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Abstract

:

We estimated the particle number distributions (PNDs), particle number concentrations (PNCs), physicochemical characteristics, meteorological effects, and respiratory deposition doses (RDD) in the human respiratory tract for three different particle modes: nucleation (N6–30), accumulation (N30–300), and coarse (N300–10,000) modes. This study was conducted in three different microenvironments (MEs) in London (indoor, IN; traffic intersection, TI; park, PK) measuring particles in the range of 6 nm–10,000 nm using an electrical low-pressure impactor (ELPI+). Mean PNCs were 1.68 ± 1.03 × 104 #cm−3, 7.00 ± 18.96 × 104 #cm−3, and 0.76 ± 0.95 × 104 #cm−3 at IN, TI, and PK, respectively. The PNDs were high for nucleation-mode particles at the TI site, especially during peak traffic hours. Wind speeds ranging from 0 to 6 ms−1 exhibit higher PNCs for nucleation- and accumulation-mode particles at TI and PK sites. Physicochemical characterisation shows trace metals, including Fe, O, and inorganic elements, that were embedded in a matrix of organic material in some samples. Alveolar RDD was higher for the nucleation and accumulation modes than the coarse-mode particles. The chemical signatures from the physicochemical characterisation indicate the varied sources at different MEs. These findings enhance our understanding of the different particle profiles at each ME and should help devise ways of reducing personal exposure at each ME.
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1. Introduction


Urban air quality has been made worse by the densely packed high-rise concrete structures which limit air exchanges, and the street canyons with high-rise buildings, increasing traffic, and various other anthropogenic activities [1]. While the major cities focus on controlling the exposure and health risk of regulated air pollutants of both gaseous pollutants [2] (such as nitrogen oxides NOx, sulphur dioxide; SOx, polycyclic aromatic hydrocarbons; PAHs) and particle pollutants (particulate matter with aerodynamic diameter ≤10 μm; PM10 and ≤2.5 μm PM2.5 [3,4]), the unregulated pollutants called ultrafine particles (UFPs) have complex effects on health [1,5,6]. UFPs are particles with an aerodynamic diameter of less than 100 nm while contributing very little to the total particle mass in the ambient atmosphere and are present in very high numbers [6]. UFPs are emitted from a variety of exhaust emissions, largely from vehicle exhaust in urban areas [7], and non-exhaust emissions, such as tyre and brake wear, re-suspension, cigarette smoking, cooking, and secondary formation [8], and are preferentially measured as particle number concentrations (PNCs) due to their negligible contribution to total particle mass [9]. Despite their negligible contribution to the particle mass, the toxicity of UFPs and their complex chemical composition may be greater than particles such as PM10 or PM2.5 [10,11]. The smaller size of UFPs enables them to acquire a higher rate of deposition into the deeper region of the lungs [12,13] and to possess the ability to cross the air–liquid interface into the systemic circulation by which they can reach distal organs [14,15]. Epidemiological studies have reported associations between respiratory mortality and other health effects with exposure to UFPs [16].



In general, people in urban areas spend their time in different types of microenvironments (MEs) that have different levels and compositions of pollutants [16]. UFP concentrations vary significantly between different MEs [17]. The concentration variations at the different MEs are attributed to the emission sources, type of activity, and the time spent in each ME. Information obtained from different MEs would help to improve the estimation of human exposure assessment [18]. Table 1 summarises the previous studies that have investigated the PNCs in different types of MEs, such as major traffic intersections (TI) or traffic areas, indoor environments (IN), and urban background environments such as parks (PK) along with the particle number distributions at different MEs.



TIs with traffic signals are known to exhibit higher peaks of PNCs frequently compared to the roadside sites, and these locations are termed pollution hotspots in any urban setup [29]. TIs in cities were found to possess ~17 times higher concentrations of PNCs [30] compared to the average roadside concentrations in cities [1]. A strong understanding of the factors influencing the TI becoming a pollution hotspot is required to reduce the exposure to vehicle-emitted PNCs of UFPs, especially the diesel-driven engines that are the principal source of ambient UFP emissions [31], which increase PNCs across a range of particle numbers [1,6].



Improved indoor air quality is essential since people spend most of their time indoors [32,33]. The sources of emissions in indoor ME vary according to the type of environment (residential and non-residential) [16]. Numerous studies have shown that the printers in offices and homes are potential sources of IN UFPs [31,34,35,36]. The authors in [35] reported a maximum concentration of 2.17 × 105 #cm−3 particles from printer emissions in an IN environment. In addition, indoor air quality (IAQ) depends on the pollutant’s penetration from outdoor sources, ventilation, air exchange rates, and various other activities [37].



An environment without major influence from any traffic emissions and local sources is considered to represent the characteristics of an urban background site, and associated with relatively clean environmental conditions [38]. In [39], the urban background site in a city centre was reported to have higher PNCs compared to regional background sites, showing the influence of traffic emissions. There are numerous studies assessing the particle number distributions (PNDs) and PNCs from TIs [27,40], residential areas [19], IN [36], urban backgrounds [41], and urban areas [6]. However, little is known about the chemical composition, morphology of these UFPs at different particle sizes and comparison of PNDs and PNCs from varied MEs for different particle modes such as N6–30nm (nucleation mode; representing particles between 6 nm and 30 nm); N30–300nm (accumulation mode; representing particles in the range of 30 nm–300 nm); N300nm–10,000nm (coarse mode; representing particles in the size range between 300 nm and 10,000 nm) in a single study.



The overall aim of this work was to develop a comprehensive continuous monitoring campaign to collect the PNDs and PNCs of particles ranging from 6 nm to 10,000 nm at three different MEs namely IN, TI, and PK using a 14-stage electrical low-pressure impactor (ELPI+) in the same region, namely in southwest London. Furthermore, a chemical characterisation of particles collected at various stages using SEM-EDX was undertaken to estimate the chemical composition, morphology, and structure of the particles. The field campaign was performed in three different MEs to reflect people’s movement through different MEs in urban areas on a daily basis, exposing them to different levels of pollution. The estimation of human exposure to the chemical compounds, respiratory deposition, and the levels of pollutants in these different MEs will aid in exposure mitigation and formulating recommendations to improve and protect the health of the public. The specific objectives are: (i) to categorise the total particles collected as N6–30nm, N30–300nm, and N300nm–10,000nm, and estimate the distributions and concentrations during peak hours and normal hours in three different urban MEs for different particle modes; (ii) to compare the chemical signatures at each ME to study the sources dominating the UFPs emissions; (iii) to study the influence of meteorological factors on the concentration and dispersion of UFPs; (iv) to assess the exposure of particles in the three different modes N6–30nm, N30–300nm, and N300nm–10,000nm, and provide a prediction of the rate of their deposition in three different regions of human respiratory tract.




2. Materials and Methods


2.1. Site Description


The field campaign was carried out from January to March 2020 (prior to the COVID-19 lockdown period), to monitor the size-resolved PNCs in the 6 nm–10,000 nm range in southwest London. The period from early January to mid-March (winter season) was selected due to poorer air quality both outdoors and indoors at this time of year. Colder and drier outdoor air traps more pollution, in addition to the increased use of heating and transport which increases fuel usage and associated emissions during winter months. Similarly, building occupancy rises, ventilation reduces due to closed windows and doors, and raised humidity levels result in poor indoor air quality during the winter months.



The measurements were carried out in three different MEs (Figure 1) continuously at different time-periods, as shown in Table 2.



The IN site was inside the Data Science Institute (DSI), Imperial College London, South Kensington campus (Figure 1d), where 20–25 people spent 6–8 h in this mechanically ventilated office space, located at ~100 m from Prince Consort Road to the north and ~200 m from Exhibition Road to the east. The sampling was carried out continuously during routine office activities.



The measurements for the TI site (Figure 1b) were carried out near the Invention Rooms building located in White City, London. The sampling was carried out alongside the Invention Room building premises, near the roadside. The TI site has one major arterial road (A 219 from both sides), one sub-arterial road (South Africa Road), and a side road from a construction site intersecting at the traffic signal adjacent to the sampling site. This area in Zone 2 of London has heavy traffic flow, with the highest proportion of vehicles being passenger cars, followed by large goods vehicles (LGVs), especially between 11.00 and 16:00 h. However, the percentage of LGVs was significantly lower at weekends, as these are now working or business days. The frequency of buses is higher during morning (07:00–10:00 h) and evening (16:00–19:00 h) peak hours (but not as high as passenger cars) than during non-peak hours. The TI site has four 2-lane roads intersecting with each other. The site is surrounded by trees and small hedges on the kerbside of Wood Lane Road at ~40 m west of the sampling site, and around 56 m from the southwestern side of the sampling site on the kerbside of South Africa Road.



The measurements for the PK site (Figure 1e), representing an urban background site, were carried out in Princes Gardens (also called the Secret Gardens) in Knightsbridge, London. The site is around 300 metres away from the arterial road A315 and sub-arterial roads Exhibition Road and Prince Consort Road connecting to the A315. The site is surrounded by tall residential and academic buildings averaging from 15–20 m. In addition, trees and other types of vegetation provide the characteristics of an urban background site, referred to here as a park site or PK.




2.2. Instrumentation


PNCs were measured and collected using an ELPI+ (Dekati Ltd. Tykkitie 1, FI-36240 Kangasala, Finland). The ELPI+ classifies particles according to their aerodynamic diameter (Dp) and collects real-time particle size measurements in the 6 nm–10 μm range. This particle size distribution is established based on the size fractions of the impactor stages. The particles enter the ELPI+ through a dry vacuum pump, which operates at a flow rate of 10 LPM and is electrically charged by a corona charger. They are classified inertially in a low-pressure cascade impactor with 14 electrically insulated collection plates, which detect and record the current produced by the particles on a multichannel electrometer connected to each impactor stage before they are finally deposited on a filter.



A particle’s aerodynamic behaviour determines which stage of the ELPI+ it is deposited/recorded in. The low-pressure impactor classifies the particles according to their inertial flow, by which particles are deposited on the collection plates when the airflow becomes insufficient to maintain suspension. The radius of the air streams decreases for each impactor stage and causes certain error probabilities such as particle loss due to diffusion and bounce-off effects. Errors due to particle loss were calculated using the current signals which are proportional to the PNCs and particle size. The PNCs in each channel are calculated using kernel functions to account for the charging efficiency dependence on the diameter, and for the collection efficiencies of the different impaction stages.




2.3. Data Collection


All the data were sampled at a sampling frequency of 60 s. Sampling was carried out on consecutive days at the IN and PK sites; however, the measurements at the TI site were discontinued for a total of three days due to seasonal storms: Ciara (9 February 2020) and Dennis (15–16 February 2020). The instruments were stopped twice a week, for one hour, to extract the data from the instrument’s memory, to avoid data loss.



Meteorological data (wind speed, wind direction, temperature, and relative humidity) were obtained from London Heathrow Airport (www.wunderground.com (accessed on 26 November 2020)), ~15 km west of the measurement sites. The traffic counts were performed manually using five different vehicle categories: two-wheelers, cars, vans, buses, and trucks.




2.4. Scanning Transmission Electron Microscopy with Energy Dispersive X-ray Spectroscopy (STEM-EDX) Analysis


To collect PM for the STEM-EDXS analysis filters from two size fractions (0.016 μm, 0.38 μm) collected by ELPI+ were pulse-sonicated in methanol to produce a methanol-PM suspension. This suspension was then partially evaporated and deposited on holey carbon TEM grids. Imaging and elemental mapping by STEM-EDXS were carried out on a JEOL 2100F (JEOL Ltd., Akishima, Tokyo, Japan) at 200 kV in STEM mode using a high-angle annular (HAADF) dark field detector—the HAADF detector is highly sensitive to local variations in the atomic number within the sample, a key feature underlying the present selective imaging approach. EDX spectra were collected using an INCA/Aztec EDS 80 mm X-Max detector system (Oxford Instruments plc, Tubney Woods, Abingdon, Oxon OX13 5QX, UK), and the AzTec software (AzTech Inc., Irvine, CA, USA) was used for analysis.




2.5. Data Analyses


The obtained raw data from the ELPI+ were in the .dat file, which included the data for PNCs, particle mass concentrations, volume distributions, area distributions, and the raw current distributions. Data analysis was carried out using the macro-enabled Excel data sheet provided by DEKATITM (Tykkitie 1 FI-36240 Kangasala, Finland) which constitutes the correction algorithm to correct the diffusion losses during measurements and eliminate any possible errors during calculation. The size fractions were then categorised as N6–30 (nucleation mode—representing particles between 6 nm and 30 nm); N30–300 (accumulation mode—representing particles in the range of 30 nm–300 nm); N300–10,000 (coarse mode—representing particles in the size range between 300 nm and 10,000 nm). The PNC analysis and the PNDs during the peak hours and diurnal analysis of all the sites were carried out using Microsoft Excel. Polar plots and advanced analysis were carried out using R statistical software (v4.0.3) [42] and the Openair package [43].




2.6. Estimation of Respiratory Deposition Doses (RDDs)


The exposure to PNCs at all three sites was calculated in terms of the RDD rate (i.e., number of particles deposited in lungs per unit time, #min−1) and was calculated for the different modes of particles during rest and exercise. RDD rates are a product of deposition fraction, PNCs, tidal volume, and breathing frequency [40,44,45]. DF values (fraction of particles deposited) for different size ranges were extracted from the average data of males and females for total and regional deposition for light exercise predicted from the ICRP deposition model [46] for different regions of the human respiratory tract (HRT); extrathoracic region (ET), tracheobronchial region (TB), and alveolar region (AL):


  R D D   o f   P N C s   S i z e − d e p e n d e n t   D F   =   V T × f   ×   ∑  i = 1   i = 14         P N C   i   × D F ( i )  



(1)




where PNCi and DFi are the number concentration and deposited fraction of particles in each size range, i, respectively. Subsequently, these doses have been summed according to the nucleation (N6–300), accumulation (N30–300), and coarse (N300–10,000) modes. Tidal volume and breathing rate are dependent on age, gender, and level of activity. We used a typical adult breathing rate of 18 ± 2.5 breaths min−1 and a tidal volume of 0.78 ± 0.14 L for a resting adult as well as a breathing rate of 25 ± 3.8 breaths min−1 and a tidal volume of 1.71 ± 0.46 L for an exercising adult [47].





3. Results


3.1. PNDs in Different Microenvironments


The mean PNDs (Figure 2), show a higher number distribution at ~10 nm at all three sites. The TI site was found to possess a higher distribution of ~1.5 times and ~2.7 times for nucleation mode, and ~1.4 and ~4.3 times for accumulation modes at the IN and PK sites. The distribution of the coarse-mode particles in the IN site was ~0.7 and ~2.8 times higher than at the TI and PK sites. The peak obtained at ~10 nm (Figure 2a) at the IN showing the higher contribution of nucleation mode could be attributed to the laser printer emissions and/or other activities such as toaster usage and coffee brewing [32,35]. The shape of the average PND curves was found to gradually decrease as the particle diameter increased, and a similar pattern of reduction is seen in all three sites (Figure 2a–c). Similarly, the higher distribution reported in the TI site at ~10 nm (Figure 2c); shows the influence of traffic emissions, since similar peak patterns were observed and reported previously, where the nucleation mode peaked at ~7–21 nm [7] and ~5–10 nm [48]. Nucleation-mode particles result from hot exhaust gases, which tend to condense as they cool down, thereby increasing the particles in the nucleation range [49]. Accumulation-mode particles are likely to result from vehicle exhaust emissions, which have particles in the range of 30–500 nm and consist of solid carbonaceous material [50]. The higher distribution peak at the ~10 nm urban background site (PK site) also shows the influence of traffic emissions (Figure 2b), like the other two sites. Similar patterns have been observed by [51] at ~20 nm and [38] at ~17 nm for an urban background site located close to busy traffic areas. This type of high distribution indicates the contribution of freshly emitted traffic exhaust and more aged traffic [39] as the PK site is located close to the busy arterial roads of the city. The combustion-related activities were found to contribute higher distributions at all three sites, with traffic and its related emissions for the TI and PK sites, whereas the photocopying activity and laser printer emissions were in the IN site.




3.2. PNDs during Morning Peak Hours


The morning peak hours were between 7.00 a.m. and 10.00 a.m., which is the morning ‘rush hour’ in London. Figure 3a shows diurnal PNCs at all three sites, with coloured spots showing the maximum and minimum concentrations recorded at each site. Figure 3b,c shows the minimum and maximum PNDs at all three sampling sites. Among these, the morning peak for the IN site shows a bimodal distribution, with peaks at ~10 nm and a clear peak at ~100 nm, which indicates that the particles found in the nucleation and accumulation modes are probably obtained from toner-based printing equipment, such as laser printers and copiers and related activities in the IN environment. These activities in the IN site would have contributed to the higher number of concentrations in this particle size range since these printing processes release gaseous pollutants and elevated levels of airborne PM and engineered nanomaterials [34,35]. The PNDs at PK during the peak hours (Figure 3b,c) remain similar to the average number distribution discussed in Section 3.1. The unimodal distribution with a peak at ~10 nm at the PK site indicates the maximum contribution in nucleation mode from the residential apartments and long-range transported aerosols [52]. The morning peak hours PNDs at TI show a bimodal distribution with two peaks at ~10 nm and ~20 nm that are attributed to the nucleation mode, formed due to the condensation of volatile and gas particles [53]. Similar bimodal distributions in the 10–35 nm range have been reported in similar environments [54]. The supersaturated vapours from vehicular combustion were stagnant due to the low temperature and high humidity during these hours of the day with high traffic volumes. The accumulation mode also possesses a significant number concentration and particle distribution which demonstrates the particle formation from the nucleation mode to accumulation mode. The particles in the nucleation mode append to the particles that contribute to the accumulation mode from the vehicular emissions, showing the maximum number distribution of the particles in these modes.




3.3. PNCs in Different Microenvironments


Table 3 shows the average PNCs for different particle sizes at all sites for the entire sampling duration. The mean PNCs at the IN, TI, and PK sites were 1.68 ± 1.03 × 104 #cm−3, 7.00 ± 18.96 × 104 #cm−3, and 0.76 ± 0.95 × 104 #cm−3, respectively (i.e., 4.2 and 9.2 times higher than IN and PK compared with TI). (Figure 4). The average PNCs in nucleation mode for the TI site (3.1 ± 9.5 ×104 #cm−3) were over 5.5 times and 10.7 times higher than IN (0.56 ± 0.39 × 104 #cm−3) and PK (0.29 ± 0.37 × 104 #cm−3) sites, respectively.



Similar trends were measured in accumulation mode, where the PNCs at the TI site (3.4 ± 2.5 × 103 #cm−3) were over 1.3 and 4 times higher than IN (2.7 ± 1.8 × 103 #cm−3) and PK (0.8 ± 1.1 × 103 #cm−3), respectively. However, the coarse-mode particles were higher for IN, recorded at an average concentration of 63 ± 55 #cm−3, which is ~1.4 and ~2.7 times higher than the average PNCs of coarse-mode particles for TI (45 ± 30 #cm−3) and PK (17 ± 32 #cm−3) sites. The slight increase in coarse-mode particle concentration at the IN site is likely to have been caused by the resuspension of settled dust [55], dust particles from the carpet flooring, cleaning activities such as vacuum cleaning [56], and maximum occupancy [57] at the IN site. In [58], the resuspension of particles from carpet flooring was found to be significantly higher than the vinyl tile flooring for larger particles (1.0–10 µm). Particle resuspension would have resulted from human activities [59], which is evident from the higher concentrations of coarse-mode PNCs recorded during working hours (Figure 3a).



The increase in PNCs was significant in nucleation mode for TI compared with IN and PK. This rise in concentrations in nucleation mode would have contributed to the traffic exhaust emissions since the particles in these size modes are emitted directly from the tailpipe of vehicles as supersaturated vapours [42]. The role of nucleation-mode particles is distinct, and these particles later undergo a new particle formation (NPF) process, which grows to contribute to the accumulation mode at TI [60]. However, ~70% of the total PNCs at IN were in nucleation mode. The contributions could have been emissions from copiers and printers [32,61].



In the PK site, around 77% of the total PNCs were in nucleation mode. PNCs at this site indicate that PK has well-mixed sources of emissions from traffic and more aged traffic, and cooking emissions from nearby residential apartments may have contributed to particles in nucleation mode [39].




3.4. Effect of Meteorology on PNCs


Figure 5 shows the influence of wind speed on the PNCs at TI and PK using meteorology data obtained from London Heathrow Airport. The meteorological and PNC values are taken at 30 min intervals. The PNCs were higher in the TI site compared to the PK site in all three particle modes (Figure 4a–c). The sampling site comprises three major roads, with South Africa Road in the west–southwest (WSW), and Wood Lane in the south–southwest (SSW) direction at ~40 m, ~60 m, and ~50 m, respectively. The predominant wind directions for both TI and PK sites are the west and southwest directions with wind speeds ranging from 0–14 ms−1. The prominent wind speeds at both sites are 6–8 ms−1 followed by 4–6 ms−1, 8–10 ms−1, 2–4 ms−1, and 10–12 ms−1. The wind speeds > 10 ms−1 were found to be coming from the western direction at the TI site. The nucleation-mode particles depicted higher concentrations at the wind speeds of 4–6 ms−1, which is ~13 times higher than the lower concentrations exhibited in the wind speed range of 10–12 ms−1. The contribution to the nucleation-mode particles would have been from the west and southwest directions, from the vehicular emissions of South Africa Road in the west–southwest and wood lane road in the south–southwest. The average temperature during the field measurements at the TI site was around 7 °C–8 °C, which would have caused a temperature inversion, causing the particles to stagnate, leading to a higher concentration of PNCs at these wind speeds. There is a dilution of particles in nucleation mode at higher wind speeds, which supports the atmospheric dispersion theory, where downwind concentrations are found to be inversely related to wind speeds [62]. The higher the wind speed, the lower the concentration in all particle modes. The accumulation-mode particles showed higher concentrations in lesser wind speeds. For instance, the PNCs were higher for the wind speed of 0–2 ms−1, which further decreases as the wind speed increases, showing a ~3 times difference in PNCs from the lowest PNCs recorded for the wind range of 10–12 ms−1.



PK has a major, busy, road (A315) ~150 metres to the north, and Exhibition Road (with less traffic than A315) ~160 m to the west. The PNCs of the nucleation-mode particles were higher at wind speeds ranging from 2 to 4 ms−1 and decreased by up to ~12.6 times when the wind speed increased to 10–12 ms−1 [63]. The accumulation-mode PNCs were higher at the wind speed of 2–4 ms−1 and were found to decrease as the wind speed increased up to 10–12 ms−1 due to the influence of the downwind direction on the concentrations that agree with the dispersion theory. The PNCs for both the nucleation and accumulation modes were higher from the west at wind speeds ranging from 2 to 4 ms−1, showing the influence of traffic volume or the spatial distribution of local particulate sources around the sampling site impact PNCs [64] at the PK site. Therefore, the wind speeds ranging from 0 to 6 ms−1 were found to cause a higher concentration of particles in nucleation and accumulation mode. As the wind speed increases, the perpendicular winds > 6 ms−1 from the southwestern direction transport the particles away from the sampling point thereby decreasing the concentrations.




3.5. Characterisation of PM from Different Environments


We performed qualitative STEM-EDX to visualise and characterise the structure and composition of representative particles from different size-fractionated filters. For all three environments, the STEM revealed that UFPs (≤100 nm diameter) showed varied compositions within complex clusters, with diameters ranging from micrometres down to sub-micrometres (Figure 6c,i,l). The nanoparticles and micrometre-sized clusters had irregular and non-spherical morphologies. Interestingly, in all environments, the EDX mapping revealed that some of the nanoparticles contained Fe- and O-rich particles as well as other organic and inorganic elements (C, Cl, O, S, Na, K, Si, and Ca) within the clusters. In the IN environment, EDX maps (Figure 6c) and a point spectrum (Figure 6e) showed that they were made up of ultrafine 80 nm diameter particles, composed of iron, sulphur, potassium, oxygen, and lead embedded in a matrix of carbon (Figure 6). Other work has indicated that these metal/metal oxide particles are incorporated into toners in printers, which supports them as the likely source (discussed in Section 3.2) [34]. However, Pb was also found in the indoor site which is unlikely to be sourced from printers and suggests atmospheric ingress from outdoor sources; for example, current or historic traffic emissions from which Pb is likely to persist in the environment [65,66]. At the PK site, a particle composed of Ca, Fe, and O was embedded in a larger matrix of carbon, oxygen, and iron (Figure 6i–k). Similarly, at the TI site, particles composed of Fe and O-rich particles were embedded in a matrix of carbon (Figure 6i,o). The presence of transition metals at the PK and TI indicates that these PMs are generated by abrasion and resuspension at the roadside as well as crustal and gasoline (diesel) emissions and support roadside resuspension and dust particles as a potential source (discussed in Section 3.2).




3.6. Respiratory Deposition Doses


The RDD rates for all three different MEs were calculated for all three different particle modes (nucleation, accumulation, and coarse) using the breathing frequency and tidal volume of the two different activities such as rest (e.g., sitting) and exercise (cycling, walking, or jogging). As might be expected from their higher tidal volumes, the male RDD was ~12% higher than females across all size fractions. The RDD of males is presented in Figure 7, and the results of female RDD are presented in Table S2/Figure S2. The RDD at the TI site was higher than that of IN and PK sites in all particle modes except for the coarse mode, where the RDD of coarse-mode particles in the IN site (rest condition) were ~1.1, 1.0, and 1.3 times higher than the TI site (~3.4, 3.3, and 3.6 times higher than PK site) at the ET, TB, and AL regions, respectively. This might be due to the resuspension of particles from the carpet flooring at the IN site. Additionally, the coarse-mode PNCs at the IN site were ~1.4 times and ~3.7 times higher than the TI site and PK site. This shows that the RDD is a function of PNCs in each mode [12], and the higher PNCs in the coarse mode of the IN site resulted in a higher deposition compared to the other MEs. A similar trend was observed in coarse mode for the exercise conditions at all three MEs. Nucleation-mode particles dominated the RDD deposition followed by accumulation and coarse mode in all three MEs. The maximum deposition of the nucleation mode was at the TI site (during exercise) (3.01 ± 9.64 × 108 #min−1), where 50% was deposited in the AL region, followed by 28% and 22% deposition in the TB and ET regions, respectively.



The PNCs at the TI site was mainly contributed by the high-traffic volume and different types of vehicles. This is evidenced by the prevalence of solid-core particles in the 10–15 nm range present (in nucleation mode), indicating that they are exhaust emissions [67] and the undiluted exhaust emissions that emit gaseous components at high temperatures and condense to the particle phase (due to the rise in the gas saturation ratio), dominating particles present in nucleation mode [7]. The deposition was higher in the AL region (deepest part of HRT), indicating that the particles with lower diameters will deposit in the deeper part of the lungs [12,68]. Coarse-mode particle deposition (3.87 ± 3.23 × 105 #min−1) was higher in the ET region at the IN site. The ET region serves as an entrance and first line of defence to the HRT [69], and the particles deposited generally do not travel into the deeper region of the lungs and are quickly removed through coughing, ciliary activity, and other mechanisms [70]. Similarly, nucleation- (0.38 ± 1.22 × 109 #min−1) and accumulation- (9.29 ± 6.69 × 106 #min−1) mode particle deposition in the TB region was higher than in the ET region but lower than in the AL region. However, the RDD of the coarse-mode (2.9 ± 1.96 × 104 #min−1) particles were lower in the TB region compared to the ET and AL regions. The TB region acting as conducting airways [71] has an increase in deposition with a decrease in the particle size, showing reduced deposition in coarse mode [69].



Accumulation-mode particle deposition at the IN and TI sites showed slight differences in the deposition doses at all HRT regions (~1.4 times higher in the TI site), rather than the PK and TI sites, where the RDD of PK was ~4 times lower than the TI site. This indicates that the source of accumulation-mode particles in both IN and TI sites are slightly different. In [72], a slight difference in the accumulation-mode particle distributions was found between indoor and outdoor sites. The RDD at all three MEs for all three modes and three regions of the HRT shows that the particle size plays a major role in determining the deposition and clearance of the fraction of inhaled particles from various regions of the HRT. The observations made from the RDD estimation show that the exposure of particles and their deposition rate depends on the type of activity, and type of sources of pollutants, for instance, a carpet floor in an indoor environment can cause a rise in particle concentration, thereby increasing the exposure. Hence, the magnitude of exposure depends on the type and characteristics of any microenvironment, and proper consideration needs to be taken when undertaking any type of physical activity by looking at the potential exposure to particle deposition. Nevertheless, such RDD calculations have their limitations. An in vitro and in vivo study can provide a more accurate analysis of respiratory deposition by experimentally assessing and comparing the lung deposition rate with these empirical results, to estimate the difference in the accuracy of the deposition.





4. Conclusions


We assessed the number and size distributions of particles and their physico-chemical characteristics in three different MEs, and found that the average PNDs for the whole duration and peak hours showed a unimodal distribution with peaks at ~10 nm for all three different MEs. The magnitude of the peaks for the TI site at 10 nm was ~1.3 and ~2.2 times higher than at the IN and PK sites. High traffic volume and fresh exhaust emissions caused the rise in the magnitude of the peak at ~10 nm at the TI site compared with other MEs. Similarly, the PNCs from all three sites followed the trend: TI > IN > PK, and the nucleation-mode particles were found to be higher at all MEs, followed by the accumulation mode, and a negligible contribution from coarse0mode particles. TI site possessed higher PNCs compared to IN and PK due to the domination of traffic sources in the nucleation and accumulation modes, except for the coarse-mode particles in the IN site which were ~1.4 and ~2.7 times higher than at the TI and PK site, showing the influence of people’s movement and the hoovering activity which would have caused a rise in particle resuspension and an increase in the PNCs of the coarse mode. Furthermore, the meteorological effects such as wind speed ranging from 0–2 ms−1 to >12 ms−1 and the wind direction prominent to the west and southwest direction at both the TI and PK sites exhibit higher concentrations at lower wind speeds and the concentrations were found to decrease as the wind speed increases. The elemental maps of the UFPs supported the attribution of these different sources, for instance, the IN site, which showed iron, sulphur, potassium, and oxygen embedded in a matrix of carbon; and contributed from toners in printers. RDDs were found to be higher at the TI site, and they exhibited the same pattern as the PNCs, since RDD is a function of PNCs, and we can see that higher PNCs cause greater deposition. There was less deposition at sites such as PK, which is an urban background site with comparatively less impact from traffic and other related sources.



The PNDs help in understanding the distribution of particle sizes at different MEs, and identifying the potential contributions from various sources. Future research work on the combined measurements of NOx and SOx along with PNDs and PNCs on a continuous measurement basis for longer periods and observe seasonal variation trends can build further understanding of the behaviour of particles with respect to the wind directions and traffic volume. The RDD of PNCs can be used to study the relationship between the particle diameter and deposition in the different regions of the lungs, and the influence of the deposition of UFPs in the deeper region of lungs. The parameters estimated in this study will facilitate the formulation of proper guidelines for the protection of public health by reducing personal exposure and designing activities to be performed in specific areas; for instance, recommendations can be made to avoid any intense activity in the traffic intersections, and instead conducting activities in an urban background area such as the park site in this study.
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Figure 1. (a) Map showing the location of all the measurement sites (red points) with pictures showing the sampling sites of the (b) traffic intersection, (c) indoor, (d) park, (e) vehicular fleet data of the traffic intersection sites during the daytime throughout the sampling duration. 
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Figure 2. Average particle number size distributions (lines) and particle mass distributions (shaded regions) in different MEs: (a) IN, (b) PK, (c) TI, and (d) all three MEs. The pie chart shows the percentage contribution of particles in each mode in different MEs: the green-coloured part is N6–30; the red-coloured part is N30–300; and the maroon-coloured part is N300–10000—which is negligible for the coarse particles. 
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Figure 3. Average number and mass distributions at morning peaks: (a) diurnal variation of PNC showing the selected hours for minimum (green dot) and maximum (red dot) peaks in each microenvironment; (b,c) particle number size distributions (lines) and particle mass distributions (shaded regions) for minimum and maximum peaks, respectively. 
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Figure 4. Average diurnal profiles of PNCs were continuously measured in (a) IN, (b) PK, (c) TI, and (d) all three microenvironments. 
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Figure 5. Polar plot for the three different particle modes: (a) nucleation mode, (b) accumulation mode, and (c) coarse mode of TI site. Similarly, (d) nucleation mode, (e) accumulation mode, and (f) coarse mode of PK site. The centre of each plot represents a wind speed of zero, which increases radially outward. The colour scale indicates the concentrations. 
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Figure 6. STEM-EDX maps showing representative ultrafine particles from each site collected on two filter size fractions, CP08 (38–60 nm) and CP02 (16–30 nm), for the IN (a,c), PK (f,i), and TI (l,p) and the corresponding point EDX spectrum shown for particles in the IN (b,d,e), PK (f,i), and TI (m–o,q). 
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Figure 7. Estimated average RDD of PM particles for all the sampling sites: (a) indoor (rest); (b) indoor (exercise); (c) traffic (rest); (d) traffic (exercise); (e) park (rest); and (f) park (exercise) for resting and exercise activities for all the three regions of lung morphology. 
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Table 1. Summary of relevant research studies on particle number distributions and concentrations in traffic on roadsides, indoors, and in rural background MEs.
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	Environment
	Instrument

(Size Range)
	Description
	Reference





	Residential area
	Scanning mobility particle sizer (SMPS)

(16–698 nm)
	Long-range transport (LRT) events possess the highest particle size, followed by secondary biogenic (BIO), wood-burning (WB), and traffic (TRA) events with geometric mean diameters of 72, 62, 57, and 41 nm, respectively.

The contribution of WB was found to be dominant followed by TRA, BIO, or LRT aerosols.
	[19]



	Indoor
	Scanning mobility particle sizers (SMPS)

(4–532 nm)
	PM size distributions were measured for particles in the size range of 0.001–20 μm.

PNCs were higher during propane-fuelled cooking exhibiting particles in the sub 10 nm diameter.
	[20]



	Roadside with green infrastructures (GIs)
	P-Trak 8525

(20–1000 nm)
	The PNCs were reduced by up to 30% within the mixed configuration of trees and hedges.
	[21]



	Transport, indoor and outdoor
	DiSCmini

(10–300 nm)
	The mean PNCs were highest in environments with motorised transport followed by indoor environments and walking outdoors.

The peak contribution occurred 88% indoors (mainly at home) and 12% outdoors.
	[18]



	Indoor (metallurgical production site vicinity)
	ELPI+

(0.007–10 μm)
	Most of the particles are smaller than 1c and approximately 5 wt% are so-called ultrafine aerosols.

The average aerodynamic diameters for the FeS and the SiMn fume particles were 0.17 and 0.10 μm, respectively.
	[22]



	Roadside with GIs
	DMS50

(5–2500 nm)
	The PNDs displayed dominant peaks at 5.6 and 10 nm and a varying peak in the 55–75 nm range.

The PNCs were reduced by about 37% in the presence of GIs.
	[23]



	Different transport modes
	DiSCmini

(10–300 nm)
	Average trip UFP concentrations were higher in cars (31,784 particles cm−3) and on bicycles (22,660 particles cm−3) compared to walking (19,481 particles cm−3) and public transportation (14,055–18,818 particles cm−3).
	[24]



	Indoor
	FMPS

(5.6–560 nm)
	The characteristics of UFPs emitted from printers depend on indoor ventilation conditions.

The number of concentrations of UFPs was increased due to reduced ventilation rates of indoor air.
	[25]



	Different transport modes

(bus, car, and walking)
	Condensation particle counters (CPCs)

(10–1000 nm)
	The highest measured mean concentrations were during walking and moving in motorised vehicles (bus and car).

The lowest exposures were in green areas and office microenvironments.
	[26]



	Roadside
	DMS 500

(5–1000 nm)
	The PNCs were measured on roadsides at three different heights (i.e., 0.20 m, 1.0 m, and 2.60 m).

The real-time particle number distributions (PNDs) in the 5–1000 nm range were found to be similar at each sampling height, showing a consistent and discernible decrease with the sampling height.
	[27]



	Roadside
	DMS500

(5–1000 nm)
	Aitken-mode particle concentrations decayed exponentially with increasing wind speed at roadside locations.

The nucleation-mode particle concentrations at roadsides show a decaying relationship due to the dispersive effects of wind speed and distance from the local emission source.
	[28]



	Indoor
	Condensation particle counters (CPCs)

(10–1000 nm)
	The highest mean indoor concentrations were in a small carpet-covered library and a teachers’ office in the school.

Children attending primary school in the Athens area are exposed to significant levels of UFPs.
	[17]










 





Table 2. Details of the field campaign in different microenvironments for PM concentrations using ELPI+.
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	Environment (Code)
	Sampling Site (Lat, log)
	Campaign Duration





	Indoor (IN)
	DSI, William Penney Laboratory, Imperial College, South Kensington (51.498928, −0.177117).
	14 January 2020–31 January 2020



	Traffic intersections (TI)
	The Invention Rooms, Imperial College, White City (51.512833, −0.225196).
	03 February 2020–21 February 2020



	Park/urban background (PK)
	Princes Gardens, Imperial College, Knightsbridge (51.500512, −0.172176).
	24 February 2020–19 March 2020










 





Table 3. Statistical summary of PNCs in different microenvironments.
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Particle Size Range

	
IN (#cm−3)

	
TI (#cm−3)

	
PK (#cm−3)




	
Mean ± SD

	
Median

	
Max

	
Min

	
Mean ± SD

	
Median

	
Max

	
Min

	
Mean ± SD

	
Median

	
Max

	
Min






	
N6–30 nm

	
5682 ± 3902

	
4451

	
16,325

	
1644

	
31,521 ± 95,275

	
2073

	
38,8419

	
2505

	
2933 ± 3705

	
257

	
12,325

	
5




	
N30–300 nm

	
2694 ± 1806

	
1887

	
7438

	
1043

	
3468 ± 2490

	
2832

	
9857

	
1246

	
867 ± 1092

	
173

	
3828

	
2




	
N(300–10,000 nm)

	
63 ± 55

	
49

	
203

	
3

	
45 ± 30

	
35

	
120

	
17

	
17 ± 32

	
2

	
122

	
0.1
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