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Platinum group elements in atmospheric PM 10 particles and dry deposition in France

Platinum group elements (PGEs, i.e. platinum, Pt; palladium, Pd; and rhodium, Rh) catalyse over 90% of carbon monoxide, nitrogen oxides and hydrocarbons from combustion residues into water vapour, carbon dioxide and nitrogen in the vehicle's catalytic converter. But there is a major concern over these metals in the scientific world, since they are emitted by catalytic converters and accumulating in the environment. The distribution of PGEs in PM10 fraction was studied in an open urban site (Nantes, France) and in a tunnel (Paris, France) using low-and high-volume air samplers. PGEs were also investigated in dry deposition particles and deposited dust sampled in the tunnel. Pd occurred at the highest levels in both PM10 and dry deposition samples, followed by Rh and Pt. Maximum concentrations in PM10 fraction were 114 pg m -3 for Pd, 14.3 pg m -3 for Rh and 3.3 pg m -3 for Pt in the urban site (Nantes) and 91 pg m -3 for Pd and 16 pg m -3 for Rh in the tunnel (Paris). The concentrations for dry depositions in the tunnel were 261 μg kg -1 for Pt, 431 μg kg -1 for Pd and 85 μg kg -1 for Rh. The results on PGEs levels in atmospheric particles and dry depositions are the first data of their kind in France and will provide new insights into the contribution of catalytic converters to the environment. We also observed Pd and Rh being 2 times higher PM10 particles compared to dry depositions, leading us to suggest that particles rich in Pd and Rh are smaller than 10 μm. An overall concentration trend of Pd > Rh > Pt was observed in all samples, showing the replacement of Pt by Pd and Rh in newer catalytic converters.

Introduction

PGEs are used in industrial activities, domestic consumer products, chemotherapy drugs, etc. (Fröhlich and Roblegg 2012; Rauch and Peucker-Ehrenbrink 2015; Sarkar 2018). Due to the wide use of PGEs in car industry and continuous increase of their emissions into the environment, these elements can be considered tracers of automobile contamination. Globally, a consistent increase in PGEs' concentrations has been documented in various compartments of the environment during the last 30 years [START_REF] Zereini | The influence of ethylenediamine tetra acetic acid (EDTA) on the transformation and solubility of metallic palladium and palladium (ii) oxide in the environment[END_REF]. In the atmosphere, the abundance of PGEs varies from region to region depending on the traffic, the period of using vehicles, the type of vehicles and the vehicles post treatment systems used. Concentrations found by [START_REF] Zereini | Platinum and rhodium concentrations in airborne particulate matter in Germany from 1988 to 1998[END_REF][START_REF] Zereini | Platinum group elements (Pt, Pd, Rh) in airborne particulate matter in rural vs. urban areas of Germany: concentrations and spatial patterns of distribution[END_REF] can increase up to 246, 683 and 21 pg m -3 for Pt, Pd and Rh, respectively. Moreover, [START_REF] Zereini | Platinum and rhodium concentrations in airborne particulate matter in Germany from 1988 to 1998[END_REF] observed that the concentrations of Pt and Rh in TSP (total suspended particulate matter) for a high-traffic roadside in Frankfurt (Germany) were, respectively, 46 and 27 times higher, given a time period of 10 years (1988-1998). This increase can be observed in researches conducted by [START_REF] Zereini | Concentration and distribution of platinum group elements (Pt, Pd, Rh) in airborne particulate matter in Frankfurt am Main, Germany[END_REF][START_REF] Zereini | Platinum group elements (Pt, Pd, Rh) in airborne particulate matter in rural vs. urban areas of Germany: concentrations and spatial patterns of distribution[END_REF] as well; in a time-interval of 6 to 8 years, concentrations of Pd and Rh in the PM10 fraction, sampled on a high-traffic zone in Frankfurt, increased from 25 to 44 pg m -3 and from 2.9 to 3.2 pg m -3 , respectively. Likewise, an increase was observed for Pt concentration of airborne particles in Mexico City (Mexico) from 1991 (1.7 pg m -3 of Pt) to 2003 (9.3 pg m -3 ) and to 2011 (38.4 pg m -3 ) [START_REF] Rauch | Platinum group elements in airborne particles in Mexico City[END_REF][START_REF] Morton-Bermea | Platinum in PM 2.5 of the metropolitan area of Mexico City[END_REF]). In Braunschweig (Germany), a comparison between the years 1999 and 2005 shows an increase of 26 times in Pt and 8 times in Rh concentrations [START_REF] Wichmann | Increase of platinum group element concentrations in soils and airborne dust in an urban area in Germany[END_REF]).

Otherwise, [START_REF] Zhang | Variation of platinum group elements (PGE) in airborne particulate matter (PM2.5) in the Beijing urban area, China: a case study of the 2014 APEC summit[END_REF] showed higher concentrations of PGEs in airborne PM2.5 fraction during daytime compared to night-time; a decrease of up to 15% in Rh, 23% in Pd and 16% in Pt was reported during night-time sampling. They also reported a decrease by two times in PGEs' mass concentration (from 115 to 53 μg m -3 ) in Beijing (China) when the Chinese government implemented a strict vehicle emission control policy.

PGEs were previously estimated to be chemically inert and immobile; while recent investigations suggest that even metallic nanoparticles of PGEs emitted in the environment may have consequences for biota [START_REF] Sures | Biological Effects of PGE on Aquatic Organisms[END_REF][START_REF] Zereini | The influence of ethylenediamine tetra acetic acid (EDTA) on the transformation and solubility of metallic palladium and palladium (ii) oxide in the environment[END_REF]. Thus, the accumulation of PGEs in the environment is a serious concern since several studies have observed several health issues (allergic reactions, asthma, hair loss, skin disease, etc.) in humans at the chronic exposure to PGEs [START_REF] Pawlak | Fate of platinum metals in the environment[END_REF][START_REF] Schierl | Occupational health aspects of platinum[END_REF]. Inhalation of fine airborne particles is one of the main pathways of PGEs intake into a human organism [START_REF] Rinkovec | Spatial and temporal distribution of platinum, palladium and rhodium in Zagreb air[END_REF]). Palacios et al. (2000) reported that PGEs emitted by car exhaust gas are mainly associated with particulate matters larger than 2 μm. A size distribution study held by [START_REF] Puls | Bioaccessibility of palladium and platinum in urban aerosol particulates[END_REF] determined that 63.4% of Pt of the TSP value was originated from PM10 and 14.7% from PM2.5. The respective values for Pd were found to be 76.3%, for the contribution of PM10 and 35.2% for PM2.5. Several other studies [START_REF] Gomez | Levels and risk assessment for humans and ecosystems of platinum-group elements in the airborne particles and road dust of some European cities[END_REF][START_REF] Limbeck | Platinum and palladium emissions from onroad vehicles in the Kaisermühlen Tunnel (Vienna, Austria)[END_REF][START_REF] Zereini | Platinum group elements (Pt, Pd, Rh) in airborne particulate matter in rural vs. urban areas of Germany: concentrations and spatial patterns of distribution[END_REF]) also compared the PGEs distribution between TSP and PM10 toward smaller fractions such as PM2.5 and PM1 with higher concentrations of PGEs in larger fractions. In the study of [START_REF] Limbeck | Platinum and palladium emissions from onroad vehicles in the Kaisermühlen Tunnel (Vienna, Austria)[END_REF], Pt and Pd were measured in TSP, PM10 and PM2.5 samples simultaneously inside and outside a tunnel in Vienna, Austria. They reported that Pt and Pd were mostly present in TSP samples and then in PM10 and PM2.5 fractions, respectively. Such results should be expected, since PGEs emitted from exhaust gas originate from abrasion and deterioration of the catalytic converters and are therefore emitted mostly in the coarse aerosol fraction [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF]). Thus, in general, PGEs are mostly present in coarse fractions such as TSP and PM10 fractions. But while considering their distribution in smaller fractions, they are more present in finer fractions (ex: PM2.5, PM1, etc.). [START_REF] Gomez | Platinum and rhodium distribution in airborne particulate matter and road dust[END_REF] found Pt predominantly in fractions below 0.39 μm. [START_REF] Rinkovec | Spatial and temporal distribution of platinum, palladium and rhodium in Zagreb air[END_REF] found that 66% of Rh, 38% of Pd and 32% of Pt in the PM10 fraction was contained in the PM2.5 fraction.

A large number of previous studies investigated a very wide range of particle sizes, especially the PM10 fraction which is of great importance to the respiratory exposure perspective. But in general, few studies investigated the existence of PGEs in aerosol dry deposition. The objective of this study is therefore to determine the concentrations of PGEs in roadside atmospheric particles in an open and a tunnel site, and particularly in dry depositions (either collected by passive samplers or simply by brushing old deposited dusts). The open urban site was located along a boulevard in an urban site in Nantes and the tunnel site was situated in a tunnel in Paris. This study provides new insights on the contribution of catalytic converters to the environment and gives the most recent information on PGEs in atmospheric PM10 particles and tunnel dry deposition in France.

Materials and methods

Sample collection

Open urban site

The atmospheric particles in PM10 fraction were sampled along boulevard Victor Hugo in Nantes (47° 12′ 10″ north, 1° 32′ 59″ west; Fig. 1), with a speed limit of 30 km h -1 , from November 2017 to May 2018. A low-volume air sampler (Partisol®-FRM Model 2000) with a PM10 sampling head was used for this sampling. The inlet of the sampler was placed at 1.8 m height as recommended by the UNEP/WHO (1997), which advises to install the sampling head between 1.5 and 4 m above the ground. The type of cars composing the traffic on this boulevard was characterized on April and May 2017. The obtained data showed that up to 20,000 vehicles circulate on this boulevard per day, which is consistent with previously reported traffic flow of 28 775 cars d -1 for this two-directional boulevard by Air Pays de la Loire (2012). The distribution of the vehicles on this boulevard was 14% Euro 6, 30% Euro 5, 29% Euro 4, 17% Euro 3, 7% Euro 2, 2% Euro 1 and 1% pre-Euro vehicles [START_REF] Martinet | In-situ estimation of non-regulated pollutant emission factors in an urban area of Nantes, France, with fleet composition characterization[END_REF]). Cellulose acetate and cellulose nitrate filters (HAWP, Millipore 0.45 μm, Ø 47 mm) were used at a sampling flow rate of 5 L min -1 . Particles' accumulation time on each filter lasted 2 weeks. Two filters, equal to 1 month of sampling, were analysed together. Four sampling campaigns were also done at the Bouteillerie cemetery in Nantes (47° 13′ 20″ N, 1°32′ 15″ w) to determine PGEs urban background values in PM10 fraction (Fig. 1) from 23 May to 13 June 2018. This site is 46 m far from the nearest road in northeast. Dominant winds on this site are coming from west and southwest and the nearest road in the western side of this site is in 300 m. A highvolume air sampler (TISCH Environmental, Hivol PM10 Plus) was used on this site. The inlet of the sampler was placed at 1.5 m and the PM10 particles were collected on cellulose filter papers (Whatman™ n°41, 203*254 mm). The sampling flow rate was fixed at 68 m 3 h -1 . Before each sampling, a blank filter was loaded in the air samplers as the sampling-blank filter. 

Tunnel site

In order to have a better comprehension of atmospheric emission of PGEs by vehicles' exhaust gas without meteorological effects (such as the wind or precipitations), atmospheric particles were also sampled in a tunnel site, in the tunnel of Nanterre-La Defense in Paris (48° 53′ 55″ N, 2° 12′ 59″ E). This tunnel has an average daily traffic of 100,000 cars d -1 in both directions according to the report of highway transportation system (AIPCR GT5, Réseaux Routiers Souterrains Complexes, Report part A). PM10 particles were sampled with both low-and highvolume air samplers during June and July 2018 (Partisol at 5 L min -1 using HAWP filters and HiVol at 50-68 m 3 h -1 using Whatman™ n°41 filters). Dry depositions of atmospheric particles in the tunnel were also sampled in July 2018, using a passive sampling system consisted of a polyethylene funnel attached to a polyethylene bottle. Three funnels were placed at three different heights: 50 cm, 125 cm and 200 cm above the ground. After 1 month, the deposited dusts on the inner surfaces of the funnels were washed into the bottles using ethanol. The deposited dusts were also collected from the top surface of the devices installed in the tunnel (for 1 month) and from the top surface of emergency exit signs. It should be mentioned that doing longer samplings was not possible given the operational limitations.

Chemical analysis

PGEs were directly determined by inductively coupled plasma mass spectrometry with a triple quadrupole (ICP-MS-QQQ, Agilent 8900), in MS/MS mode. The chemical processes to determine the total PGEs contents, the operating condition of ICP-MS-QQQ and the process for internal quality control (IQC) are thoroughly explained in [START_REF] Omrani | Platinum group elements study in automobile catalysts and exhaust gas samples[END_REF]. To perform the microwave-assisted digestion with aqua regia:

• For the low-volume air sampler filters: two filters obtained after 1-month sampling were placed together in a Teflon tube (MARSXpress 55 mL, MARS, CEM Corporation) with 8 mL of aqua regia (2 mL of HNO3 and 6 mL of HCl). • For atmospheric dry deposition samples: 0.5 g of airborne dusts was directly placed in a Teflon tube with 8 mL of aqua regia. • For the high-volume air sampler filters: filters were calcinated individually in an oven at 450 °C. Then, the remained residue was placed in a Teflon tube with 8 mL of aqua regia.

Duplicates were performed for the atmospheric dry deposition samples. Duplicate aqua-regia blanks (only 8 mL of aqua-regia) and reference samples with certified PGEs values (tunnel road-dust BCR-723, IRMM Institute for Reference Materials and Measurements, Geel, Belgium) were included in each analytical run. Sampling blank filters were also analysed. Indium ( 115 In) was chosen as an internal standard for analysing the PGEs. The calculation of PGEs measuring precision are also thoroughly discussed in [START_REF] Omrani | Platinum group elements study in automobile catalysts and exhaust gas samples[END_REF]. Measuring precision of Pt and Rh was calculated to be 11%. This precision is 12% for Pd. PGEs' quantification limit with ICP-MS-QQQ instrument was estimated as three times the standard deviation of PGEs concentration in aqua regia blank solution (according to the French method validation standard AFNOR NF T90-210): 0.05 μg L -1 for " 194 → 228 Pt and 105 → 105 Pd" and 0.005 μg L -1 for 103 → 103 Rh.

Results

Both aqua-regia blanks and sampling-blank filters showed undetectable PGEs contents. The reference material was used to verify the accuracy of the analytical method. The measured PGEs concentrations in BCR-723 lie within the certified values (Table 1). The obtained recovery rates prove the accuracy of the applied method.

Table 1: Quality control and method validation by certified reference material BCR-723

Urban background

Three out of the four PM10 fraction samples from the background site (Bouteillerie site in Nantes) showed traces of Rh, varying from 0.05 to 0.20 pg m -3 (0.10 ± 0.08 pg m -3 in average). Pd was detectable on two of these samples, with concentrations of 0.54 and 2.05 pg m -3 (1.29 ± 1.07 pg m -3 in average). Pt was below the QL on all samples (< 1.6 pg m -3 ). We thus observe low background concentrations of Rh and Pd in PM10 fraction.

Open urban site

PGEs' concentrations in PM10 fraction sampled in the urban site, alongside the variation of the temperature and the precipitation (data from http://www.meteociel.fr) during the sampling period, are presented in Fig. 2 The linear correlation coefficients between concentrations of Pd and Rh and precipitation levels are -0.96 and -0.90, respectively. As expected, strong negative correlations were found between these metals and precipitation, meaning that the rainfall tends to wash them from the atmosphere. We also observe a strong positive correlation (0.94) between Pd and Rh, which again shows the vehicular origin of these metals.

Tunnel site

Concentrations of Pd and Rh in tunnel's PM10 fraction sampled with the Partisol are presented in Fig. 3. The presented standard deviations are as the PGEs precision in the IQC solution. On average, over the entire sampling period, concentrations of 83.1 ± 8.2 pg m -3 of Pd (ranging between 74.6 and 91 pg m -3 ) and 15.1 ± 0.9 pg m -3 of Rh (ranging between 14.3 and 16.2 pg m -3 ) were found. Pd and Pt have the same quantification limit in this study (0.05 μg L -1 ), which is 10 times weaker than the quantification limit of Rh with a QL of 0.005 μg L -1 . But unlike Pd, Pt was not quantified in these samples (< 75.3 pg m -3 ). A longer sampling period would have been needed in order to correctly detect Pt in these samples, which was not possible due to technical issues. PGEs' levels in the tunnel dry depositions sampled at different heights by a passive sampler are high (Fig. 5), ranging from 235 to 288 μg kg -1 for Pt (260 μg kg -1 in average), 394 to 454 μg kg -1 for Pd (415 μg kg -1 in average) and 74 to 87 μg kg -1 for Rh (81 μg kg -1 in average). PGEs' levels in the tunnel deposited dusts sampled on top of devices and emergency exit signs are presented in Fig. 6. Because of the low quantity of these samples, we were not able to do multiple replicates during the analysis on these samples. The presented standard deviations are thus those measured in the IQC solution. The contents of PGEs in deposited dusts are, in average, 264 μg kg -1 for Pt, 455 μg kg -1 for Pd and 90 μg kg -1 for Rh. These contents are similar to those found in dry depositions of 1-month age. Pd and Rh, in tunnel's PM10 fraction sampled with the Partisol, were in a range of 673 to 1 065 μg kg -1 for Pd (845 μg kg -1 in average) and 132 to 196 μg kg -1 for Rh (154 μg kg -1 in average). Thus, we observe that Pd and Rh are almost 2 times higher in PM10 particles compared to dry depositions; we thus suggest that Pd and Rh are more concentrated in particles smaller than 10 μm. This finding agrees with Puls et al.

(2012), suggesting a more important distribution of Pd in PM10 fraction of TSP. This finding thus suggests that the notion of time, as same as the height of sampling, has no influence on PGEs' contents in dry depositions in a tunnel site. 

Discussion

The recorded concentration ranges of airborne PGEs in former studies are presented in Table 2. This table shows a comparison between the results of this work with Pt concentration found in PM10 fraction collected in Nantes Overall, we observed a positive correlation between Pd and Rh. Thus, we can note the similar behaviour of Pd and Rh in airborne PM10 fraction and dry depositions. In general, higher concentrations of PGEs were found in the tunnel compared to the open site. We can thus, as previously mentioned in the literature, note the influence of meteorological conditions on the presence of metallic elements in the environment. We noted that the PGEs' presence in the atmospheric dry deposition in a tunnel site is not dependent on the sampling height neither sample's age. We can thus consider the tunnel's deposited dust equivalent to tunnel's dry deposition of atmospheric particles. The study of ratios between PGEs also suggests that Pd and Rh have similar behaviours in terms of transfer processes in atmospheric particles.

Fig. 1 :

 1 Fig. 1: PM10 sampling stations in Nantes: Bouteillerie (at the top right) and boulevard Victor Hugo (at the bottom): direct distance between these two sites is about 2.2 km

  (a) and (b), respectively. Only Rh was observed in the samples of 8 November to 6 December 2017 with a low concentration of 1.3 ± 0.1 pg m -3 . Higher amounts of Pd and Rh were found in January (3.6 ± 0.4 pg m -3 for Rh and 42.8 ± 5.1 pg m -3 for Pd), but the highest amounts occurred during February and March (11.5 ± 1.3 pg m -3 for Rh and 113.9 ± 13.7 for Pd). Pd is at higher concentrations than Rh and Pt in PM10. Pt was only observed in March with 2.2 ± 0.2 pg m -3 and in May with 3.3 ± 0.4 pg m -3 . The lowest temperatures were observed during the sampling campaigns from 2 February to 2 March, when Pd and Rh concentrations were the highest. This cold weather is observed throughout the whole sampling periods from January to the end of March. It can be seen that the concentrations of PGEs are of more importance in cold weather. Zereini et al. (2012) and Rinkovec et al. (2018) also measured higher values of PGEs during the colder part of the year.

Fig. 2 :

 2 Fig. 2: Concentrations of PGEs (average ± standard deviation in pg m -3 ) in PM10 fraction sampled in the urban site versus (a) the maximum temperature and (b) the precipitation during the sampling period. The left axis, showing the concentrations of PGEs, is logarithmic. The standard deviations are considered the PGEs' precision in the IQC solution (11% for Pt and Rh and 12% for Pd)

Fig. 3 :

 3 Fig. 3: Concentrations of Pd and Rh (average ± standard deviation in pg m -3 ) in the tunnel PM10 fraction sampled with the Partisol

Fig. 4 :

 4 Fig. 4: PGEs concentrations (average ± standard deviation in pg m -3 ) in the tunnel PM10 fraction sampled with the Hivol

Fig. 5 :Fig. 6 :

 56 Fig. 5: PGEs concentrations (average ± standard deviation in μg kg -1 ) in the tunnel dry depositions sampled at different heights

  (2.8 pg m -3 ) with other urban areas such as Shanghai, China (1.7 pg m -3 ) by Yang et al. (2008) and Deuselbach, Germany (2 pg m -3 ) by Zereini et al. (2012). Pd and Rh in these samples (55 and 7 pg m -3 respectively) are close to the previous findings in Frankfurt (44 pg of Pd in m -3 ) by Zereini et al. (2012) and in Beijing (7.4 pg of Rh m -3 ) by Pan et al. (2009). Our results on PGEs' concentrations in the tunnel Hivol PM10 samples (23 pg m -3 for Pt, 48 pg m -3 for Pd and 10 pg m -3 for Rh) are higher than those measured by Limbeck et al. (2007) in PM10 samples inside and outside a tunnel in Vienna (3.6 ± 1.4 pg m -3 of Pt, 8.9 ± 5.1 pg m -3 of Pd and no Rh) and those found by Bozlaker et al. (2014) in Houston (United States) (15, 23 and 4 pg m -3 of Pt, Pd and Rh, respectively). Overall, we observe a concentration trend of Pd > Rh and Pt in our airborne samples. This trend could be explained by changes in technology and conception of newer catalytic converters (with Pd and Rh being more used in the fabrication of catalytic converters). Previously reported trends for PGEs' concentrations in airborne samples were Pd > Pt > Rh (Gao et al. 2012; Zereini et al. 2012; Liu et al. 2014; Zhang et al. 2019).

  (2004) and especially those found by Spada et al. (2012). The relatively low Pt/Pd and Pt/Rh ratios and larger Pd/Rh ratios in our samples can be attributed to the increased usage of Pd in catalytic converters (Omrani et al. 2020).

Table 4 : 5 :

 45 PGEs' ratios in PM10 samples according to literature data Table PGEs ratios in tunnel dry deposition samples according to literature data Conclusions One of the main objectives of this study was to compare the distribution of PGEs in airborne PM10 fraction and dry depositions. We also suggest that Pd and Rh particles are mainly smaller than 10 μm since their concentration were 2 times higher in PM10 particles compared to dry depositions. The more important presence of Pd compared to Pt agrees with the switch to Pd/Rh catalytic converters in newer cars (Omrani et al. 2020), which can pose greater harm to human health since literature data shows a greater solubility and hence bioavailability of Pd compared to Pt and Rh (Colombo et al. 2008a, b; Wiseman and Zereini 2009).

  

  

Table 2 : PGEs' concentration (in pg m -3 ) in different airborne samples

 2 

Table 3 presents

 3 PGEs' levels in tunnel TSP and in different tunnel-deposited dust samples; PGEs' contents found by different authors vary from several tens to several hundreds of μg kg -1 which is in accordance with the contents found in this work.

Table 3 : PGEs' concentration (in μg kg -1 ) in different tunnel deposited dust samples

 3 

PGEs' ratios in PM10 and dry deposition samples, alongside some data in the literature, are presented in Tables

4 and 5

, respectively. The ratios of Pd/Rh in urban and tunnel PM10 samples in this study, between 4.8 and 8.2, are consistent with the findings of several studies (Kanitsar et al. 2003; Rauch et al. 2005, 2006; Zereini et al. 2012; Bozlaker et al. 2014; Rinkovec et al. 2018). PGEs' ratios in our tunnel dry deposition samples also have similarities to previous findings reported by Whiteley and Murray (2003), Leśniewska et al.
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