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A B S T R A C T   

Ambient particulate matter (PM) is composed of inorganic and organic components. The 
contribution of each component is impacted by various factors such as emission sources, atmo-
spheric aging process, and size of the PM or droplets. This study mainly focuses on the effect of 
the PM and droplet size on trace elemental concentrations, for which various size fractions of 
ambient PM (PM1, PM2.5) were collected on quartz filters along with fog water (FW) samples 
during winter. Simultaneous, online measurements of the mass concentrations of PM1 and PM2.5 
were also carried out. At the time of the collection, the mass concentration of PM2.5 ranged from 
19 to 890 μg/m3, and its mean value was 227 μg/m3. During the sampling period, 17 fog events 
occurred and caused a 27% reduction in the mean pre-fog PM2.5 concentration. All the PM and 
FW samples were analyzed for 12 trace elements: Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn, V. The 
concentrations of the various trace elements in the PM1, PM2.5, and FW samples encompassed a 
wide range: 10 (V)–2432 (Na) ng/m3, 34 (Mn)–13810 (Na) ng/m3, and 8 (Cr)–19870 (Ca) μg/l, 
respectively. The concentrations of the trace elements in the FW samples indicated a droplet-size- 
dependent trend: the small droplets (diameter <16 μm) had several times (3–10 times) higher 
concentrations than the coarser droplets (diameter >22 μm). The enrichment factor (EF) analysis 
revealed that the EF values for almost all the trace elements were an order of magnitude higher in 
the FW samples than in PM1 and PM2.5. Risk assessment based on toxic elements suggested a very 
high inhalation carcinogenic risk (231 per million) for the exposed population during foggy pe-
riods. This study will facilitate decision-making by policymakers regarding air quality and health 
concerns.   

1. Introduction 

Trace elements are an integral component of ambient particulate matter (PM). Owing to their catalytic activities, trace elements are 
expected to play significant roles in the aqueous processing of various organic and inorganic species [1]. In addition to natural sources, 
anthropogenic activities such as fossil fuel burning, construction/demolition activities, and biomass/trash burning also contribute 
significantly to PM-bound trace elements. Several anthropogenic sources also emit a variety of potentially toxic trace elements such as 
As, Cr, Pb, Ni, V, Cd, Co, Zn, and Cu, mostly associated with fine PM (with aerodynamic diameter ≤2.5 μm; PM2.5), which can penetrate 
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deep into the human respiratory tract. Prolonged exposure to these toxic elements through inhalation and/or dermal exposure can lead 
to several health hazards, including cancer [2–5]. 

The concentrations of trace elements in PM can vary significantly from one region to another based on the nature and types of 
natural and anthropogenic sources present in the surroundings as well as meteorological variables. In an urban environment, PM- 
bound trace elements could originate from a variety of sources, such as vehicular and industrial emissions, tire abrasion, waste 
incineration, biomass burning, road dust resuspension, and crustal weathering [6]. PM-bound trace elements also display 
size-dependent abundance. Crustal elements such as Ca, Fe, Mg, and Mn are mostly associated with coarser PM fractions (PM2.5-10) [2, 
7,8]. Certain elements, mostly the anthropogenic ones, also display more than one dominant size mode (bimodal, trimodal), indicating 
a variety of sources for such elements [7,8]. Earlier studies in India have reported very high concentrations of the various trace el-
ements in PM, approximately 9–10% of the total PM2.5 mass [8–10,11], 10–100 times or higher than those reported from Europe or 
USA [12–14]. The concentrations (typically >1000 ng/m3) of crustal elements in PM2.5 are generally much higher when compared 
with anthropogenic elements (typically <500 ng/m3) [8,9,15]. However, very few studies have been carried out on 
aerosol-size-resolved trace elements and the associated risk assessments in India [16–18]. Enrichment factor (EF) analysis is a method 
that could be used to qualitatively identify the possible sources of trace elements. This analysis indicates the relative enrichment of any 
element in the collected samples with respect to the mean crustal composition by comparing the relative abundance against a pre-
dominantly crustal element such as Fe, Al, and Si. The EF values reported by several studies for the various elements also vary 
significantly, but the overall trend is mostly the same; anthropogenic elements typically have much higher EF values (EF > 100) than 
other mostly crustal/soil-originated elements ([9,19]). 

Certain studies have also reported the trace elemental composition of bulk fog water (FW) samples from India and abroad [19–22]. 
Similar to aerosols, crustal elements dominate over anthropogenic elements in FW as well. However, elements such as Cu, Zn, As, and 
Se exhibit higher solubility (almost twice) when compared with elements such as Fe, Cr, and Al in cloud water and FW [23]. The 
differences in solubility often result in much higher EF values in FW than in ambient aerosols. In the national and global contexts, there 
have been limited studies on the concentrations of trace elements in size-resolved fog droplets. Xu et al. [24] reported the dominance of 
crustal elements (Al, Fe) for all droplet sizes; however, no clear droplet-size-resolved concentration trend was observed for the ele-
ments. Fomba et al. [6] reported Fe and Cu dominance (>60% of the total Cu and Fe concentrations) in medium size droplets (22 μm >
diameter >16 μm), whereas Mn was mostly observed (48% of total Mn concentration) in larger droplets (diameter >22 μm). However, 
to the best of our knowledge, no such study on size-resolved FW trace elements has been reported from India. 

Kanpur (the study site) is situated in the center of the Indo-Gangetic plain (IGP) and is one of the most polluted cities in India and 
the world ([25–27]). It is an industrial hub with a thriving leather industry, which, along with thermal power plants, biomass burning, 
waste incineration, and congested vehicular traffic, contributes significantly to the deteriorating air quality in the city [28]. Several 
refineries and fertilizer plants are also located near Kanpur, and aerosols transported from these regions can contribute to the air 
pollution in Kanpur. During winter, stable meteorology coupled with various pollution sources (biomass burning and crop residue 
burning) leads to elevated PM concentrations (PM1 > 100 μg/m3) [25,29,30]. Kanpur also witnesses several moderate to long-lasting 
winter fog events [25,31]. The formation of fog in subsaturated conditions is initiated by the water-soluble ionic species generally 
present in a polluted atmosphere. The fog droplets uptake organic and inorganic gaseous components from the atmosphere owing to 
aqueous processing and secondary aerosol formation. Some of these more oxidized, hygroscopic, and low-volatile aerosols become a 
part of the existing aerosols [32], initiating the fog–smog–fog cycle. In winter, PM loading is high because of increased 
biomass-burning activity [33] and lower boundary layer height, providing more cloud condensation nuclei for potential fog/haze 
formation. 

This study has been undertaken to understand the aerosol–fog interactions in terms of the dependence of the concentrations and 
characteristics of various trace elements on aerosol size fractions and droplet sizes. The objectives are to evaluate and compare the 
concentration and enrichment of trace elements inside size-resolved fog droplets and various aerosol size fractions (PM1, PM2.5). 
Anthropogenically enriched elements are often toxic and affect health adversely. Therefore, it is necessary to study the increased 
health risk caused by the inhalation of fine fog droplets and PM2.5 for the exposed population. To investigate the impact of these 
pollutants on the public health of residents, this study was conducted on an academic cum residential campus. 

2. Materials and methods 

2.1. Sampling location and period 

The sampling was carried out on the roof of the Centre for Environmental Science and Engineering (CESE) building at the Indian 
Institute of Technology (IIT) Kanpur (Fig. S1). IIT Kanpur is located 10 km upwind of the city center; it is an educational institute with a 
campus area of approximately 4.3 km2 situated near a national highway with dense vehicular traffic [25,34]. A cloud droplet probe 
(CDP; DMT, USA) was used to identify fog episodes and determine the fog-droplet-size distribution. The fog events were identified 
based on the liquid water content (LWC); sampling periods with LWC >10 mg/m3 were identified as foggy periods [35]. FW samples 
with three different droplet-size fractions were collected using a Caltech active strand FW collector: coarse (diameter >22 μm), me-
dium (16 μm < diameter <22 μm), and fine (4 μm < diameter <16 μm) [25,32]. A total of 63 FW samples were analyzed for trace 
elements in this study. 

Both the PM fractions (PM1 and PM2.5) were collected on Whatman Quartz fiber filters (QM-A) using medium- and high-volume 
samplers [36,37] with flow rates of 175 L per minute (lpm) (APM 577, Envirotech, India) and 950 lpm (modified AAS 217NL, Eco-
tech, India), respectively. The PM1 and PM2.5 samples were collected on 47-mm-diameter and A4 size quartz filters (8" × 10′′), 
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respectively. The collected filter samples were used only for chemical characterization, and no gravimetric analysis was performed. 
Sampling was carried out from 10 December 2014 to 30 January 2015 in slots of 4 h, mostly during late night to early morning hours 
from 10 p.m. to 2 a.m. and 3 a.m.–7 a.m., to capture the fog events, and 17 fog episodes were observed during the observation period. A 
beta attenuation monitor (E-BAM; MetOne Inc., USA) and an aerosol mass spectrometer (AMS; Aerodyne, USA) were also operated 
during the specified period to obtain real-time PM2.5 and NR-PM1 (nonrefractory) mass concentrations, respectively. The AMS and 
E-BAM were operated at a sampling time resolution of 15 min. 

On certain days, the PM filter sampling was interrupted owing to power failure and/or unavailability of the samplers. A total of 105 
filter samples were analyzed for trace elements (50 for PM1; 55 for PM2.5). Ten field blanks (five each for PM1 and PM2.5) were also 
collected. The PM2.5 and PM1 concentration values reported in this study were obtained using the E-BAM and AMS, respectively. 

2.2. Sample preparation for elemental analysis 

Elemental analysis was performed using an inductively coupled plasma–optical emission spectrometer (ICP-OES; Thermo Fisher, 
ICAP 6300 Duo). A circular specimen of diameter 1.5 cm was obtained from each filter sample, including the blank filters. The 
specimens were then digested for 2 h in a round-bottom glass vessel with 20 ml concentrated nitric acid (65%, GR Merck Supra pure) at 
180 ◦C. The vessel was then left to cool down to room temperature and rinsed with Milli-Q water (resistivity = 18.2 MΩ cm at 25 ◦C). 
Thereafter, it was kept undisturbed for 30 min to allow the dissolution of the acid-digested filter components into the solution. After 30 
min, the solution was filtered through a 0.22-μm Millipore nylon filter; using Mili-Q water, the final volume was increased to 100 ml. 
The FW samples were immediately filtered after collection through 0.22-μm Millipore nylon filters, and the filtered solutions were 
acidified using diluted nitric acid before being stored at 2 ◦C for further analysis. 

2.3. Quality control and quality assurance 

During ambient aerosol sampling, the filters were always handled using powder-free gloves and forceps to reduce the chance of 
contamination. Before and after handling the filters, the forceps were cleaned with ethanol followed by Milli-Q water. Immediately 
after collection, the filters were wrapped in aluminum foil and kept in sealed plastic bags; these bags were then stored at 2 ◦C in the 
dark until further analysis. The FW samples were also stored in similar conditions in polypropylene bottles immediately upon 
collection and filtration. Post sample collection, filtration (for FW samples only) and storage were usually completed within half an 
hour or so for both the PM and FW samples. Following each fog event, the FW Teflon collection strands were washed thoroughly with 
Milli-Q water. The ICP-OES calibration was performed using commercially available standards (Multielement Standard Solution, 
Sigma Aldrich). The standards were re-run at regular intervals to check the calibration. To assure repeatability and precision, the 
samples were analyzed thrice and the average values were reported. The relative standard deviations (RSDs) were calculated as 
follows: 

RSD= 2 ∗
SD̅̅̅

3
√ (1) 

Here, SD denotes standard deviation and the RSDs of the replicates and measurement uncertainties were typically <5%. 
The flow rate was monitored in 30-min intervals during the 4-h sampling. All the glassware used for elemental analysis were 

washed with diluted (10%) nitric acid and then washed thrice with Milli-Q water; they were dried at 180 ◦C for 45 min to 1 h. 

2.4. Enrichment factor 

The EF ratio denotes the degree of enrichment of a particular element (X) in a sample (aerosol, soil, rainwater, or others) when 
compared with the relative abundance of that element in the Earth’s crust. This comparison is usually carried out with respect to an 
abundant crustal element, mostly Fe, Al, or Ti; here, we opted for Fe. 

EF=

(
X
Fe

)

Aerosol(
X
Fe

)

Crustal

(2)  

2.5. Risk assessment methodology 

Based on US EPA classification, As, Cd, Ni, Pb, and Cr are well-known or probable carcinogens that enter the body through the 
inhalation route; of the total amount of Cr, only Cr (VI) is a carcinogen. Based on the available literature, we assumed that only 14% 
(=1/7th) of the Cr was hexavalent and carcinogenic ([16,18,38,39,40]). For carcinogenic elements, the exposure concentration (EC) 
was calculated for the inhalation route. Thereafter, using the standard element specific inhalation unit risk (IUR) [41,42], the 
carcinogenic risk (CR) was computed for each element; their sum was representative of the total cancer risk of the exposed population. 
Other toxic elements such as Cu, Mn, Zn, and V, although not listed as carcinogens, can still harm the human health. Therefore, to 
assess the risk caused by their presence, a hazard quotient (HQ) parameter was used. The sum of the HQ for each element is referred to 
as the hazard index (HI). HI > 1 indicates that there exists a certain risk to human health from these elements; otherwise, their levels 
are considered safe. The risk assessment was carried out for two scenarios; aerosol only and aerosols + fog droplets. The exposure 
concentration (EC, μg/m3) is calculated as follows: 
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EC=
C × ET × EF × ED

AT
(3)  

where C is the elemental concentration, ET is the exposure time, EF is the exposure frequency, ED is the exposure duration, and AT is 
the average time. 

Scenario A. Risk assessment for nonfoggy night time (NFN) elemental concentrations. 

Here, we assume that all the 90 winter days have NFN elemental concentrations. 
C––CNF, concentration of trace elements during nonfoggy (NF) period in PM2.5 (μg/m3). 

Scenario B. For foggy days, C = Cw 

The weighted elemental concentration (Cw) is estimated considering 17 foggy days during the sampling period: 

Cw =
(CF + FWF) × 17 + CNF × 73

90
(4) 

(The total number of days is 90, assuming 3 months of winter; therefore, 73 d were nonfoggy). Here, CF and FWF represent the 
concentration (in μg/m3) of trace elements in PM2.5 during foggy periods and fine fog droplets to obtain the air-equivalent concen-
tration, respectively. The aqueous elemental concentrations (mg/l) of fine droplets were converted to air-equivalent concentrations 
(μg/m3) using LWC (mg/m3) measured using the CDP. Only fine droplets were considered because their diameters were close to the 
range of the respirable PM fraction. The mean LWC of the fine droplets was 35 mg/m3, as obtained from the CDP data. Therefore, the 
elemental concentrations of the fine fog droplets were multiplied by this value to obtain air-equivalent concentrations (Fig. S5). 

In this study, we considered the following: 
EF: 90 d/y, as this study was conducted in the winter. 

Fig. 1. Foggy and nonfoggy night (NFN) elemental concentrations for PM1 (a and b) and PM2.5 (c and d). The Y-axes of both the plots represent the 
logarithmic scale. 
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ED: 30 y for adults [43]. 
ET: 12 h/d at night. 
AT: for noncarcinogens, AT = ED × 365 d × 24 h/d; for carcinogens, AT = 70 y × 365 d/y × 24 h. 
We also define RfCi as the inhalation reference concentration (mg/m3) for a noncarcinogenic element i and IUR as the inhalation 

unit risk ((μg/m3)− 1) for carcinogens. The values of IUR were obtained from US EPA [44] and the literature (H. [39,45]). For Ni and Pb, 
the mean IUR values associated with the various Ni and Pb carcinogenic compounds listed in the US EPA database were considered. 
Using these values, the CR and noncarcinogenic risk (HQ) were calculated as follows: 

CR=EC x IUR (5)  

HQ=
EC

RfCi
(6)  

3. Results and discussion 

3.1. Overall PM concentrations: foggy versus nonfoggy periods 

During the study, it was noticed that the local sources of air masses impacted the PM concentration at the study site (Fig. S2). The 
PM2.5 concentration ranged from 19 to 893 μg/m3, with a mean concentration of 227 μg/m3. The PM2.5 concentration remained high 
(>60 μg/m3) during most of the study period (Fig. S3). The mean night-time concentration of PM2.5 was 251 μg/m3, whereas the mean 
daytime concentration of PM2.5 was 203 μg/m3 (Fig. S4). The fog episodes observed during the sampling period mostly occurred late at 
night (after 9 p.m.) and lasted until sunrise. During foggy periods, the mean PM2.5 concentration was 234 μg/m3 (S3), whereas during 
NFNs, the mean PM2.5 concentration was 256 μg/m3 (the differences are statistically significant, p < 0.001). However, the mean PM2.5 
concentration during the prefoggy periods (the 6 h period before each fog event) was 323 μg/m3 (the prefog to fog PM2.5 concentration 
differences are statistically significant, p < 0.001), which indicates that fog scavenging effectively reduces the PM2.5 concentrations 
from the pre-fog periods by 27% (to 234 μg/m3). The mean NR-PM1 level (nonrefractory PM1, obtained from AMS) during fog events 
was 120 μg/m3, whereas the PM2.5 concentration during NFN was 114 μg/m3. However, the prefog NR-PM1 level was 169 μg/m3 (the 
prefog to fog PM1 concentration differences are statistically significant, p < 0.001), indicating that fog scavenging reduced the PM1 
concentrations by 29% (to 120 μg/m3), very similar to the magnitude of reduction for PM2.5. Therefore, the elements present in the 
ambient aerosols, which acted as condensation nuclei for fog formation and other aerosols scavenged by the fog, enrich the elements in 
the fog droplets. 

3.2. Elemental concentrations in PM1 and PM2.5 samples: comparison between foggy and nonfoggy periods 

The overall elemental concentrations of the collected PM1 and PM2.5 samples are depicted in Fig. 1. The sum of elemental con-
centrations represented 5.9 and 5.4% of PM1 during nonfoggy and foggy periods, respectively. In PM2.5, the elemental contributions 
were 12.4 and 8.8% during the nonfoggy and foggy periods, respectively. These values are consistent with previously reported values 
[46,47]. The dominant elements in both PM size fractions were Ca, Fe, K, and Mg, which usually originate from crustal sources [48,49]. 
Owing to local biomass-/waste-burning activities during winter, higher concentrations (>1000 ng/m3) of K and Zn were also detected 
in both PM1 and PM2.5 samples. No clear trends were observed in the elemental concentrations in foggy and nonfoggy periods. Owing 
to higher prefog PM1 and PM2.5 (and most likely associated trace element) concentrations, even with fog scavenging, the elemental 
concentrations during the foggy periods remain comparable or higher than those during the nonfoggy periods. 

A considerable amount of Na was detected in all the PM samples; although Na primarily originates from sea salt, several studies 
have reported anthropogenic sources of Na as well, such as refuse incineration and oil combustion. Ooki et al. [50] have described a 
method that calculates the contribution of anthropogenic Na (ANa) using mean K/Na ratios of 0.036 and 1.50 for seawater and 
anthropogenic sources, respectively. 

ANa =
(r[Na] − [K])

(r − R)
(7)  

AK =R × ANa (8)  

where [Na] and [K] denote the concentrations of sodium and potassium, r denotes the K/Na ratio in seawater (0.036), AK denotes 
anthropogenic potassium, and R is the K/Na ratio in anthropogenic sources (1.50). 

The K/Na ratio in this study was 0.80 and 0.52 for PM1 and PM2.5, respectively, much higher than the seawater K/Na ratio (0.036) 
but lower than the range of anthropogenic K/Na ratios (1.20–1.80). The K/Na ratios determined indicate that natural and anthro-
pogenic Na are present in the study location. Higher K/Na ratios in PM1 when compared with PM2.5 indicate a higher presence of 
anthropogenic K in submicron PM. It was found that most of the K (>90%) originates from anthropogenic sources, most likely from 
biomass burning and other activities, whereas most of the Na originates from natural sources (>65%), most likely from soil and sea salt 
[51,52]. 
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3.3. Elemental concentrations in FW samples 

The general elemental concentrations of size-resolved FW samples are depicted in Fig. 1. Similar to ambient aerosols, the FW 
elemental composition was also dominated by crustal elements such as Ca, Mg, and Fe. However, the concentration of Fe was much 
lower (almost 10 times) when compared with other crustal elements (Ca, Mg), most likely owing to its low solubility. The concen-
trations of K and Na were also quite high, probably owing to their high solubility. 

Among anthropogenic elements, the concentration of Zn was the highest, followed by those of Cu, Pb, Ni, V, and Cr (Fig. 2). The 
presence of transition elements such as Cu, Fe, and Mn, which are known for their catalytic abilities [1], indicates that fog droplets can 
act as an efficient medium for the oxidation of various dissolved atmospheric constituents [32,53,54,55]. It is seen that fine fog 
droplets are more concentrated with transition elements when compared with the other two larger droplet sizes (coarse and medium) 
(Fig. 2). The exact reasons for such a trend are difficult to pinpoint; several factors such as droplet volume, residence time, 
surface-to-volume ratio, and mass transport across the gas to liquid phase may impact the outcome. The concentration of organic 
components is also reported to be higher in fine droplets because secondary organic aerosol formation in the aqueous phase might 
occur more quickly and is less likely to be constrained by mass transfer rates of the reactants or oxidants from the gas phase [25]. 
Transition metals react with organic components to form complexes, leading to other oxidation reactions [56]. The air-equivalent 
concentrations of elements within FW samples (Fig. S5) also indicate a droplet-size-dependent trend. 

3.4. Enrichment factors of elements present in ambient and FW aerosols 

Enrichment factor (EF) analysis is a useful tool for gaining insights into the possible sources of elements in a broader sense (crustal 
or anthropogenic). The literature describes its wide use to demonstrate the potential enrichment of various elements in air and other 
environments. 

EF values between 1 and 10 indicate that a particular element primarily originates from the Earth’s crust with little/no contribution 
from anthropogenic sources. EF > 100 indicates that the element in question primarily arises from anthropogenic sources [39,40]. The 
EF values indicated remarkable variations from ambient PM1 and PM2.5 (AP) samples to FW samples, with the values of the latter being 
several magnitudes higher (Fig. 3). The low EF values for Ca, Mg, and K suggest that they originate primarily from crustal/natural 
sources. Among the anthropogenic elements, Pb, V, Zn, Cu, and Cr had higher EF values. The highest EF value of Pb indicates that a 
significant amount of anthropogenic Pb persists in the aerosols ambient at the location of the study despite the ban on leaded fuel. The 
EF values for the elements found in FW were, on an average, 10 to 100 times greater than those found in PM1 and PM2.5 samples. The 
EFFW values of predominantly crustal origin elements such as Ca, Mg, and Mn were also much higher (>100) than 1. The higher EF 
values for the FW elements could also be attributed to the different solubilities of the various trace elements. It has been reported that 
anthropogenic elements have much higher water solubilities than predominantly crustal origin elements (such as Fe, Ca, and Mg) [23, 
57,58]. The higher EF values obtained for other more soluble elements may be attributed to the fact that Fe (an element with lower 
solubility) was used as a representative crustal element for EF calculations (Eq. (7)). 

According to a study carried out in Korea [59], for Asian aerosols, elements such as Mg and Mn are 20–40 times more water soluble 
than Fe. However, the EFFW values for Mg and Mn are 200–1000 times higher than the EFAP values (Fig. 3). This indicates that sol-
ubility differences are not the only cause of elevated EFFW values, and the trace elements were enriched to a certain extent within the 
fog droplets, as explained in Section 3.2. Further, the EFFW values are comparable to those reported for rainwater samples and 
water-soluble aerosols in some other studies [23,60]. 

Also, the trends of elemental EF values in FW are very similar when compared with AP (Fig. 3), with higher EF values associated 
with Zn and Pb. The droplet-size-resolved EF values for many elements have not revealed any clear trend similar to those for their 

Fig. 2. Droplet-size-resolved elemental concentrations for fog-water (FW) samples. C, M, and F denote coarse, medium, and fine droplet samples, 
respectively. 
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concentrations. This could be attributed to relatively higher Fe levels in fine droplets (Fig. 2), thus reducing the EF values of other trace 
elements in fine droplets. As mentioned earlier, in India, only a few bulk FW studies have been carried out so far, and these are mostly 
confined to measuring the concentrations of alkali metals such as Na, Ca, Mg and K [20,21]. Table S1 presents a comparison of the FW 
elemental concentrations calculated in this study with those calculated in other studies. 

3.5. Assessment of health risk owing to ambient aerosols and FW 

Assessments of health risks caused by the inhalation of ambient aerosols during foggy periods have been reported from India and 
abroad. However, none of the studies have considered contributions from trace elements dissolved in fog droplets. It can be seen from 
Table 1 that carcinogenic risk based only on ambient PM2.5 is higher than the acceptable range of 10− 4–10− 6 [16] and warrants 
immediate regulatory action to safeguard the exposed population. These risks are much higher than those reported in China and 
elsewhere (Table S2). 

This combined aerosol + FW CR value (Table 2) is 6% higher when compared with nonfoggy periods (Table 1), whereas the HI 
value is also higher but within the acceptable limit (<1). This clearly indicates that fog episodes and inhalation of enriched fog droplets 
could increase the overall carcinogenic and noncarcinogenic risk to the exposed population. To the best of our knowledge, this is the 
first report of combined aerosol and fog droplet risk assessment based on trace metals. In the current study, several other carcinogenic 
elements have not been included, and only inhalation exposure risk is considered; otherwise, the carcinogenic risks may have been 
even higher. We have considered only the winter exposure period (90 days), but the EC values and corresponding CR values may 
change (they are likely to be higher) based on the annual mean trace elemental concentrations and year-long exposure. Further, RfC 
values for other elements such as Zn and Cu are not available in the US EPA database. Hence, we were unable to calculate their 
associated HQ values. Therefore, in reality, the noncarcinogenic risk is also higher than the values presented here. 

4. Conclusions 

The concentrations of trace elements measured in the ambient PM during the winters in Kanpur, India, revealed a substantial 

Fig. 3. Enrichment factor (EF) values of various elements in ambient PM (AP; PM1, PM2.5) and FW samples. F, M, and C denote fine, medium, and 
coarse droplets, respectively. PM1/PM2.5 fog/NFN represents PM1/PM2.5 filter samples collected during fog events/NFNs (PM1 collected during 
foggy and nonfoggy days are denoted as PM1 fog and PM1 NFN, respectively). 

Table 1 
Estimation of PM2.5 inhalation exposure concentrations and risk assessment for the nonfoggy period.  

Risk (carcinogenic) EC (ng/m3) IUR (ng/m3)− 1 CR 

Ni 1.96 2.4 × 10− 7 0.5 × 10− 6 

Cr (VI) 2.61 8.4 × 10− 5 219 × 10− 6 

Pb 40.87 3.4 × 10− 8 1.4 × 10− 6    

Sum = 221 £ 10¡6 

Risk (noncarcinogenic) EC (ng/m3) RfCi (ng/m3) HQ 
Ni 4.57 24 0.19 
Cr 6.08 100 0.06 
Mn 6.34 50 0.13 
V 7.61 100 0.08    

Sum, HI = 0.46  
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presence of various toxic elements and very high enrichment factor values, indicating their anthropogenic origins. Despite the ban on 
leaded fuel, the ambient PM still has a substantial concentration of Pb, indicating that owing to the prolonged use of leaded fuel, Pb has 
become a part of the crustal dust and/or other sources of Pb present at this location of study. The trace elemental composition of FW 
samples indicated even higher enrichment (compared to PM1 and PM2.5) for all the elements inside fog droplets, indicating FW 
contamination caused by anthropogenic pollution. The elemental concentrations in FW were found to be impacted by fog-droplet-size 
distribution, with fine droplets being more concentrated with the various elements. The substantial quantity of transition elements 
such as Cu, Fe, and Mn inside the fog droplets indicates that fog can act as an effective oxidizing agent for various inorganic and organic 
species. Risk assessment for toxic trace elements in ambient aerosols revealed a very high carcinogenic risk for the exposed population. 
However, the risk was increased further during foggy periods owing to the combined exposure to PM2.5 and fine fog droplets. Polluted 
fog with more fine droplets poses a greater risk to the exposed population. This is the first study to demonstrate that exposure to fog 
droplets can increase health hazards; therefore, steps should be taken to curb pollution at this location. However, in this study, we have 
selected inhalation as the only route of exposure, whereas exposure to toxic elements through other routes (ingestion, dermal ab-
sorption) is also plausible. Certain parameters are fixed, such as the adult’s weight at 70 kg. These parameters and hypotheses can lead 
to an underestimation or overestimation in the assessment. To overcome such limitations, a multiseasonal study with higher 
spatiotemporal coverage is required for more accurate estimates of health risks. The analyses and addition of other toxic species, such 
as polyaromatic hydrocarbons (PAH), could provide further insights into the risk estimation of the exposed population. 
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