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Abstract

This study reports a spatiotemporal characterization of formaldehyde and acetaldehyde in the 

summer and winter of 2017 in the urban area of Shiraz, Iran. Sampling was fulfilled according to 

EPA Method TO-11 A. The inverse distance weighting (IDW) procedure was used for spatial 

mapping. Monte Carlo simulations were conducted to evaluate carcinogenic and non-cancer risk 

owing to formaldehyde and acetaldehyde exposure in 11 age groups. The average concentrations 

of formal-dehyde/acetaldehyde in the summer and winter were 15.07/8.40 μg m−3 and 8.57/3.52 

μg m−3, respectively. The formaldehyde to acetaldehyde ratios in the summer and winter were 1.80 

and 2.43, respectively. The main sources of formaldehyde and acetaldehyde were photochemical 

generation, vehicular traffic, and biogenic emissions (e.g., coniferous and deciduous trees). The 
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mean inhalation lifetime cancer risk (LTCR) values according to the Integrated Risk Information 

System (IRIS) for formaldehyde and acetaldehyde in summer and winter ranged between 7.55 × 

10−6 and 9.25 × 10−5, which exceed the recommended value by US EPA. The average LTCR 

according to the Office of Environmental Health Hazard Assessment (OEHHA) for formaldehyde 

and acetaldehyde in summer and winter were between 4.82 × 10−6 and 2.58 × 10−4, which exceeds 

recommended values for five different age groups (Birth to <1, 1 to <2, 2 to < 3, 3 to <6, and 6 to 

<11 years). Hazard quotients (HQs) of formaldehyde ranged between 0.04 and 4.18 for both 

seasons, while the HQs for acetaldehyde were limited between 0.42 and 0.97.
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1. Introduction

One of the main anthropogenic sources of air pollution in urban atmospheres is vehicular 

exhaust (Lü et al., 2010, 2016; Viskari et al., 2000), with a chief component being volatile 

organic compounds (VOCs) (Ho et al., 2016; Tunsaringkarn et al., 2012a). The main class of 

VOCs is aldehyde species, with the primary components being formaldehyde (HCHO, 

hereinafter FA) and acetaldehyde (CH3CHO, hereinafter AA). These two species have been 

targeted in numerous toxicological studies owing to their deleterious health effects (Health 

and Services, 1999; Neghab et al., 2017; Salthammer et al., 2010; Til et al., 1988; 

Tunsaringkarn et al., 2012b, 2012c). Their ubiquity and importance in ambient air have been 

documented in many past studies (Lü et al., 2016; Neghab et al., 2017; Sarkar et al., 2017). 

Owing to rapid global urbanization and population growth, characterizing the concentrations 

and health effects of these aldehyde species is important as vehicular emissions are a major 

pollutant source in urban centers (Bauri et al., 2016; Crosbie et al., 2014; Hazrati et al., 

2016b; Mannucci and Franchini, 2017; Masih et al., 2016; Morknoy et al., 2011; Rad et al., 

2014; Sarkar et al., 2017; Saxena and Ghosh, 2012; Tunsaringkarn et al., 2014).

Formaldehyde and AA can be emitted directly from the source or by secondary production 

via photochemical reactions (Chi et al., 2007; de Carvalho et al., 2008; de Mendonça Ochs 

et al., 2015; Ho et al., 2016; Morknoy et al., 2011; Wang et al., 2005). Emissions sources 

include vegetation and anthropogenic sources such as gas stations, motor vehicle emissions, 

and bus terminals (Anderson et al., 1996; de Mendonça Ochs et al., 2015; Duan et al., 2012; 

Lü et al., 2010; Morknoy et al., 2011; Nogueira et al., 2014; Nogueira et al., 2017; Viskari et 

al., 2000). Concentrations of these species have been reported to depend on meteorological 

conditions such as temperature, humidity, and wind speed (Lü et al., 2016; Missia et al., 

2010; Morknoy et al., 2011). According to United States Environmental Protection Agency 

(U.S. EPA), FA and AA are classified as group B1 (human carcinogen) and group B2 

(probable human carcinogen) species, respectively (de Mendonça Ochs et al., 2015; 

Rodrigues et al., 2012; USEPA, 1999a, 1999b). In addition, FA leads to eye irritation, a dry 

or sore throat, mucous membranes, a tingling sensation of the nose, menstrual disorders, 

pregnancy problems, and bronchial asthma-like symptoms (Barkhordari et al., 2017; Ho et 

al., 2016; Kanjanasiranont et al., 2017; Tunsaringkarn et al., 2012c; U.S.EPA, 2000). 
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Furthermore, effects of AA on the human health include headache, vomiting, eye irritation, 

nausea, mucous membranes, and negative impacts on skin, throat, and the respiratory tract 

(Kanjanasiranont et al., 2017; Tunsaringkarn et al., 2012c; U.S.EPA, 2000). The ratio of 

these two species is potentially a useful indicator of emissions sources; for instance, Viskari 

et al. (2000) and Lü et al. (2010) showed for Finland and China, respectively, that the 

FA/AA ratio in winter was about 0.69–2.60, while in summer, the FA/AA ratio was about 

0.11–2.60 (Lü et al., 2010; Viskari et al., 2000). On the other hand, Anderson et al. (1996), 

Viskari et al. (2000) and Nogueira et al. (2017) reported FA/AA ratios less than two, 

indicating that secondary sources contributed significantly to FA and AA concentrations in 

summer (Anderson et al., 1996; Nogueira et al., 2017; Viskari et al., 2000). Differences in 

the FA:AA ratio between these studies can be used for identifying sources of FA and AA 

such as vehicular emissions, fuel containing of ethanol, and biogenic and secondary sources 

(photochemical generation) (Lü et al., 2016; Nogueira et al., 2014, 2017; Rao et al., 2016; 

Viskari et al., 2000).

The aim of this study is to report for the first time FA and AA characteristics near main 

squares in Shiraz city, with discussion of effects on public health. More specifically, the 

subsequent discussion presents concentrations, spatial and temporal characteristics, 

production pathways, and a health risk assessment for 11 different age groups. The results of 

this work have broad implications for other populated areas with vehicular emissions.

2. Material and methods

2.1. Study area

Shiraz is located in the southwestern part of Iran (29°36′N, 52°32′ E) and the capital of the 

Fars province (Fig. 1). It has a population of ~1.8 million according to the recent census 

report in 2017, that describes it as the fifth most populated city in Iran (Dehghani et al., 

2018; Statistical Centre of Iran (SCI), 2016). Shiraz covers 240 km2 and includes eleven 

urban terrains with mean population density of nearly 6890 residents per km2 (Statistical 

Centre of Iran (SCI), 2016). The city is characterized as having a semi-arid climate. This city 

was categorized as one of the main polluted cities in Iran (Arfaeinia et al., 2017; Dehghani et 

al., 2018; Fathabadi and Hajizadeh, 2016). The air sampling locations, shown in Fig. 1, were 

selected based on numerous factors such as vicinity to major populated centers, high levels 

of traffic congestion, and convenience for sampling.

2.2. Data collection and analysis

Sampling of FA and AA was performed based on EPA Method TO-11A (USEPA, 1996, 

1999a; 1999b). Measurements were conducted over 4 h in the evening (16:00–20:00 local 

time) in the summer (22 June 2017 to 22 July 2017) and winter (22 December 2017 to 20 

January 2018) via active sampling (SKC, Model 222-ml/COUNT) using sorbent sample 

tubes (Cat. Nos. 226-119-7, SKC, Inc., U.S.A, including high grade silica gel coated with 

2,4-dinitrophenylhydrazine (2,4-DNPH), 7 mm × 110 mm size, two parts, 150 mg 

(front)/300 mg (backup) sorbent) at a flow rate of 1.00 L min−1 (sample volume ~ 240.00 

L). In addition, potassium iodide was used as an ozone scrubber in the sorbent tubes (Corrêa 

et al., 2010; Fung and Grosjean, 1981; Fung and Wright, 1990; Possanzini et al., 2002). 
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Samples were collected every sixth day at all 16 monitoring stations, amounting to a total of 

160 samples (80 for summer and 80 for winter). Sampling was conducted above street level 

(at level of 1.5 m). After sampling, sorbent tubes were tagged, protected from light (using 

aluminum foil), stored at 4°C (using portable plastic cooler box), and transferred to a 

laboratory. Samples were examined within 48 h after sampling. Temperature, relative 

humidity, wind speed, and pressure were also simultaneously recorded. Temperature (°C), 

pressure (mb) and relative humidity (%) were determined by a portable instrument 

(Preservation Equipment Ltd, UK). Additionally, wind speed (m s−1) was measured using a 

portable anemometer (Campbell Scientific, Inc., USA).

Each part of the sorbent was first poured into separate glass amber vials. Secondly, 3 ml of 

acetonitrile (HPLC-purity, J.T. Baker, United Kingdom) were added to each amber vial and 

then capped. Next, each amber vial was shaken for 20 min. Finally, the extracted sample was 

analyzed using high performance liquid chromatography (HPLC) (HPLC,YL9100, Model 

Waters 1525, C18 column (reverse phase)) with UV detection at 365 nm (ISO, 2001; 

Svendsen et al., 2002; Tunsaringkarn et al., 2012c; Vainiotalo and Matveinen, 1993). The 

2,4-Dinitrophenylhydrazine coatings were extracted with HPLC-grade acetonitrile. Ten μL 

of the aliquot was injected into the HPLC instrument. The mobile phase contained 45/55 

(v/v) water/acetonitrile blend with a flow rate of 1 mL min−1 for over 30 min in an isocratic 

run, and the temperature of the oven was 40°C. A typical chromatogram of HPLC for a real 

sample is shown in Fig. 2.

2.3. QA/QC

The calibration curve applied for quantification was comprised of six points ranging from 

0.001 to 40 μg m−3, for each target components with coefficients of determination (R2) 

being 0.997 for FA and 0.989 for AA. The limits of detection (LOD) were computed as three 

times the standard deviation (SD) of the blank values. Limits of quantitation (LOQ) were 

quantified as 10 times the SD of the blank values. The LOD and LOQ were 0.001 and 

0.0033 μg m−3 for FA, respectively, and 0.001 and 0.0033 μg m−3 for AA. The recovery 

values of FA and AA ranged from 97.3 ± 2.1% to 99.8 ± 2.8% with relative standard 

deviations (RDS) less than 3.7% for both species. Furthermore, blank sampling (16 samples) 

was regularly carried out and the concentrations of FA and AA were always below 0.001 μg 

m−3.

2.4. Statistical analysis

SPSS analytical software (Version 22.00) was applied for statistical analysis. Relationship 

between pollutants were compared using Spearman’s rho correlation coefficient for both 

winter and summer. The FA:AA ratio was computed for summer and winter in order to 

assess emission of different sources. Additionally, the student’s t-test was applied to quantify 

the level of statistical significance of correlation coefficients.

2.5. Spatial distributions

ArcGIS software (Version 10.3) was applied for spatial analysis. The inverse distance 

weighted (IDW) method was used to create raster layers for the mean concentrations of FA 

and AA to help visually present their distributions around Shiraz. Afterward, the raster 
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calculation function was used to overlay each layer and create mean maps of FA and AA. 

The IDW technique is defined as follows (Dehghani et al., 2018):

λ i = Di − α/∑i = 1
n Di − α (1)

where Di, λi, and α are the distance between station i and an unknown point, the weight of 

the i sample station, and the weighting power, respectively. Higher weights were assigned to 

values closer to the interpolated point, following the guidance of past work (Dehghani et al., 

2018; Shepard, 1968). The number of stations applied in the interpolation is represented by 

n, which is 16 in this study. Past works have used the IDW method for spatial topography of 

pollutants such as BTEX compounds in Shiraz, Iran (Dehghani et al., 2018), SO2 and NO2 

in Mumbai (India) (Kumar et al., 2016), particulate matter in California and Pennsylvania 

(USA) (Li et al., 2016), and Beijing (China) (Li et al., 2014), and atmospheric wet-

deposition in Oregon, Nevada, and Washington (USA) (Latysh and Wetherbee, 2012).

2.6. Health risk assessment (HRA)

For assessing the risk to the human health upon exposure to FA and AA, their inhalation 

lifetime cancer risk (LTCR) and non-carcinogenic risk were estimated. The LTCR was 

calculated as follows:

LTCR = CDI chronic daily intake mg kg−1day−1

× CSF cancer slope factor mg kg−1day−1 −1
(2)

Furthermore, the CDI was calculated using Eq. (3):

CDI = C × IR × CF × ED × EF / AT×BW (3)

where C is ambient concentration (μg m−3), CF is a conversion factor (mg/μg), IR is human 

inhalation rate (m3 day−1), ED is exposure duration (yr), EF is exposure frequency (days 

year−1), BW is body weight (kg), and AT is average lifetime (yr). The probabilistic 

calculations were carried out using Monte Carlo simulations (Oracle Crystal Ball (Version 

11.1.2.3.000)).

According to the World Health Organization (WHO), LTCR values considered as “an 

acceptable limit for humans” are proposed to range from 1 × 10−5 to 1 × 10−6, but LTCR 

values less than 1 × 10−6 are recommended by U. S. EPA (Gong et al., 2017; Hazrati et al., 

2015, 2016a; Ho et al., 2016; Rovira et al., 2016; Tunsaringkarn et al., 2012a).

Risk assessment for the non-carcinogenic risk of FA and AA was calculated using the 

parameter called hazard quotient
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HQ hazard quotient = EC Exposure Concentration μ g/m3
Rfc reference concentration mg/m3 × 1000 μ g/mg (4)

EC = C × CF × ED × EF /AT (5)

If HQ exceeds one, the potential risk can be serious. Values ≤ 1 indicate an acceptable 

hazard level since the dose level is lower than the reference concentration (RfC).

Table 1 shows chosen parameter values applied for risk assessment and sensitivity analysis, 

including values to compute CDI, HQ, and LTCR. For calculating the chronic daily intake, 

the average of FA and AA concentrations was utilized.

3. Results and discussion

3.1. Meteorological conditions

The means of temperature and relative humidity were 40.69 ± 1.55C° and 14.44 ± 1.06%, 

respectively, during summer, and 19.00 ± 1.31C° and 34.06 ± 1.19% during winter. 

Moreover, the wind speed was 2.38 ± 0.40 m s−1 in summer and 4.88 ± 0.50 m s−1 in winter. 

Pressure was also 850.50 ± 1.30 and 851.04 ± 1.11 mb in summer and winter, respectively.

3.2. Formaldehyde and acetaldehyde concentrations

The average (±SD) FA concentration in the summer and winter were 15.07 ± 9.17 and 8.57 

± 5.91 μg m−3, respectively. In addition, for the same seasons, the average concentrations for 

AA were 8.40 ± 4.29 and 3.52 ± 1.69 μg m−3, respectively. The highest and lowest 

concentrations for formaldehyde in summer were 37.63 and 3.86 μg m−3 and in winter were 

23.01 and 1.82 μg m−3, respectively. In addition, the highest and lowest concentrations for 

acetaldehyde in summer were 33.83 and 1.56 μg m−3 and in winter were 14.12 and 0.29 μg 

m−3, respectively. Hence, the results of this study show that FA was as abundant as AA in 

two seasons. These results are in line with those from Hong Kong (China) (Lui et al., 2017), 

Bangkok (Thailand) (Morknoy et al., 2011), New York (USA) (Tanner and Meng, 1984), 

Rome (Italy) (Possanzini et al., 2002), Georgia (USA) (Grosjean et al., 1993), Kuopio 

(Finland) (Viskari et al., 2000), Bangkok (Thailand) (Tunsaringkarn et al., 2012b), Guiyang, 

(Southwest China) (Pang and Lee, 2010), Salvador (Brazil) (Rodrigues et al., 2012), and 2 

northern California counties (Alameda and Monterey) (Bradman et al., 2017).

For example, Tanner and Meng. (1984) reported that the values of FA in the winter (3.8 

ppbv) and autumn seasons (4.4 ppbv) were lower than summer (16 ppbv) and spring seasons 

(12 ppbv). Also, that same study also observed that AA levels in the summer (8.4 ppbv) and 

spring seasons (3.5 ppbv) exceeded those in winter (1.0 ppbv) and autumn seasons (3.2 

ppbv) (Tanner and Meng, 1984).

Reasons for FA and AA being highest in concentration in the summer and lowest in 

concentration in the winter could be linked to more efficient photooxidation to produce them 
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in the summer (i.e., higher incident solar radiation) and more effective removal via wet 

scavenging in the winter. In this regard, the findings of the present study are consistent with 

those by Lui et al. (2017) (Hong Kong, China), Rodriguez et al. (2017) (San Diego, USA), 

Granby et al. (1997) (Central Copenhagen, Denmark), Tanner and Meng, 1984 (Rome, 

Italy), and De Bruin et al., (2008) (in twelve European cities). Photochemical generation of 

FA and AA is possible due to oxidative degradation of VOCs such as alkenes enhanced by 

hydroxyl radicals in summer (Duan et al., 2012; Lui et al., 2017; Morknoy et al., 2011; 

Possanzini et al., 2002). To reinforce the importance of photo-oxidation in forming FA and 

AA, it is worth noting Morknoy et al. (2011) observed diminished concentrations of FA and 

AA from day to night by 8% and 6%, respectively (Morknoy et al., 2011).

The findings of the our study show that the mean concentrations of FA and AA were higher 

than previous studies, specifically those carried out in suburban, urban, and rural areas of 

either Japan (Naya and Nakanishi, 2005), Sao Paulo, Brazil (Nogueira et al., 2017), or 

Prince Edward Island, Canada (Gilbert et al., 2005). This is owing to heavy traffic, 

oxygenated fuels, and proximity to coniferous and deciduous trees in Shiraz. Past work has 

also linked emissions from coniferous and deciduous trees and blooming periods to high 

levels of FA and AA; these are in line with the findings of our study especially sampling 

locations 16 (Namazi Square), 7 (Ghasrodasht Square) and 9 (Haft Tanan Square) 

(Kesselmeier et al., 1997; Müller et al., 2002; Viskari et al., 2000). Furthermore, the kind of 

fuels used in Iran include gas, petrol, gasoline consisting of Methyl tert-butyl ether (MTBE), 

compressed natural gas (CNG), and liquefied petroleum gas (LPG). Hence, consuming of 

fuels such as CNG and gasoline-MTBE by vehicles in Iran can increase the concentrations 

of formaldehyde and acetaldehyde. In addition, many works stated that the addition of 

methyl tert-butyl ether (MTBE) to fuels or biodiesel (5%) to diesel fuel enhanced emissions 

of FA and AA and consuming of fuels such as CNG; such results are in line with the present 

study (Alvim et al., 2011; Corrêa et al., 2003; Nogueira et al., 2014, 2017; Possanzini et al., 

2002; Viskari et al., 2000).

3.3. Comparison of formaldehyde and acetaldehyde concentrations with recommended 
guidelines

The guidelines for FA and AA in workplaces and in urban ambient air are presented in Table 

2. In addition, standard regulated values for FA and AA concentrations in the urban ambient 

air have not been established in Iran yet as state and local agencies have no monitoring 

programs. Furthermore, standards for FA and AA in atmospheric ambient air have not been 

established by the national and international institutions around the world. To our 

knowledge, the only guideline recommended for FA in urban ambient air is provided for the 

Japanese general population: 10 μg m−3 (Naya and Nakanishi, 2005). Hence, the results of 

this work are compared with that guideline and standards proposed for indoor air such as 

ACGIH, OSHA, WHO, U.S-ATSDR, China, France and others in Table 2. The results of this 

work shows that the average concentrations of FA were higher than the USA (annual average 

and 8 h), China (8 h), U.S-ATSDR (indoor), and Japan (urban ambient air), while the 

average concentrations of AA were lower than recommended values by HSE, ACGIH, 

OSHA, and Iran-OEL.
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3.4. The ratio of formaldehyde to acetaldehyde (FA to AA)

Table 3 compares the FA:AA ratio in the current study versus data collected in other regions. 

The FA:AA ratio in the summer and winter were 1.80 and 2.43, respectively. FA:AA ratios 

in this study were similar to those in Kuopio, Eastern Finland (2.1–2.6), Beijing, China 

(2.3), Denver, Colorado (2.2), Algiers and Ouargla, Algeria (2.27), and Whiteface Mountain 

(WFM) in New York State (2.3) (Anderson et al., 1996; Cecinato et al., 2002; Khwaja and 

Narang, 2008; Rao et al., 2016; Viskari et al., 2000). In contrast, lower ratios were reported 

in São Paulo (brazil) (0.90) (Nogueira et al., 2017), North-East Guangzhou (China) (0.73–

1.64) (Lü et al., 2010), Bavaria (Germany) (1.18) (Müller et al., 2006), Guangzhou (South 

China) (0.87) (Yu et al., 2008), and Rio de Janeiro (Brazil) (0.67–1.00) (Corrêa et al., 2003). 

Differences in the FA:AA ratio between these studies is due to the diversity in sampling 

location (forested, semi-rural, highway, tunnel and urban), meteorology, addition of MTBE, 

ethanol or biodiesel to fuels, biogenic landscape, and density of anthropogenic sources.

3.5. Spatial analysis of formaldehyde and acetaldehyde in summer and winter

The spatial distributions of FA and AA for summer and winter are shown in Fig. 3. The 

highest FA and AA concentrations in summer and winter were at locations 16 (Namazi 

square) and 3 (Valiasr square). This is due to proximity to coniferous and deciduous trees 

and significant traffic congestion. In addition, the results revealed that both species exhibited 

a similar spatial pattern between the two seasons. Their concentrations decrease as a 

function of distance from the main city squares (e.g., Namazi and Valiasr Squares).

3.6. Interrelationships between aldehyde concentrations and meteorology

Table 4 shows correlations between FA and AA based on mean concentrations in summer 

and winter. There were significant positive correlations between the two species in both 

seasons, suggeestive of similar emissions sources. Others have found similarly strong 

correlations (e.g., Morknoy et al. (2011), Duan et al. (2012), Huang et al. (2008)). Similarly, 

in this study a good correlation (high Spearman’s coefficient; r = 0.808 and p-value = 0.000 

for FA AA in summer and r = 0.871 and p-value =0.000 for FA AA in winter) was obtained 

for FA and AA. The correlation coefficients (r) for FA and AA were higher in winter as 

compared with summer, likely due to more dependence on the emissions sources (e.g., 

traffic) and less dependence on photochemistry. Statistically significant relationships were 

found between temperature, FA, and AA in both seasons. No significant correlation was 

observed between the FA and AA concentrations with either wind speed, pressure, or 

humidity in the two seasons (p > 0.05).

3.7. Health risk assessment

Table 5 shows that the mean LTCRs calculated using CSF = 7.70 × 10−3 for AA (IRIS) in 

summer for 11 different age groups were between 9.25 × 10−5 and 9.69 × 10−6, which 

exceed the limit value by the US EPA. In addition, the average LTCRs computed using CSF 

= 7.70 × 10−3 for AA (IRIS) in winter were between 2.18 × 10−5 and 7.55 × 10−6, also in 

exceedance of recommended values suggested by the US EPA.

The mean LTCRs calculated using CSF = 4.55 × 10−2 for FA (IRIS) in summer from were 

between 5.83 × 10−5 and 9.71 × 10−6, which exceed recommended values by the US EPA. 
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The average LTCRs estimated using CSF = 4.55 × 10−2 for FA (IRIS) in winter were 

between 3.12 × 10−5 and 7.81 × 10−6, and in exceedance of US EPA value.

Average LTCRs calculated using CSF = 1.00 × 10−2 for AA (OEHHA) in summer were 

between 1.37 × 10−4 and 6.80 × 10−5, which only were in exceedance of set values for ages 

of 1 to <2 years. The average LTCRs computed with CSF = 1.00 × 10−2 for AA (OEHHA) 

in winter were between 2.87 × 10−5 and 4.82 × 10−6, which were in exceedance of 

recommended values by the US EPA.

Moreover, the results of the current study reveal that the average LTCRs calculated using 

CSF = 2.10 × 10−2 for formalde-hyde (OEHHA) in summer in different age groups were 

between 4.63 × 10−5 and 2.52 × 10−4, which exceed for 5 different age groups (Birth to <1, 

1 to <2, 2 to <3, and 3 to <6 years)

Finally, the average LTCRs estimated using CSF = 2.10 × 10−2 for FA (OEHHA) in winter 

were between 1.46 × 10−4 and 2.52 × 10−5, which were in exceedance for four different age 

groups (Birth to <1, 1 to <2, 2 to <3, and 3 to <6 years) according to the set values proposed 

by the US EPA and WHO.

Hence, the results obtained from this study indicate that Shiraz is especially harmful for 

children under 6 years of age with the LTCR being more than 1.06 × 10−4. Similar results 

have been acquired by in the ambient urban atmosphere of Bangkok (Thailand) 

(Kanjanasiranont et al., 2017), by bus stations of Hangzhou (China) (Weng et al., 2009), and 

by policemen working outdoors in Greece (Pilidis et al., 2009) with mean LTCR values of 

FA versus AA reported at 12.84 × 10−4 vs. 2.52 × 10−4, 2.2 × 10−4 vs. 2.7 × 10−5, and 2.06 × 

10−4 – 1.75 × 10−3 vs unknown, respectively. For more context, Mølhave et al. (2016) 

reported average LTCR values for FA and AA as being 6.8 × 10−8 and 8.9 × 10−8, 

respectively, for indoor air in California.

HQs of FA ranged between 0.04 and 4.18 for both seasons, indicative of the need for 

concern about non-carcinogenic risk of FA in the study area. In addition, the HQs of AA 

were limited to only 0.42 and 0.97 for both seasons, which is at “an acceptable level “.

Table 6 shows comparison of the findings of health risk assessment in this work versus other 

areas. Similar to Shiraz, Rovira et al. (2016) reported that the HQ of FA in Tarragona 

County, Catalonia (Spain) was more than 1, indicative of non-carcinogenic risk (Table 6) 

(Rovira et al., 2016).

Sensitivity analyses of LTCR results for FA and AA are summarized in Table 7. Factors 

required included inhalation rate, body weight, averaging time, exposure duration, and 

exposure frequency. The percentage value relevant to each variable represents the amount of 

the LTCR accounted for by that variable. The concentration of FA and AA (>94.6%) had the 

most important effect on lifetime cancer risk in different age groups (11 age groups) for both 

summer and winter. In addition, FA and AA concentrations were especially influential 

(>97.20%) for three different age groups (21 to <61, 61 to <71 and 71 to <81 years) for both 

summer and winter.
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4. Conclusions

This work reports on measurements of FA and AA concentrations in the ambient urban 

atmosphere of Shiraz, Iran in the summer and winter. The major findings of this work are as 

follows:

• The mean (±SD) concentrations of FA and AA in the summer versus winter were 

as follows, respectively: 15.07 ± 9.17 vs. 8.57 ± 5.91 μg m−3 and 8.40 ± 4.29 vs. 

3.52 ± 1.69 μg m−3. The mean FA:AA ratios in the summer and winter were 1.80 

and 2.43, respectively.

• Significant positive correlations between FA and AA are indicative of the same 

emission sources in the summer and winter.

• The mean inhalation lifetime cancer risk (LTCR), according to IRIS (CSF = 7.70 

× 10−3), for AA in summer and winter was between 7.55 × 10−6 and 9.25 × 10−5 

and in exceedance of the recommended value by the US EPA. In addition, the 

mean inhalation LTCR, according to IRIS (CSF = 4.55 × 10−2), for FA in 

summer and winter was between 7.81 × 10−6 and 5.83 × 10−5, and also in 

exceedance of the recommended value by the US EPA.

• The average LTCR according to OEHHA (CSF = 1.00 × 10−2) for AA in summer 

and winter was between 4.82 × 10−6 and 1.37 × 10−4, respectively, which only 

was in exceedance for age bracket between 1 and < 2 years. Furthermore, the 

average LTCR according to OEHHA (CSF = 2.10 × 10−2) for FA in summer and 

winter was between 2.52 × 10−5 and 2.58 × 10−4, which was in exceedance for 

five different age groups (Birth to <1, 1 to <2, 2 to <3, 3 to <6, and 6 to <11 

years). Hence, Shiraz’s pollution is especially harmful for children under 6 years 

of age.

• The HQs of FA ranged from 0.04 to 4.18 for both seasons, indicating that the 

potential risk can be serious in the study area, while the HQs of AA were limited 

from 0.42 to 0.97, and considered to be less harmful (i.e., “acceptable hazard”).

The findings of this study have implications for public health near populated and congested 

areas, where exposure to such harmful VOCs can have deleterious effects. This study 

showed that the main sources of FA and AA in ambient air are mobile sources (traffic 

emission) with especially high levels during rush hours. Hence, it is suggested that 

management solutions be considered to reduce concentrations of FA and AA during rush 

hours.
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Fig. 1. 
Map of the study region and sampling points (1- Moalem Square; 2 - Rezvan Square 

(bridge); 3 - Valiasr Square; 4 - Basij Square; 5 - Quran Square; 6 - Pasargad Square; 7 -

Ghasrodasht Square; 8 - Ehsan Square; 9 - Haft Tanan Square; 10–15 Khordad Square 

(crossroad); 11 - Darvazeh Kazeroon Square; 12 - Eram Square; 13 - Imam Hossein Square; 

14 -Edalat Square (boulevard); 15 - Sangi Square; 16 - Namazi Square).
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Fig. 2. 
A typical chromatogram of HPLC for a real sample.
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Fig. 3. 
The spatial distribution of formaldehyde and acetaldehyde in Shiraz during summer and 

winter.
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