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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A systematic review was undertaken on 
environmental exposure to heavy metals 
(HMs). 

• HM concentrations in most households 
were higher than the WHO guideline 
values. 

• The HQ values of HMs in household and 
commercial environments were 
significant. 

• The CR values in all the environments 
investigated exceeded the acceptable 
level. 

• A definite carcinogenic risk was stated 
for Cr in most of investigated 
environments.  
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A B S T R A C T   

This study reviewed scientific literature on inhalation exposure to heavy metals (HMs) in various indoor and 
outdoor environments and related carcinogenic and non-carcinogenic risk. A systematic search in Web of Sci
ence, Scopus, PubMed, Embase, and Medline databases yielded 712 results and 43 articles met the requirements 
of the Population, Exposure, Comparator, and Outcomes (PECO) criteria. Results revealed that HM concentra
tions in most households exceeded the World Health Organization (WHO) guideline values, indicating moderate 
pollution and dominant anthropogenic emission sources of HMs. In the analyzed schools, universities, and offices 
low to moderate levels of air pollution with HMs were revealed, while in commercial environments high levels of 
air pollution were stated. The non-carcinogenic risk due to inhalation HM exposure exceeded the acceptable level 
of 1 in households, cafes, hospitals, restaurants, and metros. The carcinogenic risk for As and Cr in households, 
for Cd, Cr, Ni, As, and Co in educational environments, for Pb, Cd, Cr, and Co in offices and commercial envi
ronments, and for Ni in metros exceeded the acceptable level of 1 × 10− 4. Carcinogenic risk was revealed to be 
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higher indoors than outdoors. This review advocates for fast and effective actions to reduce HM exposure for 
safer breathing.   

1. Introduction 

The term heavy metals (HMs) refers to metals and metalloids with 
densities of >4000 kg m− 3 (Vardhan et al., 2019). They are not biode
gradable, persistent in the environment, hazardous in small amounts, 
and bioaccumulative in tissues. Consequently, they pose a substantial 
risk to both ecological systems and human health (Abdulaziz and 
Musayev, 2017). The adverse effects of exposure to HMs on human 
health are well documented and cover a wide range of health issues, 
including kidney and liver damage, respiratory illnesses, neurological 
disorders, anemia, skin lesions, kidney diseases, congenital deformity, 
and cancer (Sall et al., 2020). Metals exist in the Earth's crust in back
ground concentrations, but most enrich the environment with their 
concentrations through anthropogenic processes, including metal 
refining and mining, and industrial processes such as electroplating, 
leather tanning, metalworking, production of electronics, petrochemi
cals, and chemicals (Fig. 1). Furthermore, the burning of fossil fuels, 
vehicle emissions, cement manufacturing, and application of metal- 
containing chemicals in agriculture may discharge HMs into the atmo
sphere (Rehman et al., 2021). Additionally, the geochemical cycles of 
HMs can be substantially altered by the open disposal of industrial ef
fluents and waste, resulting in their discharge into the environment (Ali 
and Khan, 2018). 

Ambient air is a critical medium to assess the environmental condi
tion and status of HM contamination due to its ability to facilitate long- 
distance transport of HM-contaminated particulate matter (PM) (Bilos 
et al., 2001). Considering the outdoor environment is a crucial aspect 
that influences low indoor air quality (IAQ), so indoor air pollutants may 
originate from different sources and have varying concentrations 
compared to the outdoor environment (Fromme et al., 2008). A multi
tude of studies compare the concentrations of particulate matter (PM) in 
indoor with outdoor air in households (Massey et al., 2009; Pavilonis 
et al., 2013), schools (Guo et al., 2008; Madureira et al., 2012), museums 
(Cao et al., 2011), and offices (Quang et al., 2013). Research on the link 
between indoor and outdoor pollution can show how effectively the 
building envelope protects inhabitants from external PM and how the 
ventilation system's efficacy in dispersing indoor-generated particles 
(Guo et al., 2008). 

The US Environmental Protection Agency (USEPA) developed the 
Human Health Risk Assessment (HHRA) methodology to calculate the 
human health risk associated with exposure to contaminants. Indoor air 
quality has become increasingly important due to the fact that most 

people spend around 90 % of their time in indoor settings, such as res
idences, educational institutions, and workplaces (Klepeis et al., 2001; 
Tran et al., 2012). According to Rashed (2008) and Turner (2011), fine 
(≤100 μm) deposited airborne particles in indoor environments 
constitute indoor dust. Additionally, indoor dust can contain contami
nants from both internal and external sources. Research has indicated 
that indoor dust can transport both inorganic and organic pollutants, 
including HMs, pesticides, polychlorobiphenyls, and polycyclic aro
matic hydrocarbons (Tong and Lam, 2000; Wang et al., 2015). 

Because of their high toxicity, lack of biodegradability, and detri
mental effects on human health, HMs and other pollutants found in in
door dust warrant additional investigation (Darus et al., 2012; Meza- 
Figueroa et al., 2007). Furthermore, it is essential to note that the HMs 
present in dust have the potential to enter the human body via diverse 
routes, such as ingestion, inhalation, and dermal contact (Cao et al., 
2015; Kang et al., 2011; Rout et al., 2013). Children are particularly 
susceptible to harmful substances in indoor dust due to their behavior, 
such as crawling, participating in activities that include hand-mouth 
contact, and having a rapid pace of growth (Beamer et al., 2008; 
Moya et al., 2004). Furthermore, Olujimi et al. (2015) discovered that 
swallowing dust is the most common exposure pathway to HMs in 
children. Since they play on the floor, children are exposed to dust 
through the digestion exposure pathway. According to the International 
Agency for Research on Cancer (IARC), Aluminium (Al), copper (Cu), 
iron (Fe), and zinc (Zn) are classified as non-carcinogenic. The carci
nogenic and non-carcinogenic effects of arsenic (As), cadmium (Cd), 
chromium (Cr), nickel (Ni), cobalt (Co), and lead (Pb) are known 
(Sanborn et al., 2002; Tchounwou et al., 2003). Arsenic is capable of 
causing harm to the human body through its detrimental effects on the 
cardiovascular, digestive, and DNA systems (Sijko and Kozłowska, 
2021). Lead negatively affects kidneys and causes neurological disorders 
(Ferreira-Baptista and De Miguel, 2005). High levels of Ni can lead to 
higher risks of cancer and heart attacks, as well as build up in various 
parts of the body like bones, liver, kidneys, and aorta (Silvera and 
Rohan, 2007). 

The Human Health Risk Assessment (HHRA) approach, created by 
the United States Environmental Protection Agency (USEPA), calculates 
the human health risk associated with exposure to contaminants. Ac
cording to Luo et al. (2012), HHRA is composed of four essential com
ponents: hazard identification, exposure evaluation, dose-response 
evaluation, and risk characterization. Determining the risk for HM 
exposure through indoor dust can be achieved by collecting and evalu
ating data from previous investigations. This allows us to determine 
whether a specific exposure to HMs may increase the likelihood of 
harming human health. Exposure evaluation involves linking HM 
transmission destiny with source, exposure location, and receptor 
(Meza-Figueroa et al., 2007; Tong and Lam, 2000). Furthermore, the 
dose-response assessment addresses the extent of exposure to HMs and 
related negative health impacts. Finally, risk characterization involves 
compiling all the data collected from the earlier stages and then quan
tifying the potential human health risks. Similarly, the hazard quotient 
(HQ) values show non-carcinogenic risks, whereas the carcinogenic risks 
(CR) estimate the likelihood of additional cancer occurrence during a 
lifetime. If HQ values exceed 1 it signifies that human health risk related 
with the presence of HMs in dust exceeds the acceptable level of non- 
carcinogenic risk, which may lead to chronic diseases unrelated to 
cancer. However, CR levels that are higher than the permissible range of 
carcinogenic risk of 1 × 10− 6–1 × 10− 4 indicate an increased probability 
of additional cancer occurrence among exposed individuals throughout 
their lifetime. Research on environmental exposure to HMs carried out 
in the past (Latif et al., 2014; Tahir et al., 2007; Yap et al., 2012), Fig. 1. Sources of exposure to HMs due to the outdoor air pollution.  
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primarily focused on identifying sources of environmental HMs and 
analyzing their composition. These investigations provided little infor
mation on the human health risks of exposure to environmental HMs. 

As there are various sources of outdoor air pollution that expose 
humans to heavy metals (HMs) the objective of the present study was to 
fill some gaps in the reporting of the influence that HMs in indoor and 
outdoor environments can have on human health. The detailed aims of 
this study were to (1) review the literature on HM concentrations in 
different types of exposure environments and (2) determine carcino
genic and non-carcinogenic risks related to exposure to HMs for human 
health in those environments. In addition, this assessment can be used as 
a resource when formulating a policy that emphasizes protecting human 
health and the environment. 

2. Materials and methods 

2.1. Protocol development 

A systematic review was carried out following the Cochrane protocol 
(Higgins et al., 2019), which was already published and entered into the 
International Prospective Register of Systematic Reviews (PROSPERO) 
(registration number CRD42023472427). The PRISMA procedure was 
employed to analyze the collected data (Liberati et al., 2009). A con
ceptual diagram of the assessment of environmental exposure to HMs 
investigated in this systematic review was presented in Fig. 2. 

The PECO (Population, Exposure, Comparator, and Outcome) 
statement was utilized to address the particular goals of the systematic 
review before the search strategy was created. The particular stages of 
conducting the presented systematic review are shown in Fig. 3. This 
study consisted of eight steps: selecting the topic, developing the pro
tocol and conceptualizing it, drafting the PECO statement, conducting a 
systematic literature search, selecting the study (screening and data 
extraction), evaluating the possibility of bias, clearing up any contra
dictions or ambiguities, synthesizing the findings, and interpreting the 
findings. The reviewed articles were obtained by searching the Web of 
Science, Scopus, PubMed, Embase, and Medline databases without a 
time limitation until December 30, 2023. 

2.2. PECO statement 

Developing a protocol constitutes a crucial element in the pre
liminary phase of the systematic review procedure. A PECO (Population, 
Exposure, Comparator, and Outcome) statement guides the develop
ment of the protocol. The structure of the inclusion and/or exclusion 
criteria and the literature search was laid out using the following iden
tifiers as the basis (Morgan et al., 2018). 

2.2.1. Population types 
In our study, all age groups in both the formal and informal sectors 

were eligible for inclusion in the study. Also, studies did not include 
occupational exposure in any industrial setting. 

2.2.2. Exposure types 
We comprised studies that defined values of carcinogenic and non- 

carcinogenic risk due to environmental exposure to HMs in indoor and 
outdoor spaces. 

2.2.3. Comparator types 
The present investigation involved a comparison between the HM 

concentrations derived from the literature review and the acceptable 
limits established by the World Health Organization (WHO). 

2.2.4. Outcome(s) types 
Various indoor and outdoor environments under investigation were 

prioritized according to the degree of HM exposure determined by the 
HHRA analysis. 

2.3. Literature sources and search strategy 

The systematic review was conducted by searching for articles in 
online electronic databases, including the Scopus, Web of Science, 
PubMed, Embase, and Medline databases based on Medical Subject 
Headings (MeSH) until December 30, 2023. The search terms used were 
1) risk OR hazard OR “risk assessment” OR “carcinogenic risk” OR “non- 
carcinogenic risk” OR “cancer risk” OR “non-cancer risk” OR “lifetime 
cancer risk” OR “hazard quotient” OR “HQ” OR “hazard index” OR “HI” 
OR “hazard assessment” OR “human health risk” OR “HRA”; 2) “outdoor 
environment” OR “outdoor air” OR “indoor air” OR “indoor environ
ment”; 3) exposure OR “inhalation exposure” OR “respiratory expo
sure”; and 4) “heavy metal*” OR “trace element*” OR “trace metal*”. 

Fig. 4 presents a revised PRISMA flow chart summarizing the study 
selection process and its results at each stage. The selection of articles 
was performed in two screenings. In the initial screening, 407 articles 
were included after the analysis of the titles and abstracts. The full texts 
of these articles were then extensively studied in the second screening to 
ensure that they met the requirements, such as research focusing on 
children and study locations. The 407 articles were subjected to a second 
screening procedure, resulting in the selection of 43 studies that were 
deemed relevant. Of these 43 articles, the contents of HMs in environ
ments of indoor and outdoor were obtained and their concentrations 
were presented in this systematic review in μg m− 3. 

2.4. Inclusion and exclusion criteria 

The present systematic evaluation exclusively considered articles 
that satisfied the following: the full text was accessible, the investigation 
focused on the global impact of heavy metals (HMs) on environmental 
contamination (analyzed global environmental pollution caused by 
HMs), and original articles published in peer-reviewed journals in En
glish. Furthermore, we did not include the following in our study: books, 
review- papers, presentations, republished data, conference papers, 
letters to the editor, articles without an available full text, articles on the 
development of methods to HM analysis, articles on the HM concen
trations in occupational exposure, articles that did not report non- 
carcinogenic (HQ) and carcinogenic (CR) risk values. 

2.5. Data collection 

The articles were evaluated according to predetermined inclusion 
and exclusion criteria, focusing on the relevance of their titles and ab
stracts. The full texts of the eligible articles were then independently 
reviewed by several reviewers, and the data was extracted and recorded 
in the data collection form as follows: first author, year of publication, 
country, point of sampling, research duration, sample size, detection 
device, HM type, concentration (mean), and values of CR and HQ. 

2.6. Quality control 

The quality assessment of the chosen articles was carried out by two 
researchers (A.H.Kh and S.Gh) using the Joanna Briggs Institute (JBI) 
checklist (Moola et al., 2017). This checklist includes 22 parts that assess 
various aspects of methodology, such as sampling techniques, variable 
measurement, appropriate statistical analysis, exposure assessment, 
confounding variables, results, and study objectives. The authors 
adopted a simple scoring method. Each part of the checklist questions 
provided possible answers as follows: “yes”, “no”, “uncertain”, or 
“inapplicable”. Two researchers compared the answers given to the 
articles. 

The quality of the articles was classified into three categories using 
this Q index for the different perceptions of quality: high-quality level 
(Q1), medium quality level (Q2), and low quality level (Q3). If the an
swers to >50 % of the questions were “yes,” the article was of high 
quality and had a low risk of bias. In contrast, if <50 % of the queries 
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Fig. 2. Conceptual diagram of the steps of the systematic review on HHRA of exposure to HMs in the indoor environments.  
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were answered with “no,” the article was of low quality and carried a 
high risk of bias. Furthermore, if 50 % of the questions had “unclear” 
responses, there was an unclear risk of bias, and the quality of the article 
was also rated as medium (Yu et al., 2020). All selected articles were 
accepted for further research due to their classification as high quality or 
low risk of bias after quality review. 

2.7. Human health risk assessment 

The articles included in this study used the USEPA health risk 
assessment to calculate carcinogenic (CR) and non-carcinogenic (HQ) 
risk values. A brief description of this method is given below. 

The inhalation average daily dose (ADDinh) values were calculated 
using Eq. (1) (USEPA, 2004; USEPA, 2011): 

ADDinh =
C × EF × ED × IR
PEF × AT × BW

(1)  

Where ADDinh is the average daily dose (mg kg− 1 day− 1), C is the HM 
concentration in the ambient air (mg kg− 1), EF is the exposure frequency 
(days year− 1), ED is the exposure duration (years), IR is the intake rate of 
HMs (mg day− 1), PEF is the particle emission factor (m3 kg− 1), BW is the 
body weight (kg), and AT is the averaging time (ED × 365 days). The 
parameter values needed for health risk calculations are provided in the 
supplementary material (Tables S1 and S2). 

The non-carcinogenic (HQ) risk values were calculated using Eq. (2) 
(USEPA, 2011): 

HQ =
ADDinh

RfDinh
(2)  

Where HQ is the hazard quotient (unitless), and RfDinh is the reference 
dose specified for each HM (mg kg− 1 day− 1). The RfD values were ob
tained from the USEPA Integrated Risk Information System (USEPA, 
2011). 

If the HQ values were ≥ 1, the non-carcinogenic risk was defined as 
unacceptable. If the HQ values were < 1, the risk was defined to be at the 
acceptable level (USEPA, 1989) (Table 1). 

The Hazard Index (HI) describes the total health risk arising from 

exposure to several investigated compounds. In our case, the HI values 
determined the total risk of the inhalation exposure pathway to the 
investigated heavy metals and were calculated according to Eq. (3). If 
the HIvalues are <1 it is unlikely that harmful health impacts will 
manifest. When the HI values are ≥1 a considerable non-carcinogenic 
risk is stated that can lead to adverse effects on human health: 

HI =
∑n

HQi (3)  

Where HI is the Hazard Index determined by summing the HQ values of 
all the examined HMs in the study. 

The International Agency for Research on Cancer (IARC) distin
guished five groups of carcinogens based on the certainty level of evi
dence in causing additional cases of cancer: Groups 1 (human 
carcinogenicity), Group 2A (probably human carcinogenicity), Group 
2B (possibly human carcinogenicity), Group 3 (not classifiable as human 
carcinogenicity), and Group 4 (probably not human carcinogenicity). 
According to IARC, Cd, Cr, and As from Group 1 (proven human car
cinogens) and Ni, Co, and Pb from Group 2 (possible human carcino
gens) are considered carcinogenic elements for humans. Other 
investigated HMs, such as Al, Co, Cu, Fe, Ni, and Zn, are not considered 
carcinogenic. In this review, the carcinogenic risk due to inhalational 
exposure to HMs in air dust was investigated and the CR values were 
calculated according to Eq. (4): 

CR = ADDinh × SFinh (4)  

Where CR is carcinogenic risk (unitless), and SF is the cancer slope factor 
(mg kg− 1 day− 1) for particular HM. The SF values were obtained from 
the USEPA Integrated Risk Information System (IRIS) database (USEPA, 
2011). 

The acceptable level of carcinogenic risk can be stated as a value in 
the range of 1 × 10− 6 to 1 × 10− 4. If the CR values are below the 
acceptable level, the carcinogenic risk is negligible. When the calculated 
CR values exceed the acceptable level, additional cases of cancer are 
likely to occur in the exposed population (Table 2). 

Fig. 3. Visual representation of the eight stages of the systematic review in this study.  
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2.8. Synthesis and analysis of results 

Meta-analysis as a quantitative synthesis in the study was not feasible 
due to the methodological and contextual heterogeneity. As a result, the 

Fig. 4. PRISMA flow chart of article selection performed in the systematic search.  

Table 1 
Non-carcinogenic risk (HQ) levels based on values provided by the WHO.  

Non-carcinogenic risk level HQ 

Acceptable risk HQ <1 
Potential to result in adverse effects risk HQ ≥1  

Table 2 
Carcinogenic risk (CR) levels based on values provided by the WHO.  

Carcinogenic risk level CR 

Definite risk 10− 4 < CR 
Probable risk 10− 5 < CR <10− 4 

Possible risk 10− 6 < CR <10− 5 

Negligible risk CR <10− 6  
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average HM concentrations and risk estimates for the carcinogenic and 
non-carcinogenic effects of HM exposure were correctly integrated from 
the chosen studies (Tables 4–9). In this study, narrative synthesis was 
carried out in two stages: (1) the first stage was based on the general 
classification of articles according to the type of environment, and (2) a 
comparison of the findings within and between the studies of each group 
of environments with respect to the HM concentrations and the evalu
ated health risk values. 

3. Result and discussion 

3.1. Systematic search results 

As a result of the review of scientific databases, 712 articles were 
initially obtained and subsequently 305 books, presentations, repub
lished data, conference papers, and letters to the editor were eliminated. 
The authors performed a full-text eligibility assessment on the remaining 
407 records, and 353 articles were found eligible. After reviewing the 
full texts, 54 articles matched the inclusion and exclusion criteria. At this 
stage, 38 studies were selected, while the remaining 16 articles were 
eliminated for the following reasons: 1) 3 articles were unrelated or 
applied to animals, and 2) 13 articles did not report the HQ and/or CR 
values. Furthermore, a hand searching was conducted to identify any 
further potential studies that met the inclusion criteria for the systematic 
survey. Ultimately, five additional studies were acquired by manual 
search, increasing the total number of articles included in the present 
investigation to 43. Fig. 4 presents a revised PRISMA flow chart sum
marizing the study selection process and its results at each stage. 

According to the origin of the investigations included in the sys
tematic review, they were conducted in several countries: sixteen in 
China, eight in Malaysia, four in Iran, four in India, three in Saudi 
Arabia, three in Turkey, two in Nigeria, and after one study in each 
Portugal, South Africa, Poland, and Kuwait. Regarding the environment 
of the studies performed, the 43 studies mentioned above were grouped 
regarding the environment as follows: household environments, 
educational environments, office and commercial environments, and 
other types of environments. The standard limits imposed by the USEPA 
National Ambient Air Quality Standards (NAAQS), the World Health 
Organization (WHO), and the European Union (EU) are presented in 
Table 3. 

3.2. HM concentrations in household environments 

Our research investigated 16 articles on HM concentrations in 
household environments (Table 4). China was revealed as the country 
with the highest number of studies on HM exposure in this environment, 
with approximately 53.3 % of the articles included in this systematic 
review coming from this country. Other countries with research activity 
in this field were Saudi Arabia, Kuwait, South Africa, India, and Iran. 

According to the investigations, the most common analyzer used to 
measure the concentration of HM in air samples was Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). Other methods used in 
these studies to determine HM concentrations were Inductively Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES), Atomic Absorption 
Spectrometry (AAS), and Anodic Stripping Voltammetry (ASV) 
(Table 4). As presented in Fig. 5, the analyzed studies focused on the 
concentrations of As, Cd, Pb, Ni, Co, Cr, Zn, Cu, and Mn, which are 
considered the most hazardous among the elemental pollutants (Mishra 
et al., 2019). 

In most of the studies conducted in the household sector, the highest 
concentrations were related to zinc, copper and manganese elements. 
Only three of the 16 studies (Albar et al., 2020; Lion and Olowoyo, 2021; 
Yang et al., 2015) examined in the household sector found concentra
tions of As, Cd, Ni, Pb, Cr, and Co lower than the limit values set by the 
WHO (Organization, 2000), the EU (Europe, 2005), and the NAAQS 
(NAAQS, 2020) (Fig. 5). The concentrations of Zn, Cu, and Mn in the 
studies of Albar et al. (2020), AlMulla et al. (2022), Li et al. (2022a), 
Rabha et al. (2018), Li et al. (2016), Hashemi et al. (2020), and Lin et al. 
(2015), were higher than the limit values set by the World Health Or
ganization (WHO) (Europe, 2000), the European Union (EU) (Europe, 
2005), and the National Ambient Air Quality Standards (NAAQS) 
(NAAQS, 2020) (Fig. 5). 

If detected concentrations of HMs exceed the specified threshold 
levels, it is assumed that indoor environment pollution is caused by 
anthropogenic activities (Yongming et al., 2006). Pb concentrations 
were likely to exceed limit values due to activities in the industrial sector 
and traffic emissions, as observed in European urban sites (Grivas et al., 
2018; Titos et al., 2014). Considering the impact of outdoor air condi
tions on indoor air quality, aerosols and pollutants can infiltrate indoor 
spaces, exacerbated by indoor human activities. In contrast, the infil
tration rates of fine particles, including carbonaceous aerosols and HMs 
originating from industrial and urban emissions, are greater than those 
of coarse dust particles from the desert, owing to the latter's diminutive 
dimensions (Liu et al., 2003). In general, differentiation in element 
concentrations can lead to the definition of emission sources of dust 
particles and HMs observed in household environments (Al Hejami 
et al., 2020). In addition, Co, Cr, and Ni concentrations may serve as 
indicators of a geogenic emission source, including meteorological 
processes and the weathering of materials within the Earth's crust 
(Aghadadashi et al., 2019). The non-normal distribution of elements 
indicates the influence of multiple factors on the composition of indoor 
dust particles. The concentrations of Ni, As, Cr, and Fe in the larger dust 
fractions indicate local soil sources, while the content of Pb indicates its 
anthropogenic emissions. However, fine dust particles transport HMs 
better due to their increased specific surface area and clay minerals and 
organic materials (Yao et al., 2015). 

Proximity to main roads can influence variations in HM concentra
tions between houses (Baccarelli et al., 2009; Wang et al., 2017). 
However, differences in indoor human activities are the most influential 
factor in changes in HM concentrations in household environments. 
Varying periods of natural ventilation through the opening of windows 
in dwellings can significantly vary the concentrations of HMs. In addi
tion to open windows and doors, inadvertent building penetration and 
mechanical ventilation systems can allow outdoor air contaminants to 
enter the house. Thus, the materials chosen, building air permeability, 
and design regulations for naturally ventilated structures are crucial 

Table 3 
Limits values of HMs in ambient air (μg m− 3) according to WHO, NAAQS, and EU air quality guidelines.  

Source Pb Cd As Ni Cr Co Zn Mn Cu 

μg m− 3 

WHOa (2000) (Organization, 2000)  0.5  0.005  0.0066  0.025 0.00025 0.002 –  0.150 – 
NAAQSb (2020) (NAAQS, 2020)  1.5  0.003  0.01  0.020 0.012 – 1  0.2 100 
EUc (2005) (Europe, 2005)  0.5  0.005  0.006  0.020 – – –  – 

- Not defined. 
a World Health Organization. 
b National Ambient Air Quality Standards. 
c European Union. 
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variables in controlling indoor air pollution levels (Riley et al., 2002; 
Tian et al., 2009). Moreover, the quantity of inhabitants in each resi
dence can play a crucial role in assessing indoor HM levels (Kurt-Kar
akus, 2012). Some studies reported higher concentrations of Fe and Zn 
in houses with only 1 to 2 residents (Chattopadhyay et al., 2003). The 
differences in heavy metal concentrations across households may also be 
influenced by the functioning of the air conditioning system, which was 
linked to higher levels of Cu, Cr, Cd, and Mn in Istanbul, Turkey (Kurt- 
Karakus, 2012). Studies have shown that wall paint can contain high 
levels of HMs. Green paint is linked to elevated levels of Cu, purple paint 
to Zn and Pb, and yellow paint to Cd, Cu, Pb, and Zn (Kurt-Karakus, 
2012; Tong and Lam, 2000). Consequently, with the time quality of the 
wall paints used due to regulatory factors in terms of the HM content, it 
could improve and affect the variability in concentrations between 
houses depending on the last time of wall painting. 

The influence of the family has also been confirmed to have an 
impact on the air concentrations of HMs (Zhou et al., 2020). To the most 

important internal factors that affect indoor HM concentrations belong 
the type of fossil fuel combustion and heating at the house, the type of 
floor covering, the type and color of wall paint, the age of the building, 
and the smoking habits of the residents (Gul et al., 2023). Cao et al. 
(2024) reported that the health risk of HM concentrations in household 
dust increased with decoration within 5 years, purchase of new furniture 
within 1 year, increase of the residence duration, and with increasing 
housing age. Among external factors affecting outdoor air quality, the 
following sources are mentioned: mining, traffic emissions, agricultural 
and industrial activities, and natural sources (Somsunun et al., 2023). In 
relation to the above, the customs of residents of opening doors and 
windows in order to ventilate the rooms significantly affected the air 
exchange between indoor and outdoor environments increased due to 
high-frequency windowing (Cao et al., 2024). 

Children were stated to be more susceptible to exposure to hazardous 
materials (HMs) because of their physiological and behavioral traits 
related to their physical activity and the time they spend playing on 
playgrounds (de Burbure et al., 2006; Rangel-Mendez et al., 2016). 
Moreover, due to children's frequent hand-to-mouth activities and larger 
relative breathing volume of polluted air to body weight, they are also 
more susceptible than adults to indoor air pollution, particularly in the 
inhalation and ingestion pathways (Faustman et al., 2000). HMs' 
toxicity, bioaccumulation, and restricted degradation capacity in 
humans present significant health risks (Gao and Ji, 2018). To summa
rize, the risk value resulting from inhaling particulate matter was 
deemed unacceptable in over 70 % of the examined samples within the 
residential settings group since the HM contents were significantly 
higher than the WHO-recommended limit value. 

3.3. HM concentrations in educational environments 

In our research, 16 articles on HM concentrations in educational 
environments were considered (Table 5). Regarding the country, these 

Table 4 
The characteristics of studies on HM exposure in household environments.  

Country Sampling environment Analysis method Duration of 
sampling 

Point of sampling Sample 
size 

References 

Saudi 
Arabia 

Households ICP-MS – Jeddah 
(urban area) 

10 Albar et al., 
2020 

Kuwait Kitchen 
(indoor houses) 

ICP-MS 12 months Kuwait 50 Al-Harbi et al., 
2021 

Saudi 
Arabia 

Indoor dust sampling ICP-OES 3 months Al-Qatif, 9 AlMulla et al., 
2022 

South 
Africa 

Household (1 outdoor &1 indoor) ICP – MS – Brits 40 Lion and 
Olowoyo, 2021 

China House dust Atomic absorption 
spectrometry 

3 months Jinzhong – Yang et al., 
2015 

China indoor- outdoor personal samples Atomic fluorescence 
spectrome- try 

9 months Heating period 60 Li et al., 2022b 

China Residential building ICP-OES 6 months Changchun – Li et al., 2022a 
China Indoor environments including home, office, 

cyber-classroom, and chemical analysis 
room 

ICP – MS _ Guangzhou 11 Lu et al., 2019 

China Homes (outdoor and indoor) ICP-MS 3 months Pearl River Delta 
(Guangzhou, Shenzhen, Dongguan, 
Foshan, Zhongshan, Zhuhai, Huizhou, 
Zhaoqing, Jiangmen) 

22 Wu et al., 2019 

China Apartment ICP-MS 3 months Kitchen 16 Li et al., 2021 
India Houses in the urban microenvironment ICP-AES 3 months Agra 54 Rohra et al., 

2018 
China Bedrooms and living rooms of homes ICP-MS 6 months Chengdu 63 Li et al., 2016 
Iran Private dwelling units ICP-MS 3 months Asaluyeh 40 Tashakor et al., 

2022 
China Residential floor ICP-OES _ Anhui 25 Lin et al., 2015 
India Households with separate kitchens Anodic Stripping 

Voltmeter 
3 months Assam 200 Rabha et al., 

2018 
Iran Home Atomic Absorption 

Spectrometry 
6 months Bushehr 19 Hashemi et al., 

2020 

–Not defined. 

Fig. 5. Comparisons of HM concentrations in household environments 
(μg m− 3). 
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studies were carried out in Malaysia, China, Saudi Arabia, Nigeria, Iran, 
Poland, and Turkey. Malaysia was revealed as the country of the highest 
number of HM exposure research in this environment. 

3.3.1. School environments 
In ten studies, HM concentrations were investigated in school envi

ronments (Alghamdi et al., 2019; Alias et al., 2021; Famuyiwa et al., 
2023; Famuyiwa and Entwistle, 2021; Hashemi et al., 2020; Mainka, 
2021; Mohamad et al., 2016; Othman et al., 2019; Othman et al., 2022; 

Tan et al., 2018), and in six studies in universities (Arı, 2020; Bao et al., 
2019; Lu et al., 2019; Sulaiman et al., 2017; Vosoughi et al., 2021; Wang 
et al., 2019). 

Airborne HMs concentrations in these environments were deter
mined using Inductively Coupled Plasma-Optical Emission Spectrometry 
(ICP-OES), Inductively Coupled Plasma-Tandem Mass Spectrometry 
(ICP-MS/MS), Inductively Coupled Plasma-Mass Spectrometry (ICP- 
MS), Microwave Plasma-Atomic Emission Spectrometry (MP-AES), and 
Atomic Absorption Spectrometry (AAS). HM concentrations in schools 

Table 5 
The characteristics of studies on HM exposure in educational environments.  

Country Sampling environment Analysis method Duration of 
sampling 

Point of sampling Sample 
size 

References 

School 
Malaysia Primary school ICP-MS 9 months City center 51 Mohamad et al., 2016 
Malaysia Indoor and outdoor classrooms ICP-MS 6 months Kuala Lumpur 

(Indoor) 
44 Othman et al., 2019 

Malaysia Indoor and outdoor school areas ICP-MS 9 months Kuala Lumpur 
(Indoor) 

228 Othman et al., 2022 

Malaysia Indoor classroom (ICP-MS) 3 months Kuala Lumpur 
(Indoor) 

– Alias et al., 2021 

Saudi 
Arabia 

primary schools ICP- OES 3 months Jeddah 40 Alghamdi et al., 2019 

Nigeria Schools ICP-OES 3 months Lagos – Famuyiwa and 
Entwistle, 2021 

Nigeria Nursery and primary school classrooms Microwave Plasma Atomic Emission 
Spectrometry (MP-AES) 

3 months Abeokuta 20 Famuyiwa et al., 2023 

Iran Laboratory rooms; school classrooms Atomic Absorption Spectrometry 3 months Bushehr 27 Hashemi et al., 2020 
Poland Kindergartens located in and near city Atomic absorption spectroscopy (AAS) 3 months Gliwice – Mainka, 2021  

University 
Malaysia Lecture room, laboratory, and student 

hostel room (Hostel) 
Atomic absorption spectrometry (AAS) 3 months Lecture room 192 Sulaiman et al., 2017 

China Campus of University (Indoor and 
outdoor) 

ICP- OES 3 months Nanjing 52 Wang et al., 2019 

Iran School of University 
(indoor environment) 

ICP- OES 3 months Ardabil 10 Vosoughi et al., 2021 

China Indoor cyber-classroom, and chemical 
analysis room 

ICP-MS _ Guangzhou 88 Lu et al., 2019 

Turkey University (indoor- second floor) (ICP- MS/MS) 3 months Gölköy bolu 30 Arı, 2020 
China University dormitory Atomic Ab- sorption Spectrophoto 

meter 
6 months Lanzhou 13 Bao et al., 2019 

- Not defined. 

Fig. 6. Comparisons of HM concentrations in school environments (μg m− 3).  
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varied by location (Table 5). 
As presented in Fig. 6, the concentrations of Cd, Cr, Ni, and Pb found 

in schools in Bushehr (Iran) (Hashemi et al., 2020), in kindergartens in 
Gliwice (Poland) (Mainka, 2021), Cr, As, and Ni in schools in Malaysia 
(Alias et al., 2021; Mohamad et al., 2016), and Cr and Mn in schools in 
Lagos (Nigeria) (Famuyiwa and Entwistle, 2021), were higher than the 
limit values established by the WHO, the EU, and the NAAQS. In class
rooms located in Iran, the decreasing order of the mean HM values was 
following: Cu > Zn > Pb > Cr > Ni > Cd (Hashemi et al., 2020). The HM 
concentrations in classrooms in Gliwice, Poland, were the highest for Cr 
(0.495 μg m− 3) followed by Zn (0.3625 μg m− 3), Mn (0.0565 μg m− 3), Pb 
(0.04625 μg m− 3), Ni (0.042 μg m− 3), Cd (0.04125 μg m− 3), Cu (0.0325 
μg m− 3), and As (0.0275 μg m− 3) (Mainka, 2021). 

In classrooms, fans help circulate air, while opening windows allow 
dust from outside to be carried inside by the wind (Atkinson et al., 
2009). Contaminated dust carried by the wind can enter classrooms 
through natural ventilation, such as open windows and doors. The dust 
is then deposited on desks, windows, floors, and chairs, exposing chil
dren to HMs from the dust through inhalation, ingestion, and dermal 
contact (Latif et al., 2014). Turner (2011) and Yuswir et al. (2013) stated 
in their studies that breathed dust by children can enter their digestive 
systems, including the stomach and intestines, and cause HM to be 
absorbed and circulated throughout the body via the bloodstream. Road 
dust was found to be transferred to indoor classrooms by schoolchildren 
because of the high factor load of Al, Fe, Co, Zn, and As in the study by 
Othman et al. (2019). 

The elevated levels of pollution were stated in the vicinity of the 
school resulting from several industrial operations. Cd, which is 
frequently employed as a cigarette marker in indoor contexts, was uti
lized to identify the effect of cigarette smoke emissions (Na et al., 2004; 
Slezakova et al., 2009). Although smoking is prohibited in schools, the 
transfer of cigarette smoke from smokers may affect the quality of the 
indoor air. According to the studies conducted by Slezakova et al. (2009) 
and Hunt et al. (2011), the fine fraction of cigarette smoke is a major 
cause of indoor pollution. According to the results of Famuyiwa and 
Entwistle (2021), HM emissions from indoor schools in Lagos were 
caused by construction materials (Al, As, Fe, Mn, Ni, and U), human 
activities (Cd, Cu, and Pb), and the combination of these two activities 
(Cr, V, and Zn). 

The issue of traffic pollution surrounding elementary and secondary 
schools has garnered considerable attention, with numerous experts and 
scholars focusing on reducing the risk that traffic pollutants pose to 
students' health. Previous research has demonstrated that pollution in 
the vicinity of schools impacts the neurologic, pulmonary, and cardio
vascular systems of the students and their cognition. The infiltration of 
emissions from outdoor pollution sources, such as traffic, vehicle repair, 
waste incineration, playground dust, and other sources, from outside 
pollution sources, significantly contributes to dust within educational 
institutions. However, urban road dust is a mixture of non-vehicle 
exhaust pollutants (such as tire and brake wear) and road pavement, 
which is linked to road traffic. While Pb, Zn, and Cu are prevalent in 
vehicle emissions on the road, their toxicity depends on the route and 
exposure dose. As a result, high-traffic regions frequently have higher 
levels of heavy metals in road dust. Inadequate vehicle maintenance, 
frequent pauses, and traveling at speeds below 30 to 40 km h− 1 can 
contribute to increased fuel consumption, which is harmful to human 
health and the environment. According to Madureira et al. (2012) road 
transport emissions could be a notable source of metal exposure, such as 
Cr, Cu, Pb, and Zn, in school environments. 

3.3.2. University environments 
The levels of investigated HMs in indoor dust samples taken from 

universities are presented in Fig. 7. 
Concentrations of As, Cd, Cr, Co, Ni, and Pb in indoor dust from 

studies of Wang et al. (2019), Vosoughi et al. (2021), and Bao et al. 
(2019) were much higher than in indoor dust reported by Sulaiman et al. 

(2017), Lu et al. (2019), and Arı (2020). These concentrations were 
higher than the limit values set by the WHO, the EU, and the NAAQS. 
Being exposed to indoor pollutants can affect student performance 
(Mohai et al., 2011). Zhong et al. (2014) in their study suggested that 
university students' productivity and health may be affected by indoor 
air quality. 

The origins of indoor air pollutants can vary depending on the ac
tivities of the occupants, the location of a building, indoor sources, such 
as emissions from building materials, and outdoor sources, such as fuel 
combustion (Mohamad et al., 2016). Pb in classroom dust can come 
from interior sources such as construction materials, cleaning and hy
giene items, computers, printers, or external sources such as outdoor 
particles. Many distinct and well-known industrial and consumer goods 
contain Ni; however, in recent years, mobile phones have emerged as a 
possible source of Ni in educational settings (Klein and Costa, 2022). Zn 
and Pb from human activities may also come from the utilization of 
Zn–Pb based paint (McAlister et al., 2008; Sulaiman et al., 2016). 
Corrosion of Zn-coated items within the sample facility could cause Zn to 
be present in the indoor dust composition (Zhong et al., 2014). The 
elevated Zn concentration in indoor dust is likely attributed to the 
presence of suspended dust particles originating from both outdoor and 
indoor activities, especially in the lab building. 

The earth's crust and the movement of people into and out of 
buildings have the most effects on the composition of indoor dust when 
it comes to metals. Compared to working adults, students at schools and 
universities could spend more time indoors (Ashmore and Dimi
troulopoulou, 2009; Raysoni et al., 2013). Vehicle emissions contribute 
primarily to Cd, Cr, Cu, Ni, Pb, and Zn (Al-Rajhi et al., 1996; Hassan, 
2012). Indoor dust has more diversified sources of origin and a higher 
particle concentration than outdoor dust. Therefore, the toxicity and 
composition of indoor dust are more complex, endangering human 
health to a greater extent (Martins et al., 2020). Outdoor environments 
were recognized as a primary source of indoor pollutants, since they 
collect contaminants from their migration in air, water, and soil (Sri
vastava and Jain, 2007). In addition to infiltration from outdoor spaces, 
indoor dust sources include cooking, cleaning, people's movements, 
painting, and furnishing (Abt et al., 2000). Particles in indoor air absorb 
air contaminants, which eventually settle as dust (Latif et al., 2014). 
Branǐs et al. (2005) in their studies found that ventilation and human 
mobility affected indoor air particles in buildings. Small particles with 
low deposition velocities may linger in the air for extended periods, 
possibly affecting human respiration (Matson, 2005). Zhou et al. (2019) 
reported that levels of HM in indoor PM were higher than in outdoor 
pollution, implying poor indoor air quality and related carcinogenic 
risk. 

3.4. HM concentrations in office and commercial environments 

In our research 4 articles investigated HM concentrations in office 

Fig. 7. Comparisons of HM concentrations in university environments 
(μg m− 3). 
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environments (Lu et al., 2019; Massey et al., 2016; Othman et al., 2016, 
2018) and 4 articles in commercial centers, such as restaurants (Dai 
et al., 2018; Taner et al., 2013), tobacco cafés (Masjedi et al., 2019), and 
shopping centers (Massey et al., 2009) (Table 6). 

Airborne HM concentrations in these working environments were 
quantified using Inductively Coupled Plasma-Mass Spectrometry (ICP- 
MS), Atomic Absorption Spectrometry (AAS), and Energy Dispersive X- 
ray Fluorescence (ED-XRF) Spectrometry. 

In office-related studies, the concentrations of Pb, Ni, Cr, and Cd in 
various indoor microenvironments in India were higher than the limit 
values set by the WHO, the EU, and the NAAQS (Fig. 8). However, in the 
study carried out in Malaysia and China, Cr and As concentrations were 
higher than the limit values set by the WHO. 

Vehicle emissions were identified as a contributing factor to the 
presence of HMs in indoor dust. Similarly, studies of Darus et al. (2012) 
and Latif et al. (2014) found that the predominant origin of HM in indoor 
dust in Malaysia was vehicle emissions. Population growth has led to an 
increase in traffic volume in Rawang, Malaysia. The Highway Planning 
Division of the Malaysian Ministry of Works gathered information in 
2015 that showed that the yearly growth rate of Rawang road traffic has 
increased by 5.48 % (Malaysian Ministry of Works, 2014). The volume 
of road traffic increases with increasing number of vehicles. Vehicle 
emissions, such as engine oil usage, collisions with car components, 
tires, brake pads, and engine wear, were the sources of Cu, Cr, Ni, Pb, 
and Zn (Latif et al., 2014; Sulaiman et al., 2017). Additionally, the 
concentration of HMs in the indoor air of offices can be caused by 
smoking, traffic emissions, aged construction materials, construction 
colors, and various mechanical and electrical equipment in workplaces, 
such as computers, printers, and photocopiers (Arı, 2020; Hashemi et al., 
2020). 

The findings derived from the commercial environment evaluations 
(Dai et al., 2018; Masjedi et al., 2020; Massey et al., 2009; Taner et al., 
2013) (Fig. 9) indicated that the levels of HMs in all the analyzed studies 
were above the WHO limit values. 

In the Chinese restaurants investigated, Pb was the element with the 
highest concentrations (>60 % of the investigated restaurants), followed 
by Hg (20 %), Cr (7 %), Co (5 %), and Ni (4 %). HMs such as Pb could be 
attributed to the use of metallurgical cooking utensils and dining ware 
subjected to high temperatures (Dai et al., 2012). Anthropogenic ac
tivities, such as the cooking fuel combustion, may contribute to the 
release of metallic elements into the environment (Xu et al., 2012). 
Tobacco smoke was a significant contributor to the release of toxic 
substances into the interior air of cafes, and PM2.5 was a substantial 
contributor to the accumulation of these substances (Gorka-Kostrubiec, 
2015). The decreasing order of HM contents in the cafés studied in 
Tehran, Iran was Pb > Ni > Cr > Cd. Total concentrations (mean ± SD) 
of investigated HMs were: 1118.5 ± 50.42 ng m− 3 for WCC (cigarette 
and water pipe cafés), 663.64 ± 40.79 ng m− 3 for WC (water pipe cafés), 
425.57 ± 17.55 ng m− 3 for CC (cigarette cafés), and 79.02 ± 5.13 ng 
m− 3 for SFC (smoking free cafés) (Masjedi et al., 2020). Tobacco plants 

accumulate nickel in their leaves after absorbing it from the soil, and as 
they are burned, Ni bound to PM is released into the interior air of cafés 
(Gorka-Kostrubiec, 2015). Investigations showed that the percentage of 
Cr in the five lobes of the lungs of smokers was much higher than that of 
non-smokers (Pääkkö et al., 1989). Therefore, the presence of Cr in the 
indoor air of the cafés examined poses a significant public health issue 
that requires attention. Some of the factors that affected the concen
tration of HMs included the type of tobacco used, the status of the 
heating systems (on/off), the number of consumers, the type of circu
lation system used, the airflow speed, the ambient temperature, the 
moisture content of the air, and the cafe's surface area (Masjedi et al., 
2020). 

3.5. HM concentrations in other types of environments 

From the studies included in our research, 5 articles were assigned to 
other types of environments, related to service provider centers and 
urban outdoor environments. This group includes subway stations (Ji 
et al., 2022), hospitals (Slezakova et al., 2014), and open urban spaces 
(Liu et al., 2021; Wang et al., 2022; Zhou et al., 2019) (Table 7). 

The concentrations of HMs in the collected samples were determined 
using Proton-Induced X-ray Emission (PIXE), Wavelength-dispersive X- 
ray Fluorescence (WDXRF) Spectrometry, and Inductively Coupled 
Plasma-Mass Spectrometry (ICP-MS). 

The highest number of research in this field was published in China 
(4 articles). According to the results, the concentrations of Cr, As, Pb, 
and Ni in hospitals (Slezakova et al., 2014) and As in the subway systems 
were higher than the limit values established by the WHO (Fig. 10). 

Hospitals are regarded as a unique and significant category of indoor 
public places, as the air quality in these establishments considerably 
influences the future health outcomes. Nevertheless, data on indoor air 
quality in these settings are scarce, specifically on exposure to HMs. An 
assessment of the possible risks related to exposure to trace metals in a 
hospital setting near Portugal's busiest highway and bordered by na
tional roads revealed that potential risks for As and Cr-bound PM2.5 were 
higher than the USEPA guideline by up to 62 and 5 times, respectively, 
for all age groups (Slezakova et al., 2014). 

In China, HM concentrations, such as Cd, Cr, Co, Pb, and Ni, in 
different functional areas in Hefei and five types of Northeast cities, 
were higher than the limit values set by the WHO (Zhou et al., 2019). 
Due to the increase in population, there has been a noticeable increase in 
the traffic volume on Chinese roads. In 2021, the average traffic volume 
on national roads (including highways) in China was 14,993 vehicles per 
day, indicating a slight increase of 4.2 % from the previous year (Lin 
et al., 2021). Vehicle emissions, such as car oil usage, car component 
collisions, and wear of tires, brake pads, and engines, were identified as 
the sources of Cu, Cr, Ni, Pb, and Zn (Sulaiman et al., 2017). Past studies 
revealed that vehicle emissions contributed mainly to Pb content in 
indoor dust (Praveena et al., 2015; Tong and Lam, 2000). Lead is 
persistent in the environment, and once it is released into the 

Table 6 
The characteristics of studies on HM exposure in office and commercial environments.  

Country Sampling environment Analysis method Duration of sampling Point of sampling Sample size References 

Office 
Malaysia Office ICP-MS 12 months Malaysia – Othman et al., 2016 
Malaysia Office ICP-MS 12 months Malaysia 48 Othman et al., 2018 
India Offices Atomic Absorption Spectrometry 3 months India 96 Massey et al., 2016 
China Indoor environments including office ICP-MS _ China 88 Lu et al., 2019  

Commercial 
Iran Tobacco cafés AAS 3 months Tehran – Masjedi et al., 2020 
China Commercial restaurants ED-XRF 3 months Guangdong – Dai et al., 2018 
India Shops, commercial centers AAS 3 months Agra 96 Massey et al., 2016 
Turkey Restaurants ICP-MS 3 months Kocaeli 14 Taner et al., 2013 

- Not defined. 
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environment, it remains in the circulation without undergoing natural 
degradation. Despite the prohibition of Pb in gasoline, trace levels of Pb 
still remain at a level of up to 13 mg L− 1. The intensive use of gasoline, 
particularly in cities with heavy traffic, can lead to Pb air pollution. 

Studies of Zhao et al. (2006), Kong et al. (2011), and Zhong et al. (2014) 
determined that high concentrations of Zn originated from tire wear, 
galvanized materials, indoor products, and rubber production. 
Contamination with Cd was considered in the investigated cities, 

Fig. 8. Comparisons of HM concentrations in office environments (μg m− 3).  

Fig. 9. Comparisons of HM concentrations in commercial environments (μg m− 3).  

Table 7 
The characteristics of studies on HM exposure in other types of environments.  

Country Sampling environment Analysis 
method 

Duration of 
sampling 

Point of sampling Sample 
size 

References 

China Subway stations WDXRF 9 months Nanjing 182 Ji et al., 2022 
China Different functional zones (the chief district, commercial district, 

and industrial district) 
ICP- OES 3 months Hefei (Chief 

District) 
– Zhou et al., 2019 

China Street ICP-MS 3 months Provincial central 
city 

255 Liu et al., 2021 

China Rooftop of the party and government building PCA 12 months Pingyao 236 Wang et al., 2022 
Portugal Hospital PIXE _ Oporto 28 Slezakova et al., 

2014 

- Not defined. 
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indicating that it was the main concern in the urban air of China. Central 
regional and provincial cities, as well as resource-based cities, were 
found to have the highest levels of Cd contamination of urban air (Liu 
et al., 2021). These findings were consistent with the study by Chen et al. 
(2015), who also indicated that Cd was the element causing the worst 
urban air quality in China. However, the sources of Cd contamination 
varied from city to city for the investigated cities. For example, Cd 
hotspots with high concentrations were found in the western part of the 
Shenyang Tiexi industrial district. In 2000, the authorities closed the 
Shenyang smelting plant after 64 years of operation due to significant air 
pollution (Sun et al., 2010). These results indicate that large-scale 
smelting activities have a major impact on urban air pollution in the 
region. In the study of Chen et al. (2014), a Cd contaminated hotspot was 
revealed between the second and third ring roads in the western section 
of the downtown area of the city of Xi'an in China and Cd was mainly 
derived from industrial sources, traffic, and urban waste. In contrast to 
the trends observed in Shenyang and Xi'an, a significant Cd concentra
tion was detected in Changsha along the Xiangjiang River, upstream of 
which large-scale Pb, Zn, and Cd mining was carried out. Therefore, Cd 
discharges grown considerably because of the increasing anthropogenic 
input brought about by China's rapid urbanization, industrialization, 
and economic growth (particularly since the late 1970s). In approxi
mately 50 % of the cities under investigation, moderate levels of 
pollution with Pb, Cu, Zn, and Hg were indicated. The decreasing levels 
of atmospheric pollution with HMs in urban areas were as follows: 
industrial-based cities > more developed cities > metropoles > unde
veloped cities. Han et al. (2017) indicated that machinery industries 
were the primary source of Co, while human activities such as steel 
plants, metallurgy industries, and commercial districts were responsible 
for the presence of Zn and As. Iron is an element derived from the soil as 
a result of the high natural abundance in the Earth's crust. 

3.6. Health risk assessment 

3.6.1. Non-carcinogenic risk 
In this part studies on non-carcinogenic health effects of HMs present 

in ambient particulate matter through inhalation exposure were inves
tigated (Table 8). 

Despite the higher levels of HM in the studies of Al-Harbi et al. 
(2021), Li et al. (2022a), Lu et al. (2019), Li et al. (2016), Tashakor et al. 
(2022), Rabha et al. (2018), Lin et al. (2015), and Hashemi et al. (2020), 
in these environments the lowest values of non-carcinogenic risk re
ported (HQ < 1). However, Albar et al. (2020) reached different results. 

In household environments, Mn contributed the most to the non- 
carcinogenic risk value, followed by Cd, Pb, As, Ni, Cr, Co, and Cu. In 

addition, the non-carcinogenic risk values were reported in 4 studies, of 
which Albar et al. (2020) reported HQ values exceeded the acceptable 
risk, with HI values of 3.19 for Ni, 1.60 for Cu, and 95.3 for Mn, AlMulla 
et al. (2022) with HQ values of 35.58 for Cd and 1.57 for Cr, Rohra et al. 
(2018) with HQ values of 2.89, and Li et al. (2022a) with HQ values of 
2.09 for Cd, 26.53 for Pb, and 27.86 for As. According to the HQ values, 
there were no adverse effects in people (adults or children) due to 
exposure to Zn in all the investigated environments. 

According to the examined literature on household environments, 
children were revealed to be more susceptible than adults to the non- 
carcinogenic effects of exposure to HMs due to their unique physiolog
ical makeup, such as participation in play activities and higher respi
ratory rates relative to their body weight (Zhao et al., 2014). 
Agricultural, industrial, and household areas in Saudi Arabia showed a 
considerable health risk to Cd, Cr, and Pb, and the health risks for 
children due to exposure to indoor dust were higher than for adults. 
Among the sites, the highest HQ for these metals was found for the sites 
of the Al-Qatif industrial area, and among the metals Cd was the highest 
(AlMulla et al., 2022). In cities of northern China, the non-carcinogenic 
risk values for both heating and non-heating periods in household en
vironments were higher than the acceptable level, indicating that in 
these areas people can be exposed to non-carcinogenic risks by exposure 
to HMs in urban air (Li et al., 2022a). These results indicated that 
ambient exposure to multiple metals posed a greater non-carcinogenic 
health risk than exposure to these metals separately. 

In educational environments, non-carcinogenic risk values did not 
exceed the acceptable level (HQ = 1) for both adults and children, as 
indicated by the calculated HQ values for Pb, Cd, Cr, As, Ni, Cu, and Zn. 
All HMs investigated in the office environments had HQ values below 
the acceptable level, indicating negligible non-carcinogenic risk from 
inhalation exposure from HMs in air dust. Non-carcinogenic risk values 
in office environments were below the acceptable level, indicating an 
acceptable risk in these places. In the section related to commercial 
environments, the non-carcinogenic risk values of Cr, Pb, and Cd in cafes 
studied in Tehran, Iran (Masjedi et al., 2020) and As in barbeque res
taurants in Turkey (Taner et al., 2013) were higher than the acceptable 
level. 

In studies conducted in other types of environments, the non- 
carcinogenic risk value of As in the hospital (Slezakova et al., 2014) 
and Co, Ni, and Zn in the subways (Ji et al., 2022) was higher than the 
acceptable level (HQ > 1). Sources derived from platforms, concourses, 
and office spaces in the metro station accounted for 54 %, 81 %, and 71 
% of non-carcinogenic risks. 

We found that the average HQ values of Zn, Pb, Cu, Cr, Co, Ni, As, 
and Cd in educational and administrative environments were lower than 

Fig. 10. Comparisons of HM concentrations in other types of environments (μg m− 3).  
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Table 8 
Non-carcinogenic risk (HQ) values of HMs in the different environments of the systematic review. 

C
ou

nt
ry

H
ea

lth
 

ri
sk

s

Non-carcinogenic risk (HQ) References

Cd Pb As Co Cr Ni Zn Cu Mn

Households
Saudi 

Arabia

HI 2.83E-01 - - 1.05E-01 1.02E-01 3.19 6.68E-01 1.60 9.53E+01 Albar et al., 2020

Saudi 

Arabia

HI 35.58 0.552 - - 1.5781 - 1.78E-02 1.054E-01 2.49E-02 AlMulla et al., 

2022

China HQ 8.22E-02 - 1.60E-01 - - 2.45E-02 - - 1.32E-01 Wu et al., 2019

China HQ 1.71E-01 1.57E-01 1.94E-01 1.97E-01 8.80E-02 5.41E-01 1.35E-01 8.63E-02 5.76E-02 Li et al., 2016

India HQ - - - 2.89 4.75E-01 - - - 2.68E-01 Rohra et al., 2018

Kuwait HI - 1.69E-01 8.55E-02 3.53E-03 4.08E-01 5.98E-02 7.94E-03 1.23E-02 5.05E-03 Al-Harbi et al., 

2021

China HI 1.50E-03 1.50E-01 1.74E-01 - - - - 6.81E-03 1.35E-02 Yang et al., 2015

China HI - 6.6 E-01 8.38E-03 1.10E-03 2.26E-02 2.12E-03 9.42E-03 1.76E-02 - Lin et al., 2015

India HQ 5.00E-04 - - 2.02E-02 - 8.30E-03 - - 9.70E-03 Rabha et al., 2018

China HQ 1.45E-02 3.13E-02 3.97E-02 1.01E-01 2.61E-03 - - - 2.73E-02 Li et al., 2021

China HQ 3.13E-02 3.37E-01 5.87E-01 - 3.92E-01 1.63E-02 4.83E-03 1.21E-02 1.25E-02 Li et al., 2022a

Iran HI 7 E-03 2.25 E-02 1.7 E-01 2.15 E-02 1.125 E-01 4.25 E-03 - - - Tashakor et al., 

2022

China HQ 2.095 26.53 27.86 - - - - - - Li et al., 2022b

South 

Africa

HQ 1.44E-05 - 9.96E-10 3.33E-03 2.15E-06 - 1.03E-03 1.67E-03 - Lion and 

Olowoyo, 2021

Iran HQ 2.5E-06 1.3E-04 - - 4E-04 7E-08 7.25E-06 3.32E-06 - Hashemi et al., 

2020

School
Malaysia HQ 5.13E-05 7.63E-06 3.15E-04 8.40E-05 8.40E-05 4.16E-04 - 1.38E-04 - Tan et al., 2018

Malaysia HQ 1.67E-05 6.70E-04 - 3.58E-04 8.88E-01 5.75E-02 - 4.10E-05 - Mohamad et al., 

2016

Saudi 

Arabia

HI 1.50E-02 2.12E-01 1.63E-01 1.09E-02 9.13E-02 2.73E-03 7.03E-03 1.32E-02 5.77E-02 Alghamdi et al., 

2019

Poland HQ 8.80E-03 - 3.95E-02 1.56E-02 2.87E-02 - - - 1.66E-01 Mainka, 2021

Nigeria HQ 1.36E-09 - 1.56E-10 - 4.84E-11 6.26E-08 - - 4.25E-09 Famuyiwa and 

Entwistle, 2021

Nigeria HQ 1.27E-08 - - - 9.97E-07 2.86E-07 - - - Famuyiwa et al., 

2023

Iran HQ 7.60E-07 5.17E-05 - 3.50E-07 2.14E-07

2.89E-08

2.05E-06 4.33E-07 - Hashemi et al., 

2020
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the acceptable level compared to those in other environments investi
gated. Additionally, it should be noted that the average non- 
carcinogenic risk values associated with inhalation of HMs in commer
cial environments were significantly higher than those observed in 
urban outdoor environments (Liu et al., 2021; Wang et al., 2022; Zhou 
et al., 2019). Due to the non-carcinogenic effects of Pb, Cd, Cr, As, Co, 
and Ni, the non-carcinogenic risk values associated with exposure to 
HMs in household, commercial, and service environments such as hos
pitals and metros, should attract the attention of decision-makers. 

The difference in the non-carcinogenic risk due to inhalation expo
sure to HMs from air dust in the office and educational environments 
compared to other environments can be due to several factors, including 
different environmental conditions, ventilation systems, specific activ
ities of employees in each sector, the absorption rate of HMs, sampling 
technique, and volume of air measured. Based on these results, some 
environments were stated to pose higher health risks, which should be 

examined more closely. In addition, the variations in the HM concen
trations between administrative and educational buildings compared to 
other indoor environments can vary depending on the density of the 
materials and the types of equipment used in each environment. The 
most significant way to prevent the accumulation of HMs in interior 
spaces is to increase the air exchange rate. In general, the non- 
carcinogenic risks associated with As, Cd, Co, and Cr in indoor dust 
should receive more attention. 

3.6.2. Carcinogenic risk 
The carcinogenic risk for Pb, Cd, Cr, Co, Ni and As was evaluated, as 

there are no SF values for Cu, Zn, and Mn (Hu et al., 2012). Table 9 
shows the CR values of exposure to HMs in the ambient air by inhalation 
pathway. 

The carcinogenic risk values of HM from household environments 
reported in the studies of Li et al. (2022a), Li et al. (2016), Lu et al. 

Malaysia HQ 2.50E-07 - 1.12E-05 1.57E-07 3.30E-07 - 5.05E-07 1.15E-07 1.99E-07 Othman et al., 

2019

Malaysia HQ 1.44E-03 - - 6.01E-02 1.92E-04 6.25E-03 - - 9.31E-03 Othman et al., 

2022

Malaysia HQ 2.41E-01 1.59E-01 5.78E-01 5.91E-02 3.71E-02 5.64E-01 - - 6.61E-01 Alias et al., 2021

University
Malaysia HQ - 1.02E-06 3.65E-05 - - - - - - Sulaiman et al., 

2017

Iran HI 6.78E-05 278E-04 - - 1.0244E-03 - - 1.969E-05 - Vosoughi et al., 

2021

China HQ 5.00E-03 5.00E-03 8.75E-03 4.00E-03 3.55E-02 9.75E-03 4.00E-03 5.00E-03 - Lu et al., 2019

China HI 2.82E-01 3.97E-01 4.68E-01 2.3E-01 2.2 E-01 - - 7.5E-02 6.53E-01 Bao et al., 2019

China HQ 3.77E-05 1.47E-04 1.34E-04 6.81E-06 8.48E-03 - 5.54E-06 5.00E-06 2.10E-02 Wang et al., 2019

Turkey HI 5.70E-03 2.20E-02 1.00E-01 6.40E-03 4.10E-02 3.80E-02 - - - Arı, 2020

Office
Malaysia HQ 1.15E-01 - - 4.16E-01 1.72E-01 - - - 2.52E-01 Othman et al., 

2016

Malaysia HQ 2.80E-09 - 9.96E-10 3.12E-09 2.23E-08 - - - 5.93E-10 Othman et al., 

2018

Commercial
Iran HI 1.06 2.3 - 1.36 2.84E-03 - - - - Masjedi et al., 

2020

Turkey HQ 1.14E-01 - 1.69 7.50E-01 3.88E-02 - - - 3.15E-01 Taner et al., 2013

Other types of environments
China HI - - 2.14E-01 2.27 7.3E-02 8.91 1.38 - - Ji et al., 2022

China HQ - 9.53E-01 - 9.12E-01 9.16E-01 6.53E-01 9.51E-01 9.45E-01 5.54E-01 Wang et al., 2022

China HQ 2.08E-03 - 3.38E-03 5.80E-04 2.74E-03 8.30E-02 - - - Liu et al., 2021

China HI 7.06E-04 - - - 1.27E-03 6.79E-04 2.48E-03 - 8.31E-03 Zhou et al., 2019

Portugal HQ - - 4.43 5.00E-02 2.54E-03 - - - 4.52E-02 Slezakova et al., 

2014

1HQ values were estimated using the RfDinh toxicity parameter.

Non-carcinogenic risk 
(HQ)

acceptable risk

significant risk

-Not defined.  
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Table 9 
Carcinogenic risk (CR) values of HMs in the different environments of the systematic review. 

Country Carcinogenic Risk (CR) References

Cd Pb As Co Cr Ni

Household
Saudi 

Arabia

2.00E-07 - - 3.30E-06 1.82E-05 1.23E-05 Albar et al., 

2020

Saudi 

Arabia

8.19E-08 1.50E-02 - - 2.83E-07 - AlMulla et al., 

2022

China 3.16E-07 1.40E-08 2.22E-06 - 1.04E-07 Wu et al., 2019

China - 4.16E-06 1.59E-04 - 6.48E-05 - Li et al., 2016

India - 1.55E-06 - 6.43E-06 7.40E-04 - Rohra et al., 

2018

Kuwait - 1.85E-06 1.67E-04 6.49E-05 5.21E-03 - Al-Harbi et al., 

2021

China 1.95E-10 - 2.82E-09 - - - Yang et al., 

2015

China - - 3.85E-09 1.87E-09 2.73E-07 5.77E-09 Lin et al., 2015

India 3.08E-06 - - 2.30E-06 - - Rabha et al., 

2018

China 1.97E-07 2.28E-08 1.94E-06 2.57E-07 2.38E-06 - Li et al., 2021

China 1.43E-04 - 8.88E-05 1.41E-04 8.88E-05 1.11E-05 Lu et al., 2019

China 4.74E-06 - 3.41E-04 - 2.30E-04 3.13E-05 Li et al., 2022a

Iran

1.92E-09 7.51E-07 7.21E-05 5.87E-09 4.12E-05 - Tashakor et al., 
2022

China 1.53E-06 1.55E-06 6.13E-06 - - - Li et al., 2022b

South 

Africa

1.83E-09 - 4.04E-09 - 3.52E-08 - Lion and 

Olowoyo, 2021

Iran - - - - 4.15E-09 - Hashemi et al., 
2020

School
Malaysia 1.30E-07 9.11E-11 5.69E-08 5.60E-08 - - Tan et al., 2018

Saudi 

Arabia

8.13E-05 6.17E-06 7.40E-06 1.83E-04 1.01E-04 4.90E-04 Alghamdi et al., 

2019

Poland 8.80E-08 - 2.48E-06 7.28E-08 2.44E-04 - Mainka, 2021

Nigeria - 1.37E-07 8.19E-07 - 1.42E-06 1.82E-06 Famuyiwa and 

Entwistle, 2021

A.H. Khoshakhlagh et al.                                                                                                                                                                                                                      



Science of the Total Environment 932 (2024) 172556

17

(2019), Al-Harbi et al. (2021), Rohra et al. (2018), and AlMulla et al. 
(2022) were within the definite risk (CR >1 × 10− 4) according to the 
USEPA methodology. This indicated that residents of the cities investi
gated, especially children, were potentially exposed to a severe carci
nogenic risk. Only in 3 studies reviewed in household environments the 
carcinogenic risk values were at the acceptable level (CR <1 × 10− 6) 
(Lin et al., 2015; Lion and Olowoyo, 2021; Yang et al., 2015). 

Children are more exposed than adults to the carcinogenic effects of 
HMs, according to the results of the carcinogenic risk assessment. For 
example, Al-Harbi et al. (2022) revealed that the mean carcinogenic risk 
value for adults for Cr was equal to 4.85 × 10− 3 and for As, 2.51 × 10− 3. 
For children, the mean CR value for Cr was equal to 5.57 × 10− 3 and for 

As, 2.89 × 10− 3. Investigations revealed the following decreasing order 
of carcinogenic risk values in household environments: Co > Cd > Pb >
As > Cr. The CR values for Ni were at the probable risk level for these 
elements in household environments. 

Epidemiological studies revealed a link between exposure to Pb in 
the environment and an increased risk of cancer. Through oxidative 
damage, interactions with DNA binding proteins, and inhibition of the 
DNA repair system, Pb can cause carcinogenicity (Silbergeld, 2003). 
Epidemiological investigations demonstrated a correlation between the 
presence of As and the elevated incidence of lung, bladder, and skin 
cancers (Rossman, 2003). There is substantial evidence that Cd causes 
cancer, as the mechanisms involved in Cd carcinogenesis encompass 

Nigeria 2.73E-11 1.00E-06 - - 2.56E-05 1.80E-11 Famuyiwa et al., 

2023

Iran - - - - 2.93E-08 - Hashemi et al., 

2020

Malaysia - 3.94E-09 6.26E-10 2.80E-10 5.53E-10 - Othman et al., 
2019

Malaysia 2.58E-08 8.16E-09 - 1.68E-07 4.84E-05 - Othman et al., 
2022

Malaysia 1.29E-06 1.23E-08 3.20E-06 2.26E-06 2.67E-05 7.81E-08 Alias et al., 

2021

University
Iran 1.93E-12 - - - 6.69E-11 - Vosoughi et al., 

2021

China 1.16E-04 - 8.52E-05 5.91E-05 8.05E-06 - Bao et al., 2019

China 1.10E-07 - 8.34E-08 6.53E-09 5.83E-07 - Wang et al., 

2019

China 1.41E-04 - 8.88E-05 1.41E-04 1.11E-05 1.11E-05 Lu et al., 2019

Turkey 9.20E-08 - 1.30E-06 2.30E-07 3.60E-06 1.90E-06 Arı, 2020

Office
Malaysia 1.38E-07 1.35E-03 - 4.84E-07 7.17E-05 - Othman et al., 

2016

China 1.41E-04 - 8.88E-05 1.41E-04 1.11E-05 1.11E-05 Lu et al., 2019

Malaysia - 7.12E-10 - 1.98E-11 3.72E-11 - Othman et al., 
2018

India 1.6E-07 - - - 1.4E-07 1.9E-07 Massey et al., 

2016

Commercial
Iran - - - - 2.06E-03 - Masjedi et al., 

2020

China 2.30E-05 - - - - - Dai et al., 2018

India 1.20E-07 - - - 1.25E-07 1.40E-07 Massey et al., 

2016

Turkey 7.34E-07 4.21E-08 3.89E-05 9.00E-07 1.16E-04 - Taner et al., 

2013

Other types of environments
China - 2.66E-05 - 6.85E-05 7.41E-07 1.37E-06 Wang et al., 

2022

China 3.12E-08 2.19E-10 9.36E-08 5.73E-09 2.30E-05 1.92E-06 Liu et al., 2021

China 1.04E-09 2.04E-07 - - 1.91E-06 - Zhou et al., 

2019

China - 4E-06 3.29E-05 5.257E-05 2.887E-05 4.2E-05 Ji et al., 2022

Portugal - 2.48E-08 6.31E-05 2.64E-07 4.65E-06 - Slezakova et al., 

2014

Carcinogenic Risk 
(CR) Negligible risk Possible risk Probable risk Definite risk

-Not defined.  
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suppression of gene expression, induction of oxidative stress, and sup
pression of gene expression (Bishak et al., 2015). Values of CR and HQ 
for HMs in heating periods (it means the time when it is cold outside and 
combustion of fuels is needed to increase the temperature inside), are 
more than non-heating periods (Li et al., 2022a; Li et al., 2022b). In 
Changchun city, the carcinogenic risk of Ni for adults in the heating 
period was equal to 2.11 × 10− 5 and in the non-heating period 2.17 ×
10− 5 and for children in the heating period was equal to 14.06 × 10− 5 

and in the non-heating period 4.19 × 10− 5 (Li et al., 2022a). Also, based 
on the results of studies of Lion and Olowoyo (2021), Othman et al. 
(2022), Othman et al. (2018), and Wang et al. (2019), the CR and HQ 
values for indoor HMs were higher than those of outdoor HMs. 

In educational environments, the carcinogenic risk values from the 
studies of Alghamdi et al. (2019), Mainka (2021), Bao et al. (2019), and 
Lu et al. (2019) were higher than the acceptable level. Metals with 
definite carcinogenic risk values (1 × 10− 4) in educational environments 
include Cd, Cr, Co, and Ni. The CR values of HMs in school environments 
decreased in the following order: Cr < Ni < Co < Cd < As < Pb. In 
contrast, the carcinogenic risk values for Pb and As in school environ
ments were at a possible level for children. The carcinogenic risk values 
from the studies of Famuyiwa and Entwistle (2021), Alias et al. (2021), 
and Othman et al. (2022) indicated probable risks. Zheng et al. (2013) 
assessed the effects of exposure to Cr, Ni, and Mn on lung function in 144 
schoolchildren, aged from 8 to 13 years. Their studies revealed that boys 
aged from 8 to 9 years had a lower forced vital capacity (FVC) of lung 
function (1859 vs. 2121 ml, p = 0.003). The contribution of the 
particular HMs to the carcinogenic risk in university environments 
decreased in the following order: Cd > Co > As > Cr > Ni. The carci
nogenic risk values of As, Cd, Co, Cr, and Ni reported in the study of Lu 
et al. (2019) were within a range of 1.11 × 10− 5 to 1.41 × 10− 4, indi
cating that the acceptable risk level of 1 × 10− 6 was exceeded. In the 
reviewed articles, all reported HM values indicated the lowest carcino
genic risk in the summer season and the highest in the winter season 
(Bao et al., 2019; Mainka, 2021). 

Among the HMs evaluated in office environments, Pb caused the 
highest carcinogenic risk value for adults according to the study of 
Othman et al. (2016) with the CR value of 1.35× 10− 3. The total CR 
values found in the studies of Lu et al. (2019) for HMs ranged from 1.11 
× 10− 5 to 1.41 × 10− 4. The reason explaining this situation could be 
overcrowding, carrying out various laboratory activities, and the prox
imity to the main traffic routes of the city. Arı (2020) estimated that the 
carcinogenic risk of Cr, Ni, and As exposure was within the possible risk 
range in an office room at the university. 

The CR values for HMs in commercial environments exceeded an 
acceptable level of 1 × 10− 6, indicating potential carcinogenic risks of 
exposure to multiple metal inhalation. The carcinogenic risk values of 
HMs in the study of Massey et al. (2016) were lower than 1.00 × 10− 6, 
which revealed a negligible risk. Among the HMs evaluated in com
mercial environments, the highest carcinogenic risk values were stated 
for Cr in cafes (CR = 2.06 × 10− 3) (Masjedi et al., 2020) and barbeque 
restaurants (CR = 1.16 × 10− 4) (Taner et al., 2013). The CR values for Cr 
in commercial environments also reflect the potential for carcinogenic 
effect occurrence. The CR values for Cd in commercial restaurants (CR =
2.30× 10− 5) (Dai et al., 2018), and As (CR = 3.89 × 10− 5) in barbeque 
restaurants (Taner et al., 2013) were in the probable risk level. IARC has 
designated Cr(VI) as a Group 1 carcinogen. Cr(VI) is readily absorbed 
from the respiratory system and enters the cells, where various re
ductants, including glutathione and ascorbate, can reduce it. This 
reduction produces glutathione radicals, Cr(V) and Cr(IV), which can 
target DNA and cause Cr(VI)-induced carcinogenesis (Ding and Shi, 
2002). 

Among studies related to urban, industrial, subway, and hospital 
environments, the average values of the carcinogenic risk for all envi
ronments were within the range of probable carcinogenic risks. 
Furthermore, the risks associated with As, Co, Cr, and Ni contents on the 
subway platforms in China exceeded the acceptable risk level of 1 ×

10− 5, indicating that city commuters were potentially exposed to severe 
carcinogenic risk. Slezakova et al. (2014) found that in therapeutic 
settings, such as hospitals, the total carcinogenic risks of HMs exceeded 
the recommended level highly (up to 67 times) for all age groups, clearly 
indicating that exposure to HMs in fine particles poses a significant risk. 
These results revealed alarming HM concentrations in therapeutic set
tings and the possibility of related serious side effects in patients. 

When the human body is exposed to HMs from air inhalation, non- 
dietary ingestion, such as soil/dust, or contact with the skin, it accu
mulates these HMs inside. HMs exhibit a propensity for bioaccumulation 
within various human tissues, namely placenta, umbilical cord blood, 
blood and serum, hair, and urine. HMs have the potential to cause a 
variety of diseases, such as cancer, abnormalities in mental health, 
neurodevelopment, thyroid dysfunction, and overall decline in physical 
health. These harmful effects are primarily due to DNA damage and 
changes in gene expression (Mitra et al., 2022). For example, the toxic 
effects of excessive Ni concentrations include liver, kidney, and brain 
damage. IARC classified Ni as a group 1 carcinogen. Ni can induce DNA 
damage by binding directly to DNA, inhibiting the damage repair sys
tem, and stimulating reactive oxygen species (ROS) production (Guo 
et al., 2019). It is well-recognized that prolonged exposure to HMs can 
have adverse health effects. Health risk values in most of the investi
gated cities were within the range of possible to probable risk. The risk 
value is also expected to increase as traffic levels and population density 
increase. The primary sources of HMs in urban environments include 
industrial chemical emissions, coal combustion, dust deposition, auto
mobile emissions, and suspended atmospheric materials. According to 
studies, environmental protection authorities should pay closer atten
tion to the health concerns generated by HMs in urban environments. 
Since indoor dust is the main source of HMs, further studies are needed 
on indoor dust exposure, particularly in children. 

The study revealed that indoor environments, particularly educa
tional settings, can expose children and students to high levels of HMs. 
Exposure to HMs can have detrimental impacts on the health of children 
and students. Therefore, it is crucial to closely observe the health con
ditions of children and students in areas close to industrial sites to 
guarantee their protection against prolonged exposure to HMs, which 
can lead to permanent health consequences. One method to enhance air 
quality in educational facilities is accurately assessing the supply based 
on the demand. Increasing officials' awareness, especially managers', is 
fundamental to improving air quality in educational environments. It is 
essential to consistently utilize the indoor air quality index to continu
ously monitor the air quality and then evaluate the level of health risk 
for children and students in educational facilities. However, proposing 
strategies to enhance air quality in educational buildings can substan
tially affect indoor air quality. For example, air purifiers can lower 
acceptable particle concentrations by 40 %. Therefore, better studies 
and monitor these environments are needed to provide appropriate 
control techniques and recommendations for this public health issue. 

There are currently guidelines for the materials and products used in 
indoor residential and public spaces. However, it is essential to note that 
these fixtures and fittings can remain in place for many years, but they 
may not be compliant with today's standards. Consequently, this in
dicates that older interior spaces that are poorly constructed or main
tained and those that contain outdated furniture or personal belongings 
may have higher risk values. Air purifiers can protect human health from 
heavy metals by absorbing particle matter in the interior air. As a result, 
when pollution sources are challenging to manage, we may employ air 
purifiers to produce a more pleasant and healthful indoor environment. 
It is essential to consider the impact of building design and production 
on pollution emissions, especially in public spaces, as this is relevant to 
public health. Utilizing more efficient airflow and pollutant transport 
modeling techniques in enclosed spaces can help elucidate variations in 
risk ratings among residential structures located in different locales or at 
varying distances from pollution sources like roadways. There is a 
growing focus on designing sustainable buildings and implementing 

A.H. Khoshakhlagh et al.                                                                                                                                                                                                                      



Science of the Total Environment 932 (2024) 172556

19

low-energy and automated heating/cooling systems in buildings. These 
advancements can create healthier and more environmentally friendly 
indoor environments. In conclusion, the study emphasizes the critical 
nature of future deliberations regarding environmental HM monitoring, 
specifically legislation addressing this issue via control measures 
applicable to indoor and outdoor environments. 

4. Conclusions 

Environmental pollution with heavy metals (HMs) is one of the 
biggest concerns worldwide as environmental exposure to heavy metals 
has grown as a result of the growing usage of chemical products, and 
IARC has proven that some of them are carcinogenic and mutagenic. As 
local governments, industries, and businesses may lack measures to 
mitigate heavy metal emissions, this systematic review investigated 
inhalation exposure to heavy metals in environmental situations and 
related health risks worldwide using data from five credible databases. 
In this study, the levels of pollution and related health risks posed by Pb, 
Cd, Cr, Cu, Zn, Ni, As, and Co in ambient air were analyzed. Based on the 
results obtained, it was revealed that HM concentrations in most 
household environments were higher than the WHO guideline values, 
reflecting moderate levels of pollution and the strong possibility of being 
influenced by the anthropogenic activities of HMs. Most of the school, 
university, and office environments studied were characterized by low 
to moderate levels of air pollution. In contrast, in commercial environ
ments investigated levels of HM pollution were high. The HQ values 
indicated that in some household environments, cafes, hospitals, res
taurants, and subways the non-carcinogenic risk was significant due to 
inhalation exposure to HMs in humans. Additionally, the carcinogenic 
risk stated in household environments for Cd, Pb, Cr, As, and Co, in 
educational environments for Cd, Cr, Ni, and Co, in office environments 
for Pb, Cd, and Co, and in commercial environments for Cr exceeded the 
acceptable level (1 × 10− 4). These findings provide valuable informa
tion on the distribution of HMs in various indoor and outdoor envi
ronments and highlight the environments in which the highest attention 
should be paid for implementing effective interventions to reduce HM 
exposure and related health risks in the future. Considering the biolog
ical conditions of children and their higher vulnerability during expo
sure to inhaled pollutants, continuous monitoring of air quality in the 
educational and household environments is suggested. 

Funding 

The author(s) reported there is no funding associated with the work 
featured in this article. 

CRediT authorship contribution statement 

Amir Hossein Khoshakhlagh: Writing – review & editing, Writing – 
original draft, Supervision, Software, Resources, Project administration, 
Methodology, Investigation, Data curation, Conceptualization. Safiye 
Ghobakhloo: Writing – original draft, Software, Project administration, 
Investigation, Formal analysis, Conceptualization. Willie J.G.M. Peij
nenburg: Writing – review & editing. Agnieszka Gruszecka-Kosow
ska: Writing – review & editing. Domenico Cicchella: Writing – review 
& editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.172556. 

References 

Abdulaziz, M., Musayev, S., 2017. Multicomponent biosorption of heavy metals from 
aqueous solutions: a review. Pol. J. Environ. Stud. 26, 1433–1441. https://doi.org/ 
10.15244/pjoes/67975. 

Abt, E., Suh, H.H., Catalano, P., Koutrakis, P., 2000. Relative contribution of outdoor and 
indoor particle sources to indoor concentrations. Environ. Sci. Technol. 34 (17), 
3579–3587. https://doi.org/10.1021/es990348y. 

Aghadadashi, V., Neyestani, M.R., Mehdinia, A., Bakhtiari, A.R., Molaei, S., Farhangi, M., 
Esmaili, M., Marnani, H.R., Gerivani, H., 2019. Spatial distribution and vertical 
profile of heavy metals in marine sediments around Iran’s special economic energy 
zone; arsenic as an enriched contaminant. Mar. Pollut. Bull. 138, 437–450. https:// 
doi.org/10.1016/j.marpolbul.2018.11.033. 

Al-Harbi, M., Alhajri, I., Whalen, J.K., 2021. Characteristics and health risk assessment of 
heavy metal contamination from dust collected on household HVAC air filters. 
Chemosphere 277, 130276. https://doi.org/10.1016/j.chemosphere.2021.130276. 

Al Hejami, A., Davis, M., Prete, D., Lu, J., Wang, S., 2020. Heavy metals in indoor settled 
dusts in Toronto, Canada. Sci. Total Environ. 703, 134895 https://doi.org/10.1016/ 
j.scitotenv.2019.134895. 

Albar, H.M.S.A., Ali, N., Eqani, S.A.M.A.S., Alhakamy, N.A., Nazar, E., Rashid, M.I., 
Shahzad, K., Ismail, I.M.I., 2020. Trace metals in different socioeconomic indoor 
residential settings, implications for human health via dust exposure. Ecotox. 
Environ. Saf. 189, 109927 https://doi.org/10.1016/j.ecoenv.2019.109927. 

Alghamdi, M.A., Hassan, S.K., Alzahrani, N.A., Almehmadi, F.M., Khoder, M.I., 2019. 
Risk assessment and implications of schoolchildren exposure to classroom heavy 
metals particles in Jeddah, Saudi Arabia. Int. J. Environ. Res. Public Health 16, 
5017. https://doi.org/10.3390/ijerph16245017. 

Ali, H., Khan, E., 2018. Bioaccumulation of non-essential hazardous heavy metals and 
metalloids in freshwater fish. Risk to human health. Environ. Chem. Lett. 16, 
903–917. https://doi.org/10.1007/s10311-018-0734-7. 

Alias, A., Nadzir, M.S.M., Latif, M.T., Khan, M.F., Hamid, H.H.A., Sahani, M., Wahab, M. 
I.A., Othman, M., Mohamed, F., Mohamad, N., 2021. The concentration of 
particulate matters in mechanically ventilated school classroom during haze episode 
in Kuala Lumpur City Centre. Air Qual. Atmos. Health 1–17. https://doi.org/ 
10.1007/s11869-021-01132-5. 

AlMulla, A.A., Berekaa, M., Saifullah, Dahlawi, S., 2022. Human exposure assessment to 
air pollutants in AC filters from agricultural, industrial, and residential areas. 
Atmosphere 13 (11), 1899. https://doi.org/10.3390/atmos13111899. 

Al-Rajhi, M., Seaward, M., Al-Aamer, A., 1996. Metal levels in indoor and outdoor dust in 
Riyadh, Saudi Arabia. Environ. Int. 22, 315–324. https://doi.org/10.1016/0160- 
4120(96)00017-7. 

Arı, A., 2020. A comprehensive study on gas and particle emissions from laser printers: 
chemical composition and health risk assessment. Atmos. Pollut. Res. 11, 269–282. 
https://doi.org/10.1016/j.apr.2019.10.013. 

Ashmore, M., Dimitroulopoulou, C., 2009. Personal exposure of children to air pollution. 
Atmos. Environ. 43, 128–141. https://doi.org/10.1016/j.atmosenv.2008.09.024. 

Atkinson, J., Chartier, Y., Pessoa-Silva, C.L., Jensen, P., Li, Y., Seto, W.-H., 2009. Design 
and Operation, Natural Ventilation for Infection Control in Health-Care Settings. 
World Health Organization, Geneva.  

Baccarelli, A., Martinelli, I., Pegoraro, V., Melly, S., Grillo, P., Zanobetti, A., Hou, L., 
Bertazzi, P.A., Mannucci, P.M., Schwartz, J., 2009. Living near major traffic roads 
and risk of deep vein thrombosis. Circulation 119, 3118–3124. https://doi.org/ 
10.1161/CIRCULATIONAHA.108.836163. 

Bao, L., Wang, S., Sun, H., Huang, W., Wang, G., Nan, Z., 2019. Assessment of source and 
health risk of metal (loid) s in indoor/outdoor dust of university dormitory in 
Lanzhou City, China. Environ. Sci. Pollut. Res. 26, 32333–32344. https://doi.org/ 
10.1007/s11356-019-06365-7. 

Beamer, P., Key, M.E., Ferguson, A.C., Canales, R.A., Auyeung, W., Leckie, J.O., 2008. 
Quantified activity pattern data from 6 to 27-month-old farmworker children for use 
in exposure assessment. Environ. Res. 108, 239–246. https://doi.org/10.1007/ 
s11356-019-06365-7. 

Bilos, C., Colombo, J., Skorupka, C., Presa, M.R., 2001. Sources, distribution and 
variability of airborne trace metals in La Plata City area, Argentina. Environ. Pollut. 
111, 149–158. https://doi.org/10.1016/S0269-7491(99)00328-0. 

Bishak, Y.K., Payahoo, L., Osatdrahimi, A., Nourazarian, A., 2015. Mechanisms of 
cadmium carcinogenicity in the gastrointestinal tract. Asian Pac. J. Cancer Prev. 16, 
9–21. https://doi.org/10.7314/APJCP.2015.16.1.9. 
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markers of smoking in human lung tissue. Environ. Res. 49 (2), 197–207. https:// 
doi.org/10.1016/s0013-9351(89)80065-9. 

Pavilonis, B.T., Anthony, T.R., O’Shaughnessy, P.T., Humann, M.J., Merchant, J.A., 
Moore, G., Thorne, P.S., Weisel, C.P., Sanderson, W.T., 2013. Indoor and outdoor 
particulate matter and endotoxin concentrations in an intensely agricultural county. 
J. Expo. Sci. Environ. Epidemiol. 23, 299–305. https://doi.org/10.1038/ 
jes.2012.123. 

Praveena, S.M., Abdul Mutalib, N.S., Aris, A.Z., 2015. Determination of heavy metals in 
indoor dust from primary school (Sri Serdang, Malaysia): estimation of the health 
risks. Environ. Forensic 16, 257–263. https://doi.org/10.1080/ 
15275922.2015.1059388. 

Quang, T.N., He, C., Morawska, L., Knibbs, L.D., 2013. Influence of ventilation and 
filtration on indoor particle concentrations in urban office buildings. Atmos. 
Environ. 79, 41–52. https://doi.org/10.1016/j.atmosenv.2013.06.009. 

Rabha, R., Ghosh, S., Padhy, P.K., 2018. Indoor air pollution in rural north-east India: 
elemental compositions, changes in haematological indices, oxidative stress and 
health risks. Ecotoxicol. Environ. Saf. 165, 393–403. https://doi.org/10.1016/j. 
ecoenv.2018.09.014. 

Rangel-Mendez, J.A., Arcega-Cabrera, F.E., Fargher, L.F., Moo-Puc, R.E., 2016. Mercury 
levels assessment and its relationship with oxidative stress biomarkers in children 
from three localities in Yucatan, Mexico. Sci. Total Environ. 543, 187–196. https:// 
doi.org/10.1016/j.scitotenv.2015.10.152. 

Rashed, M.N., 2008. Total and extractable heavy metals in indoor, outdoor and street 
dust from Aswan City, Egypt. Clean–Soil, Air, Water 36, 850–857. https://doi.org/ 
10.1002/clen.200800062. 

Raysoni, A.U., Stock, T.H., Sarnat, J.A., Sosa, T.M., Sarnat, S.E., Holguin, F., 
Greenwald, R., Johnson, B., Li, W.-W., 2013. Characterization of traffic-related air 
pollutant metrics at four schools in El Paso, Texas, USA: implications for exposure 
assessment and siting schools in urban areas. Atmos. Environ. 80, 140–151. https:// 
doi.org/10.1016/j.atmosenv.2013.07.056. 

Rehman, A.U., Nazir, S., Irshad, R., Tahir, K., ur Rehman, K., Islam, R.U., Wahab, Z., 
2021. Toxicity of heavy metals in plants and animals and their uptake by magnetic 
iron oxide nanoparticles. J. Mol. Liq. 321, 114455 https://doi.org/10.1016/j. 
molliq.2020.114455. 

Riley, W.J., McKone, T.E., Lai, A.C., Nazaroff, W.W., 2002. Indoor particulate matter of 
outdoor origin: importance of size-dependent removal mechanisms. Environ. Sci. 
Tech. 36, 200–207. https://doi.org/10.1021/es010723y. 

Rohra, H., Tiwari, R., Khandelwal, N., Taneja, A., 2018. Mass distribution and health risk 
assessment of size segregated particulate in varied indoor microenvironments of 
Agra, India-a case study. Urban Clim. 24, 139–152. https://doi.org/10.1016/j. 
uclim.2018.01.002. 

Rossman, T.G., 2003. Mechanism of arsenic carcinogenesis: an integrated approach. 
Mutat. Res.-Fund. Mol. M. 533, 37–65. https://doi.org/10.1016/j. 
mrfmmm.2003.07.009. 

Rout, T.K., Masto, R., Ram, L., George, J., Padhy, P.K., 2013. Assessment of human 
health risks from heavy metals in outdoor dust samples in a coal mining area. 
Environ. Geochem. Health 35, 347–356. https://doi.org/10.1007/s10653-012- 
9499-2. 

Sall, M.L., Diaw, A.K.D., Gningue-Sall, D., Efremova Aaron, S., Aaron, J.-J., 2020. Toxic 
heavy metals: impact on the environment and human health, and treatment with 
conducting organic polymers, a review. Environ. Sci. Pollut. Res. 27, 29927–29942. 
https://doi.org/10.1007/s11356-020-09354-3. 

Sanborn, M.D., Abelsohn, A., Campbell, M., Weir, E., 2002. Identifying and managing 
adverse environmental health effects: 3. Lead exposure. CMAJ 166, 1287–1292. 
12041847. 

Sijko, M., Kozłowska, L., 2021. Influence of dietary compounds on arsenic metabolism 
and toxicity. Part I - Animal model studies. Toxics 9, 258. https://doi.org/10.3390/ 
toxics9100258. 

Silbergeld, E.K., 2003. Facilitative mechanisms of lead as a carcinogen. Mutat. Res.-Fund. 
Mol. M. 533, 121–133. https://doi.org/10.1016/j.mrfmmm.2003.07.010. 

Silvera, S.A.N., Rohan, T.E., 2007. Trace elements and cancer risk: a review of the 
epidemiologic evidence. Cancer Causes Control 18, 7–27. https://doi.org/10.1007/ 
s10552-006-0057-z. 

Slezakova, K., Pereira, M., Alvim-Ferraz, M., 2009. Influence of tobacco smoke on the 
elemental composition of indoor particles of different sizes. Atmos. Environ. 43, 
486–493. https://doi.org/10.1016/j.atmosenv.2008.10.017. 

Slezakova, K., Morais, S., Pereira, M.d.C., 2014. Trace metals in size-fractionated 
particulate matter in a Portuguese hospital: exposure risks assessment and 
comparisons with other countries. Environ. Sci. Pollut. Res. 21, 3604–3620. https:// 
doi.org/10.1007/s11356-013-2316-3. 

Somsunun, K., Prapamontol, T., Kuanpan, T., Santijitpakdee, T., Kohsuwan, K., 
Jeytawan, N., Thongjan, N., 2023. Health risk assessment of heavy metals in indoor 
household dust in urban and rural areas of Chiang Mai and Lamphun provinces, 
Thailand. Toxics 11 (12), 1018. https://doi.org/10.3390/toxics11121018. 

Srivastava, A., Jain, V., 2007. A study to characterize the suspended particulate matter in 
an indoor environment in Delhi, India. Built Environ. 42, 2046–2052. https://doi. 
org/10.1016/j.buildenv.2006.03.007. 

Sulaiman, F.R., Brimblecombe, P., Grossi, C.M., 2016. Mobilisation of trace elements on 
roofing tiles. Indoor Built Environ. 25, 329–339. https://doi.org/10.1177/ 
1420326X14549266. 

Sulaiman, F.R., Bakri, N.I.F., Nazmi, N., Latif, M.T., 2017. Assessment of heavy metals in 
indoor dust of a university in a tropical environment. Environ. Forensic 18, 74–82. 
https://doi.org/10.1080/15275922.2016.1263903. 

Sun, Y., Zhou, Q., Xie, X., Liu, R., 2010. Spatial, sources and risk assessment of heavy 
metal contamination of urban soils in typical regions of Shenyang, China. J. Hazard. 
Mater. 174, 455–462. https://doi.org/10.1016/j.jhazmat.2009.09.074. 

A.H. Khoshakhlagh et al.                                                                                                                                                                                                                      

https://doi.org/10.1038/s41598-019-39684-3
https://doi.org/10.1080/26395940.2020.1741449
https://doi.org/10.1080/26395940.2020.1741449
https://doi.org/10.1016/j.buildenv.2009.02.010
https://doi.org/10.1016/j.buildenv.2009.02.010
https://doi.org/10.1016/j.buildenv.2009.02.010
https://doi.org/10.1016/j.scitotenv.2004.10.002
https://doi.org/10.1016/j.scitotenv.2004.10.002
https://doi.org/10.1016/j.atmosenv.2008.05.067
https://doi.org/10.1016/j.atmosenv.2006.08.034
https://doi.org/10.1007/978-981-10-7284-0_5
https://doi.org/10.1007/978-981-10-7284-0_5
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.1377/hlthaff.2011.0077
https://doi.org/10.1377/hlthaff.2011.0077
https://doi.org/10.1016/j.ecoenv.2015.11.002
https://doi.org/10.1016/j.ecoenv.2015.11.002
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0375
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0375
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0375
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0375
https://doi.org/10.1016/j.envint.2018.07.015
https://doi.org/10.1542/peds.113.s3.996
https://doi.org/10.1542/peds.113.s3.996
https://doi.org/10.1016/j.atmosenv.2004.02.022
https://doi.org/10.1016/j.atmosenv.2004.02.022
https://ncec.gov.sa/wp-content/uploads/2021/08/Air-Quality.pdf
https://ncec.gov.sa/wp-content/uploads/2021/08/Air-Quality.pdf
https://doi.org/10.1016/j.jafrearsci.2014.10.007
https://doi.org/10.1016/j.jafrearsci.2014.10.007
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0400
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0400
https://doi.org/10.1007/s11869-015-0368-x
https://doi.org/10.1007/s11869-015-0368-x
https://doi.org/10.1016/j.ecoenv.2017.10.034
https://doi.org/10.1016/j.ecoenv.2017.10.034
https://doi.org/10.1016/j.ecoenv.2018.12.042
https://doi.org/10.1016/j.atmosenv.2022.118963
https://doi.org/10.1016/j.atmosenv.2022.118963
https://doi.org/10.1016/s0013-9351(89)80065-9
https://doi.org/10.1016/s0013-9351(89)80065-9
https://doi.org/10.1038/jes.2012.123
https://doi.org/10.1038/jes.2012.123
https://doi.org/10.1080/15275922.2015.1059388
https://doi.org/10.1080/15275922.2015.1059388
https://doi.org/10.1016/j.atmosenv.2013.06.009
https://doi.org/10.1016/j.ecoenv.2018.09.014
https://doi.org/10.1016/j.ecoenv.2018.09.014
https://doi.org/10.1016/j.scitotenv.2015.10.152
https://doi.org/10.1016/j.scitotenv.2015.10.152
https://doi.org/10.1002/clen.200800062
https://doi.org/10.1002/clen.200800062
https://doi.org/10.1016/j.atmosenv.2013.07.056
https://doi.org/10.1016/j.atmosenv.2013.07.056
https://doi.org/10.1016/j.molliq.2020.114455
https://doi.org/10.1016/j.molliq.2020.114455
https://doi.org/10.1021/es010723y
https://doi.org/10.1016/j.uclim.2018.01.002
https://doi.org/10.1016/j.uclim.2018.01.002
https://doi.org/10.1016/j.mrfmmm.2003.07.009
https://doi.org/10.1016/j.mrfmmm.2003.07.009
https://doi.org/10.1007/s10653-012-9499-2
https://doi.org/10.1007/s10653-012-9499-2
https://doi.org/10.1007/s11356-020-09354-3
pmid:12041847
https://doi.org/10.3390/toxics9100258
https://doi.org/10.3390/toxics9100258
https://doi.org/10.1016/j.mrfmmm.2003.07.010
https://doi.org/10.1007/s10552-006-0057-z
https://doi.org/10.1007/s10552-006-0057-z
https://doi.org/10.1016/j.atmosenv.2008.10.017
https://doi.org/10.1007/s11356-013-2316-3
https://doi.org/10.1007/s11356-013-2316-3
https://doi.org/10.3390/toxics11121018
https://doi.org/10.1016/j.buildenv.2006.03.007
https://doi.org/10.1016/j.buildenv.2006.03.007
https://doi.org/10.1177/1420326X14549266
https://doi.org/10.1177/1420326X14549266
https://doi.org/10.1080/15275922.2016.1263903
https://doi.org/10.1016/j.jhazmat.2009.09.074


Science of the Total Environment 932 (2024) 172556

22

Tahir, N.M., Chee, P.S., Jaafar, M., 2007. Determination of heavy metals content in soils 
and indoor dusts from nurseries in Dungun, Terengganu. Malays. J. Anal. Sci. 11, 
280–286. 

Tan, S.Y., Praveena, S.M., Abidin, E.Z., Cheema, M.S., 2018. Heavy metal quantification 
of classroom dust in school environment and its impacts on children health from 
Rawang (Malaysia). Environ. Sci. Pollut. Res. 25, 34623–34635. https://doi.org/ 
10.1007/s11356-018-3396-x. 

Taner, S., Pekey, B., Pekey, H., 2013. Fine particulate matter in the indoor air of 
barbeque restaurants: elemental compositions, sources and health risks. Sci. Total 
Environ. 454, 79–87. https://doi.org/10.1016/j.scitotenv.2013.03.018. 

Tashakor, M., Behrooz, R.D., Asvad, S.R., Kaskaoutis, D.G., 2022. Tracing of heavy 
metals embedded in indoor dust particles from the industrial city of Asaluyeh, South 
of Iran. Int. J. Environ. Res. Public Health 19, 7905. https://doi.org/10.3390/ 
ijerph19137905. 

Tchounwou, P.B., Patlolla, A.K., Centeno, J.A., 2003. Invited reviews: carcinogenic and 
systemic health effects associated with arsenic exposure - a critical review. Toxicol. 
Pathol. 31, 575–588. https://doi.org/10.1080/01926230390242007. 

Tian, L., Zhang, G., Lin, Y., Yu, J., Zhou, J., Zhang, Q., 2009. Mathematical model of 
particle penetration through smooth/rough building envelop leakages. Built 
Environ. 44, 1144–1149. https://doi.org/10.1016/j.buildenv.2008.08.007. 

Titos, G., Lyamani, H., Pandolfi, M., Alastuey, A., Alados-Arboledas, L., 2014. 
Identification of fine (PM1) and coarse (PM10-1) sources of particulate matter in an 
urban environment. Atmos. Environ. 89, 593–602. https://doi.org/10.1016/j. 
atmosenv.2014.03.001. 

Tong, S.T., Lam, K.C., 2000. Home sweet home? A case study of household dust 
contamination in Hong Kong. Sci. Total Environ. 256, 115–123. https://doi.org/ 
10.1016/s0048-9697(00)00471-x. 

Tran, D.T., Alleman, L.Y., Coddeville, P., Galloo, J.-C., 2012. Elemental characterization 
and source identification of size resolved atmospheric particles in French classrooms. 
Atmos. Environ. 54, 250–259. https://doi.org/10.1016/j.atmosenv.2012.02.021. 

Turner, A., 2011. Oral bioaccessibility of trace metals in household dust: a review. 
Environ. Geochem. Health 33, 331–341. https://doi.org/10.1007/s10653-011- 
9386-2. 

USEPA, 1989. United States of Environmental Protection Agency. In: Risk Assessment 
Guidance for Superfund Volume 1: Human Health Evaluation Manual (Part A). 
Office of Emergency and Remedial Response, Washington, DC, USA.  

USEPA, 2011. United States of Environmental Protection Agency. Integrated risk 
information system, US EPA, Washington, DC. Available at: http://www.epa. 
gov/IRIS/. 

USEPA, 2004. Risk Assessment Guidance for Superfund Volume I: Human Health 
Evaluation Manual (Part E, Supplemental Guidance for Dermal Risk Assessment): 
Washington, DC. EPA/540/R/99/005. Oswer9285. 7-02EP PB99–963312. 

Vardhan, K.H., Kumar, P.S., Panda, R.C., 2019. A review on heavy metal pollution, 
toxicity and remedial measures: current trends and future perspectives. J. Mol. Liq. 
290, 111197 https://doi.org/10.1016/j.molliq.2019.111197. 

Vosoughi, M., Shahi Zavieh, F., Mokhtari, S.A., Sadeghi, H., 2021. Health risk assessment 
of heavy metals in dust particles precipitated on the screen of computer monitors. 
Environ. Sci. Pollut. Res. 28, 40771–40781. https://doi.org/10.1007/s11356-021- 
13407-6. 

Wang, B.-L., Pang, S.-T., Sun, J.-P., Zhang, X.-L., Li, X.-L., Sun, Y.-G., Lu, X.-M., 
Zhang, Q., 2015. Levels of polychlorinated biphenyls in settled house dust from 
urban dwellings in China and their neurodevelopmental effects on preschool-aged 
children. Sci. Total Environ. 505, 402–408. https://doi.org/10.1016/j. 
scitotenv.2014.10.026. 

Wang, Z., Lu, Q.-C., He, H.-D., Wang, D., Gao, Y., Peng, Z.-R., 2017. Investigation of the 
spatiotemporal variation and influencing factors on fine particulate matter and 
carbon monoxide concentrations near a road intersection. Front. Earth Sci. 11, 
63–75. https://doi.org/10.1007/s11707-016-0564-5. 

Wang, F., Wang, J., Han, M., Jia, C., Zhou, Y., 2019. Heavy metal characteristics and 
health risk assessment of PM2. 5 in students’ dormitories in a university in Nanjing, 
China. Build. Environ. 160, 106206 https://doi.org/10.1016/j. 
buildenv.2019.106206. 

Wang, W., Chen, C., Liu, D., Wang, M., Han, Q., Zhang, X., Feng, X., Sun, A., Mao, P., 
Xiong, Q., 2022. Health risk assessment of PM2.5 heavy metals in county units of 
northern China based on Monte Carlo simulation and APCS-MLR. Sci. Total Environ. 
843, 156777 https://doi.org/10.1016/j.scitotenv.2022.156777. 

Wu, Y., Li, G., Yang, Y., An, T., 2019. Pollution evaluation and health risk assessment of 
airborne toxic metals in both indoors and outdoors of the Pearl River Delta, China. 
Environ. Res. 179, 108793 https://doi.org/10.1016/j.envres.2019.108793. 

Xu, H., Cao, J., Ho, K., Ding, H., Han, Y., Wang, G., Chow, J., Watson, J., Khol, S., 
Qiang, J., 2012. Lead concentrations in fine particulate matter after the phasing out 
of leaded gasoline in Xi’an, China. Atmos. Environ. 46, 217–224. https://doi.org/ 
10.1016/j.atmosenv.2011.09.078. 

Yang, Q., Chen, H., Li, B., 2015. Source identification and health risk assessment of 
metals in indoor dust in the vicinity of phosphorus mining, Guizhou Province, China. 
Arch. Environ. Contam. Toxicol. 68, 20–30. https://doi.org/10.1007/s00244-014- 
0064-0. 

Yao, Q., Wang, X., Jian, H., Chen, H., Yu, Z., 2015. Characterization of the particle size 
fraction associated with heavy metals in suspended sediments of the Yellow River. 
Int. J. Environ. Res. Public Health 12, 6725–6744. https://doi.org/10.3390/ 
ijerph120606725. 

Yap, C., Chew, W., Tan, S., 2012. Heavy metal concentrations in ceiling fan and roadside 
car park dust collected from residential colleges in Universiti Putra Malaysia, 
Serdang, Selangor. Pertanika J. Trop. Agric. Sci. 35, 75–83. 

Yongming, H., Peixuan, D., Junji, C., Posmentier, E.S., 2006. Multivariate analysis of 
heavy metal contamination in urban dusts of Xi'an, Central China. Sci. Total Environ. 
355, 176–186. https://doi.org/10.1016/j.scitotenv.2005.02.026. 

Yu, L., Wang, B., Cheng, M., Yang, M., Gan, S., Fan, L., Wang, D., Chen, W., 2020. 
Association between indoor formaldehyde exposure and asthma: a systematic review 
and meta-analysis of observational studies. Indoor Air 30, 682–690. https://doi.org/ 
10.1111/ina.12657. 

Yuswir, N.S., Praveena, S.M., Aris, A.Z., Hashim, Z., 2013. Bioavailability of heavy 
metals using in vitro digestion model: a state of present knowledge. Rev. Environ. 
Health 28, 181–187. https://doi.org/10.1515/reveh-2013-0012. 

Zhao, P., Feng, Y., Zhu, T., Wu, J., 2006. Characterizations of resuspended dust in six 
cities of North China. Atmos. Environ. 40, 5807–5814. https://doi.org/10.1016/j. 
atmosenv.2006.05.026. 

Zhao, L., Xu, Y., Hou, H., Shangguan, Y., Li, F., 2014. Source identification and health 
risk assessment of metals in urban soils around the Tanggu chemical industrial 
district, Tianjin, China. Sci. Total Environ. 468, 654–662. https://doi.org/10.1016/j. 
scitotenv.2013.08.094. 

Zheng, G., Xu, X., Li, B., Wu, K., Yekeen, T.A., Huo, X., 2013. Association between lung 
function in school children and exposure to three transition metals from an e-waste 
recycling area. J. Expo. Sci. Environ. Epidemiol. 23, 67–72. https://doi.org/ 
10.1038/jes.2012.84. 

Zhong, J.N.M., Latif, M.T., Mohamad, N., Wahid, N.B.A., Dominick, D., Juahir, H., 2014. 
Source apportionment of particulate matter (PM10) and indoor dust in a university 
building. Environ. Forensics 15, 8–16. https://doi.org/10.1080/ 
15275922.2013.872712. 

Zhou, L., Liu, G., Shen, M., Hu, R., Sun, M., Liu, Y., 2019. Characteristics and health risk 
assessment of heavy metals in indoor dust from different functional areas in Hefei, 
China. Environ. Pollut. 251, 839–849. https://doi.org/10.1016/j. 
envpol.2019.05.058. 

Zhou, L., Liu, G., Shen, M., Hu, R., Liu, Y., 2020. Source identification of heavy metals 
and stable carbon isotope in indoor dust from different functional areas in Hefei, 
China. Sci. Total Environ. 710, 135599 https://doi.org/10.1016/j. 
scitotenv.2019.135599. 

A.H. Khoshakhlagh et al.                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0525
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0525
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0525
https://doi.org/10.1007/s11356-018-3396-x
https://doi.org/10.1007/s11356-018-3396-x
https://doi.org/10.1016/j.scitotenv.2013.03.018
https://doi.org/10.3390/ijerph19137905
https://doi.org/10.3390/ijerph19137905
https://doi.org/10.1080/01926230390242007
https://doi.org/10.1016/j.buildenv.2008.08.007
https://doi.org/10.1016/j.atmosenv.2014.03.001
https://doi.org/10.1016/j.atmosenv.2014.03.001
https://doi.org/10.1016/s0048-9697(00)00471-x
https://doi.org/10.1016/s0048-9697(00)00471-x
https://doi.org/10.1016/j.atmosenv.2012.02.021
https://doi.org/10.1007/s10653-011-9386-2
https://doi.org/10.1007/s10653-011-9386-2
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5105
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5105
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5105
http://www.epa.gov/IRIS/
http://www.epa.gov/IRIS/
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5100
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5100
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf5100
https://doi.org/10.1016/j.molliq.2019.111197
https://doi.org/10.1007/s11356-021-13407-6
https://doi.org/10.1007/s11356-021-13407-6
https://doi.org/10.1016/j.scitotenv.2014.10.026
https://doi.org/10.1016/j.scitotenv.2014.10.026
https://doi.org/10.1007/s11707-016-0564-5
https://doi.org/10.1016/j.buildenv.2019.106206
https://doi.org/10.1016/j.buildenv.2019.106206
https://doi.org/10.1016/j.scitotenv.2022.156777
https://doi.org/10.1016/j.envres.2019.108793
https://doi.org/10.1016/j.atmosenv.2011.09.078
https://doi.org/10.1016/j.atmosenv.2011.09.078
https://doi.org/10.1007/s00244-014-0064-0
https://doi.org/10.1007/s00244-014-0064-0
https://doi.org/10.3390/ijerph120606725
https://doi.org/10.3390/ijerph120606725
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0615
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0615
http://refhub.elsevier.com/S0048-9697(24)02702-5/rf0615
https://doi.org/10.1016/j.scitotenv.2005.02.026
https://doi.org/10.1111/ina.12657
https://doi.org/10.1111/ina.12657
https://doi.org/10.1515/reveh-2013-0012
https://doi.org/10.1016/j.atmosenv.2006.05.026
https://doi.org/10.1016/j.atmosenv.2006.05.026
https://doi.org/10.1016/j.scitotenv.2013.08.094
https://doi.org/10.1016/j.scitotenv.2013.08.094
https://doi.org/10.1038/jes.2012.84
https://doi.org/10.1038/jes.2012.84
https://doi.org/10.1080/15275922.2013.872712
https://doi.org/10.1080/15275922.2013.872712
https://doi.org/10.1016/j.envpol.2019.05.058
https://doi.org/10.1016/j.envpol.2019.05.058
https://doi.org/10.1016/j.scitotenv.2019.135599
https://doi.org/10.1016/j.scitotenv.2019.135599

	To breathe or not to breathe: Inhalational exposure to heavy metals and related health risk
	1 Introduction
	2 Materials and methods
	2.1 Protocol development
	2.2 PECO statement
	2.2.1 Population types
	2.2.2 Exposure types
	2.2.3 Comparator types
	2.2.4 Outcome(s) types

	2.3 Literature sources and search strategy
	2.4 Inclusion and exclusion criteria
	2.5 Data collection
	2.6 Quality control
	2.7 Human health risk assessment
	2.8 Synthesis and analysis of results

	3 Result and discussion
	3.1 Systematic search results
	3.2 HM concentrations in household environments
	3.3 HM concentrations in educational environments
	3.3.1 School environments
	3.3.2 University environments

	3.4 HM concentrations in office and commercial environments
	3.5 HM concentrations in other types of environments
	3.6 Health risk assessment
	3.6.1 Non-carcinogenic risk
	3.6.2 Carcinogenic risk


	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


