements with a refer-
ence method (USEPA, 2014).

The performance of the measurements carried out with 
the passive samplers for H2S and NH3 used in this study has 
been evaluated in previous studies by comparison with data 
obtained simultaneously with continuous analyzers calibrated 
in tropical industrial areas, which are influenced by complex 
odors and fluctuations in concentrations of these compounds, 
and generally have high values of temperature and relative 
humidity. The results showed that there was good agreement 
between active and passive methods. In addition, uncertainty 
values were found in the range of 10–19%, therefore within 
the European Union recommended limit of ± 25% (EU, 
2008), and repeatability values, based on the relative standard 
deviation for each set containing three passive samplers, 
below the maximum value of 20% (Campos et al. 2010b; 
Lima 2011). This confirms the possibility of applying these 
passive samplers also in areas near polluted urban rivers in 
the city of Salvador in the present study.

Conclusions

In this study, concentrations of H2S and NH3 compounds 
were measured simultaneously in areas near polluted 
urban rivers in the city of Salvador (State of Bahia, Brazil) 
for the first time using passive sampling. Although NH3 
concentrations were below the limits established by TCEQ 
and OME at all sampled sites, the maximum H2S concen-
trations were above the limit set by the WHO guideline 

on the prevention of odor annoyance, corresponding to 
about 12 and 15 times the odor threshold in the rainy and 
dry periods, respectively. Furthermore, the average H2S 
concentrations exceeded the USEPA recommended level 
by about 3.3 times in the rainy period and 4 times in the 
dry period, thus indicating potential adverse health effects 
to the exposed population and confirming frequent com-
munity complaints due to odor nuisance in areas near pol-
luted urban rivers.

Based on PCA and HCA analyses, important relation-
ships were established between H2S and NH3 compounds 
and physicochemical parameters of water quality, which 
are indicators of pollution of aquatic environments, 
thereby pointing out that untreated domestic sewage dis-
charges in urban rivers of the city of Salvador significantly 
interfere in the atmospheric levels of H2S and NH3 in areas 
near these rivers. The PCA also showed a tendency to 
separate the samples into two groups, depending on the 
seasonal period. These results demonstrated the impor-
tance of chemometric methods in identifying the emission 
source of H2S and NH3 compounds in the studied areas, 
as well as confirming the influence of seasonality on the 
concentrations of these odorous compounds.

Regarding non-carcinogenic health risks, whereas for 
NH3 the estimated HQ values were below the USEPA 
acceptable level (HQ = 1) at all studied sites, most HQ 
values for H2S were above the limit set by USEPA for 
both dry and rainy periods, thus confirming that the risks 
are high considering 25 years of exposure, and that three 
groups of population investigated in this study may suffer 
adverse health effects. Furthermore, the H2S concentration 
was the most influential variable on the HQ results accord-
ing to the sensitivity analysis.

The results obtained in this study showed the need to 
adopt measures to decrease the release of untreated sew-
age into the urban rivers of the city of Salvador, as well 
as strategies to recover the rivers of this city, and a revi-
sion of the Brazilian legislation to introduce air quality 
standards for odorous compounds, in order to avoid the 
discomfort caused by odors and reduce the health impacts 
of the exposed population.
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