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Introduction

Platinum, palladium, rhodium, ruthenium (Ru), iridium (Ir) and osmium (Os) -the so-called Platinum Group Elements (PGEs) or platinoids -belong to the VIII group of the periodic table. The PGEs of the same column present similar or comparable physical and chemical properties. They can thus be gathered as pairs: (Ru, Os), (Rh, Ir), and (Pt, Pd) [START_REF] Pascal | Pierre Faugeras Nouveau traité de chimie minérale[END_REF]. Three elements in this group, platinum (Pt), palladium (Pd) and rhodium (Rh), have received renewed interest in recent decades because of their unique physical and chemical characteristics, such as high melting point and mechanical resistance in general, and high catalytic properties in particular. They bear a high capacity for adsorbing gases and show a wide range of oxidation states [START_REF] Book | CRC Handbook of Chemistry and Physics[END_REF]. These three elements are widely used in different fields such as industries, dentistry, jewelry and etc. (Matthey, 2015). The main use of these elements manifest itself in car industry for the production of automotive catalytic converters to catalyze harmful emissions from exhaust fumes.

Catalytic converters were first introduced in 1974 by General Motors after the publication of the Clean Air Act, the Environmental Protection Agency regulations which required a 75% decrease in toxic emissions in all new model vehicles after 1975(Labbé et al., 2014;;Rose, 2017;[START_REF] Bommi | Patra A surveillance smart system for air pollution monitoring and management International Conference on Intelligent Data Communication Technologies and Internet of Things[END_REF]. The regulation has imposed the development of catalytic converters in Europe since 1990s. Converters have been installed for gasoline and diesel cars since 1993 and 1997 respectively. A catalytic converter is a honeycomb-like structure of ceramic monolith made of either alumina or cordierite (2MgO.2Al2O3.5SiO2) with some traces of Mn, Fe, Ti, Ca, Na and K which is fixed inside a stainless steel box in the vehicle exhaust system [START_REF] Das | Evaluation of thermal shock resistance of cordierite honeycombs[END_REF]. The monolith surface is coated with a layer of wash-coat that consists of alumin (Al2O3), cerium oxide (CeO2) and zirconium oxide (ZrO2) [START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF]. The active substances which are metallic nanoparticles of PGEs are scattered on this wash-coat layer at around 0.1% [START_REF] Wang | Health risk of platinum group elements from automobile catalysts[END_REF]. PGEs particles on the catalyst surface are expected to have initial diameters of <10 nm, but sintering can lead to their aggregation and formation of larger particles. PGEs particles with diameters of 50-400 nm have, for instance, been observed in a catalyst aged for 60 000 km [START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF]. Some promoters, such as calcium (Ca), barium (Ba) and magnesium (Mg), which are alkaline earth metals, are also added to the wash-coat (Le [START_REF] Bras | Daviller Development of compressible large-eddy simulations combining high-order schemes and wall modeling 21st[END_REF]. These promoters improve the performance of the catalyst or serve as stabilizers against deterioration and aging.

Reactions involved in a catalytic converter depend on the vehicle's motorization. There are two kinds of catalytic converter systems according to the nature of fuel used by the vehicle: ▪ Three-way (TW) catalytic converters for petrol engines, containing Pt, Pd and Rh, provide three actions. The oxidation reactions of Carbon Monoxide (CO) and Unburned Hydrocarbons (UHCs) and the reduction reactions of Nitrogen Oxides (NOx, x = 1, 2, 3) are simultaneously carried out. Platinum and palladium catalyze the oxidation reactions of CO and of hydrocarbons. Rh catalyzes the redox reaction of NOx (Le [START_REF] Bras | Daviller Development of compressible large-eddy simulations combining high-order schemes and wall modeling 21st[END_REF]. ▪ Oxidation catalytic converters, for diesel engines, oxidize CO and UHCs. A particle control system is also provided in diesel vehicles by either an additive or a catalyzed particulate filter. Diesel particulate filters are also provided in diesel vehicles as exhaust after-treatment systems, to capture particle emissions (mainly soot).

The usage of catalytic converters has resulted in a significant decrease of atmospheric pollution in urban areas, by elimination of approximately 90% of CO, UHCs and NOx [START_REF] Artelt | Bioavailability of platinum emitted from automobile exhaust[END_REF][START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF]. However, the high temperatures, the chemical stress and the violent vibrations incurred in catalytic converters during engine operation, cause abrasion and wearing of the catalytic converters walls, resulting in the emission of PGEs particles in atmosphere with exhaust gas [START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF][START_REF] Zereini | Urban Anthropogenic emission of platinum-group elements (Pt, Pd and Rh) into the environment: concentration, distribution and geochemical behaviour in soils Anthropogenic Platinum-Group Element Emissions[END_REF][START_REF] Moldovan | Bocca Environmental risk of particulate and soluble platinum group elements released from gasoline and diesel engine catalytic converters[END_REF]. Catalytic converters are nowadays known to be the main source of PGEs in urban environment [START_REF] Ravindra | Van Grieken Platinum group elements in the environment and their health risk[END_REF].

For a correct and efficient operation of the catalytic converter, chemical reactions in the catalyst must occur at temperatures above 600 °C [START_REF] Farrauto | Catalytic chemistry of supported palladium for combustion of methane[END_REF]. It is therefore necessary to drive about 10-15 km for the vehicle's engine to reach this temperature. Exhaust emissions seem to be thus more important at cold-start during the first kilometers, particularly in cities. In general, the average lifespan of a catalyst is estimated to be between 120 000 and 150 000 km.

Generally, car manufactures do not provide complete information about the range of PGEs used in the catalytic converters. The proportion of Pt, Pd and Rh in a catalytic converter depends on a number of factors, such as the manufacturer, the characteristics of the vehicle including the engine power, the type of fuel consumed by vehicle (gasoline or diesel), as well as the weight of vehicle and the required catalytic functions. In general, PGEs content is around 0.1-0.3% (w/w) of the catalytic converter [START_REF] Hwang | Review of pollutants in urban road dust and stormwater runoff: Part 1. Heavy metals released from vehicles[END_REF]. Catalytic converters in European cars must have a ratio of Pt/Rh or Pd/Rh ratio of 5 (this ratio is close to 10 in American cars) [START_REF] Farrauto | Catalytic chemistry of supported palladium for combustion of methane[END_REF][START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF]. PGEs contents are regularly modified for optimizing the operation and final price of the catalytic converter. Since mid-1990's, because of an increase in Pt price, Pd has partly substituted Pt [START_REF] Cicchella | Lima Palladium and platinum concentration in soils from the Napoli metropolitan area, Italy: possible effects of catalytic exhausts[END_REF][START_REF] Zereini | Püttmann Concentration and distribution of platinum group elements (Pt, Pd, Rh) in airborne particulate matter in Frankfurt am Main, Germany[END_REF][START_REF] Zereini | Püttmann Changes in palladium, platinum, and rhodium concentrations, and their spatial distribution in soils along a major highway in Germany from 1994 to 2004[END_REF][START_REF] Hooda | The distribution of automobile catalysts-cast platinum, palladium and rhodium in soils adjacent to roads and their uptake by grass[END_REF]. In contrast, the proportions of Rh have always remained low and relatively constant which is highly likely to be due to its higher price [START_REF] Gomez | Petrucci 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]. The PGEs ratios also vary between vehicles manufactures in the United States, in Europe, Japan and even between vehicles from the same production lines [START_REF] Cicchella | Lima Palladium and platinum concentration in soils from the Napoli metropolitan area, Italy: possible effects of catalytic exhausts[END_REF]. These ratios are on the order of 5 and 5 to 12 for Pt/Pd and Pt/Rh in petrol vehicles respectively (gasoline powered vehicles) (Von Zelewsky, 1996;[START_REF] Bocca | Caroli Monitoring Pt and Rh in urban aerosols from Buenos Aires[END_REF]. In Europe, in petrol vehicles, Pd is mainly used in association with Rh and the metal content is 2-3 g per vehicle (with a relatively constant content of Rh of 0.1 g). In diesel vehicles, Pt is mainly used in association with Pd and Rh, with a metal content of 7-8 g per vehicle (Labbé et al., 2014). Several studies tried to evaluate the metal contents in catalytic converters (Table 1). According to [START_REF] Petrucci | Determination of Pd, Pt and Rh in airborne particulate and road dust by high-resolution ICP-MS: a preliminary investigation of the emission from automotive catalysts in the urban area of Rome[END_REF], the wash-coat of a catalytic converter can contain 1.4-5.8 g of Pd, Pt and Rh. The catalyst of a family car can contain approximately 1.75 g of metals, according to Barefoot (1997), seen in [START_REF] Morton | Lounejeva Traffic-related platinum group elements (PGE) in soils from Mexico City[END_REF]. [START_REF] Stenbom | Survey of the distribution and time-dependent increase of platinum-group element accumulation along urban roads in Ioannina (NW[END_REF] analyzed a new and an old catalyst using TEM/EDX microscopy. They reported a uniform distribution of PGEs on the surface of the new catalyst; this even distribution of PGEs was not observed on the old catalyst surface. According to Stenborm et al.s' (1990) observations, the new catalyst contains 87% of Al (Aluminium), 0.2% of Ca, 0.8% of Zr, 8% of Ce, 0.8% of Rh and 2.8% of Pt. These percentages slightly vary in the old catalyst, that is, 90% of Al, 0.5% of Ca, 0.5% of Zr, 7.8% of Ce, 0.6% of Rh and 0.2% of Pt. d [START_REF] König | Determination of platinum emissions from a three-way catalyst-equipped gasoline engine Atmos[END_REF]. e [START_REF] Lüdke | Analysis of particulates in automotive catalyst exhaust by ETV-ICPMS Fresenius[END_REF]. f [START_REF] Artelt | Engine dynamometer experiments: platinum emissions from differently aged three-way catalytic converters[END_REF]. g [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF]. h [START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF].

i [START_REF] Rauch | Moldovan Scanning laser ablation-ICP-MS tracking of platinum group elements in urban particles[END_REF]. j [START_REF] Moldovan | Bocca Environmental risk of particulate and soluble platinum group elements released from gasoline and diesel engine catalytic converters[END_REF]. k [START_REF] Goncalves | Determination of Pd, Pt and Rh in vehicles escape fumes by GF-AAS and ICP[END_REF].

Several researchers tried to estimate the emission factors of PGEs either by direct measurements on exhaust gas (simply collected or collected during chassis dynamometer tests with different driving cycles, Table 1) or by indirect investigations (based on models and the traffic statistics combined with anthropic concentrations of PGEs in the environment) [START_REF] Helmers | Platinum emission rate of automobiles with catalytic converters[END_REF]. Nevertheless, several studies question the validity of indirect determination of PGEs emission (Whiteley and Murray, 2003;Tsogas et al., 2009).

According to [START_REF] Helmers | Platinum emission rate of automobiles with catalytic converters[END_REF], higher evaluations of PGEs emission by indirect measurements are noted because unfavorable conditions encountered in real life have been considered.

Indeed, PGEs emission with exhaust gas depends on several factors, such as the type of engine which defines the type of catalytic converter, the operating conditions of the engine, the age and initial PGEs content of catalytic converter, the speed and condition of driving (weather condition for example), the type of fuel and etc. [START_REF] Ravindra | Van Grieken Platinum group elements in the environment and their health risk[END_REF][START_REF] Moldovan | Palacios-Corvillo Release of particulate and acid soluble palladium from catalytic converters into the environment Palladium Emissions in the Environment[END_REF]. PGEs emission can be intensified by unfavorable operational conditions such as failed ignitions or excessive heating.

Some researchers directly measured PGEs emission factors (Table 1). In a comparative study of gasoline and diesel catalytic converters during their useful lifespan (up to 80 000 km), [START_REF] Moldovan | Bocca Environmental risk of particulate and soluble platinum group elements released from gasoline and diesel engine catalytic converters[END_REF] observed an inhomogeneous emission of PGEs by new converters. While the sampled emissions between 30 000 and 80 000 km showed more uniformed PGEs emission, a decrease in emission by the age of catalytic converter is observed. This decrease with the age of catalyst was also observed by [START_REF] Artelt | Engine dynamometer experiments: platinum emissions from differently aged three-way catalytic converters[END_REF] who studied the particulate emission of Pt by TW catalytic converters. [START_REF] Artelt | Engine dynamometer experiments: platinum emissions from differently aged three-way catalytic converters[END_REF] found the average emission of recent catalytic converters on gasoline engine to be between 12 and 90 ng km -1 while the emission of used catalysts was between 9 and 26 ng km -1 . According to [START_REF] Ek | Lindberg Platinum group elements in raptor eggs, faeces, blood, liver and kidney[END_REF], the emission factor of PGEs by old gasoline catalysts was reported to be 6-8 ng km -1 for Pt, 12-16 ng km -1 for Pd and 4-12 ng km -1 for Rh. [START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF] found an average factor emission of 110, 250 and 50 ng km -1 for Pt, Pd and Rh respectively by new TW gasoline catalytic converters. They further observed that after 30 000 km of driving, these emission rates reduce to 6 to 8, 12 to 16, and 3-12 ng km -1 , for Pt, Pd, and Rh respectively. They also noticed that for new diesel catalysts, the emission rate of Pt varies between 400 and 800 ng km -1 and decrease to 108-150 ng km -1 after 30 000 km of driving.

It was also found that the PGEs emission factors vary with speed; PGEs emission rates are less at constant speeds [START_REF] Artelt | Engine dynamometer experiments: platinum emissions from differently aged three-way catalytic converters[END_REF][START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF][START_REF] Palacios | Alimonti Platinum-group elements: quantification in collected exhaust fumes and studies of catalyst surfaces[END_REF][START_REF] Moldovan | Bocca Environmental risk of particulate and soluble platinum group elements released from gasoline and diesel engine catalytic converters[END_REF]. Higher emission rates of PGEs have been recorded by [START_REF] Wang | Health risk of platinum group elements from automobile catalysts[END_REF] while the speed of the car increases, with an average value of 90 ng km -1 of Pt at 130 km h -1 .

On the basis of what has been mentioned thus far, the current study aims to investigate the contents of PGEs in catalytic converters with different kilometers, as well as to measure the emission of PGEs from catalytic converters of different vehicles via exhaust gas. Artemis road cycles were performed for this purpose in order to have a more realistic vision on exhaust gas emission.

Materials and methods

Samples

Catalytic converters

Three gasoline TW catalytic converters were collected from a car scrap yard: catalyst A with 40 000 km, catalyst B with 130 000 km and catalyst C with 370 000 km. Catalytic converters were finely ground in an agate ball mill (pulverisette 6 model, FRITSCH) for further analysis.

Exhaust gas

Exhaust gases from automotive vehicles were collected by applying driving tests conducted on a chassis dynamometer. The Artemis European driving cycles including three driving programs, representative of in-use driving behavior, were applied: Urban (URB), Roadway (ROAD) and Motorway (MW). For the URB cycle, the exhaust gas was sampled with both cold (URB-C) and hot (URB-H) start of the vehicle. The chassis dynamometer used for these experiments was equipped with a constant volume sampling (CVS) dilution system. The driving cycles were performed under similar conditions with the CVS dilution system injecting air at 35 °C. The information as to the characteristics of the tests is presented on supplementary materials Table 7.

Two campaigns of driving cycles were realized. The first campaign was a test to optimize the experimental and analysis conditions. During the first campaign, a Euro 5 gasoline vehicle was used. Emissions were collected on quartz fiber filters (Whatman™ QM-A, 47 mm). The number of cycles accumulated on each filter is presented on supplementary materials (Table 9). Analytical results on QMA filters obtained following this first test campaign, have shown concentrations below the limit of quantification (<0.05 μg L -1 ) for Pt and Rh. The dosage of Pd was not possible in Q-MA filters, probably because of the presence of interfering elements such as strontium oxides (SrO), zirconium oxides (ZrO), and various compounds of the type ArZn or ArCu. Indeed, a similar concentration of 0.25 μg L -1 of Pd was observed in blank filters. Quartz fiber filters prewashed with nitric acid (Whatman™ QM-H, 47 mm) were used during the second campaign. These filters have a high stability which makes them suitable to be used at high temperatures up to 900 °C. 10). The protocol of accumulation on the filters was also modified in order to accumulate more materials on the filters. The number of used filters and cumulated cycles for each type of driving cycle is presented on supplementary materials (Table 11).

Chemical analysis

All reagents were of analytical grade. Glassware were washed by dishwasher and then rinsed with ultrapure water obtained from Millipore Milli-Q Integral 3 Water Purification System (resistivity of 18.2 MΩ cm at 25 °C). In the necessary cases, the glassware was soaked overnight in 1-5% of HNO3.

Microwave Teflon reactors were washed after each use, following a microwave program (30 min at 140 °C), with 10 mL of nitric acid (HNO3) at 65%. Aqua regia was prepared by mixing distilled HNO3 (obtained from HNO3 at 65%) and hydrochloric acid (HCl) at 30%.

Determination of PGEs in samples

The total PGEs content was determined after a microwave assisted acid digestion with aqua regia:

▪ 0.5 g of the powdered catalytic converters was placed in the Teflon tubes; ▪ The filters obtained for exhaust gas sampling were directly placed in the Teflon tubes. Two or three filters obtained for each Artémis driving cycle were digested together to increase the recovered material and thus to increase the quantity of PGEs by driving cycles; ▪ Blank filters for each driving cycle were also digested together.

8 mL of aqua regia (2 mL HNO3 + 6 mL HCl) were then added to each sample in the Teflon tubes. The samples were left in contact with aqua regia for 24 h and then digested using a microwave oven (MARS, CEM Corporation). A temperature program was used: 45 min up to 180 °C, 45 min hold and 15 min cooling. The obtained solution was then filtered into a 50-mL flask using Wathman filter paper N°40 and made up to volume with ultra-pure water. Triplicates were performed for the catalytic converters. One blank and one reference sample were included in each analytical run. The reference material used to verify the accuracy of the analytical method is a tunnel road-dust (BCR-723, IRMM Institute for Reference Materials and Measurements, Geel, Belgium), with certified PGEs values.

PGEs were determined by inductively coupled plasma mass spectrometry with a triple quadrupole (ICP-MS-QQQ, Agilent 8900) used in MS/MS mode. Operating condition of triple quadrupole ICP-MS/MS are presented on supplementary materials (Table 5). This analytical method allows a direct analysis of PGEs without pre-concentration nor prior chemical separation of interferences. The robustness of the system also allows the introduction of highly concentrated samples.

The first quadripole acts as the first mass filter: Ammonia gas (NH3) functions as the reactant gas in this quadrupole. All the elements that can potentially react with NH3 and produce unwanted polyatomic interferences are discarded by fixing manually a wanted m/z ratio on the quadripole (194 for the Pt, 105 for Pd and 103 for Rh). The next step is the collision-reaction cell (also named Octopole Reaction System cell -or ORS cell), where two actions take place in this study case: 1) Helium gas (He) functions as the collision gas and collides with polyatomic interferences, causing a reduction of their kinetic energy (kinetic barrier) at the end of the ORS cell, these polyatomic interferences are thus discarded; 2) NH3 gas reacts with the entering isotopes of PGEs to produce heavier isotopes. With on-mass mode (the case for Pd and Rh), NH3 interacts with interferences only and by applying a different m/z ratio on the second quadripole, newly formed interferences will be eliminated. With mass-shift mode (the case for Pt), NH3 interacts with analytes and produces heavier compounds (forming 228 Pt from 194 Pt).

The final step is the second quadripole. Depending on which mode is used (mass-shift or on-mass), the value of the m/z ratio will vary. In this study, Rh and Pd were measured by the first and the second quadripole at the same m/z ratio (103 and 105 respectively); the reactant gas (NH3) in the ORS cell has been used to eliminate interferences in on-mass mode. For the Pt, mass-shift mode has been used: Q1 has been fixed at m/z 194 and Q2 at m/z 228. The selected isotopes 103 Rh, 105 Pd and 194 Pt were used for analysis, since they are more abundant, and less exposed to interference.

Flow rates of helium and ammoniac gases in the collision cell and in the reaction cell are:He (100%): 1 mL min -1 NH3 (10%) -He (90%): 5 mL min -1 Indium ( 105 In) was chosen as an internal standard for analyzing the PGEs. Measuring precision for each element was calculated according to the measurements on the Internal Quality Control (IQC) solution. This solution was made in the laboratory by diluting a standard solution with Pt, Pd and Rh at 100 mg L -1 (CPAchem, Pt-NIST SRM No 3140, Pd-NIST SRM No 3138 and Rh-NIST SRM No 3144) with an 8% aqua regia solution. The concentration of Pt, Pd and Rh in the IQC solution (after dilution) was 1 μg L -1 . Measuring precision for each element was considered to be equal to two times of variation coefficient of the considered element's measurement on IQC. Variation coefficient, presented in percentage, is defined here as the standard deviation of the considered element's measurement on IQC divided by the mean value of that element's measurement on IQC. The variation coefficient for each element has been calculated separately for (i) the instrumental measures and (ii) the overall process. According to these criteria, we have a measuring precision of 11% and 12% for measuring "Pt and Rh" and Pd respectively (Table 6 on supplementary materials). The limit of quantification of instrument was estimated three times the standard deviation of the blank solution: Pt and Pd = 0.05 μg L -1 , Rh = 0.005 μg L -1 .

Determination of metallic trace elements in samples

The total content of metallic trace elements (Arsenic: As, Cadmium: Cd, Chromium: Cr, Copper: Cu, Nickel: Ni, Lead: Pb, Vanadium: V and Zinc: Zn) was also determined in the powdered catalytic converters, dried at 105 °C, after a total digestion (NF X 31-147, AFNOR 1996). The samples were calcined at 550 °C for 2 h (alkaline fusion), then digested with 65% HClO4 and 47-51% HF in Teflon beakers. The beaker was placed on a heating plate at 160 °C until the complete evaporation of acids; HNO3 65% was then added to the residue. Trace elements in exhaust gas were analyzed in the same aqua regia solution obtained after microwave digestion. Elemental contents were determined either by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Agilent Technologies 720 ES simultaneous axial) or by ICP-MS/MS, according to the encountered concentrations. Measuring precision for each trace element was calculated according to the measurements on IQC solution conforming to standards of NF ISO 11352 and NF T 90-210. Two IQC solutions were used for trace elements. The first one was prepared for samples with low concentrations of trace elements and made by diluting a standard solution containing trace elements at 0.1 mg L -1 up to 100 times in 1% HNO3. No 3168a. Another standard solution was directly used as our second IQC solution (with no dilution) for samples with high concentrations of trace elements. This standard solution contained As at 0.01 mg L -1 -NIST SRM No 3103a, Cd at 0.0005 mg L -1 -NIST SRM No 3108, Cr at 0.002 mg L -1 -NIST SRM No 3112a, Cu at 0.005 mg L -1 -NIST SRM No 3114, Ni at 0.005 mg L -1 -NIST SRM No 3136, Pb at 0.005 mg L -1 -NIST SRM No 3128, V at 0.005 mg L -1 -NIST SRM No 3165 and Zn at 0.01 mg L -1 -NIST SRM No 3168a. Measuring precision of trace elements is thus variable according to their concentration (Table 8 on supplementary materials).

Results and discussion

Beside determining the PGEs contents in three differently aged gasoline catalytic converters, new findings on the PGEs emission rates from a wide range (Euro 3 to Euro 5) of diesel and gasoline vehicles are given in this study by performing a realistic version of Artemis road cycles. The data given in this work seem to be particularly precise using a triple quadrupole (ICP-MS-QQQ, Agilent 8900) as the analytical method.

The measured PGEs concentrations in BCR-723 lie within the certified values (Table 6 on supplementary materials). The obtained recovery rates prove the accuracy of the applied method.

Catalytic converters

The amounts of PGEs differ in monolith A and B against monolith C. Indeed, the amounts of Pd and Rh are very similar, for monoliths A and B respectively. Otherwise, Pt amounts are very high in monolith C. Pd and Rh contents were higher in the catalyst supports with less mileage. In contrast, the support with the highest mileage presents higher concentrations of Pt (Fig. 1). When comparing the current findings to literature data, we observe that the results are widely varied from one study to another (Table 1). Šebek et al. (2011) studied two gasoline and two diesel catalysts in new condition and after 100 000 km driven. They measured Pt in gasoline catalysts within the same range of our findings in catalyst C; an average content of 679-763 μg g -1 of Pt in gasoline catalysts reported by Šebek et al. (2011) and an average content of 469 μg g -1 of Pt in Catalyst C. [START_REF] Ash | Toner Local structure and speciation of platinum in fresh and road-aged North American sourced vehicle emissions catalysts: an X-ray absorption spectroscopic study[END_REF] also measured Pt contents in TW gasoline catalytic converters (an average content of 700-800 μg g -1 ) comparable to our findings in catalyst C. Šebek et al. (2011) similarly found Pd as the most abundant element in both gasoline catalysts, even though they found Pd in contents higher than what was found in our study (relatively 4 to 5 times higher); we found an average content of 2 435, 2344 and 0.6 μg g -1 of Pd in catalysts A, B and C respectively. [START_REF] Spada | Multi-elemental characterization of tunnel and road dusts in Houston, Texas using dynamic reaction cell-quadrupole-inductively coupled plasma-mass spectrometry: evidence for the release of platinum group and anthropogenic metals from motor vehicles Anal[END_REF] also found Pd to be the most present element in a composite sample of different catalytic converters used in the United States, in a content more consistent with our findings in more recent catalysts A and B. Higher amounts of Pd were also found in more recent converters in the current study which seems to accord with the replacement of Pt by Pd in the structure of catalytic converters [START_REF] Cicchella | Lima Palladium and platinum concentration in soils from the Napoli metropolitan area, Italy: possible effects of catalytic exhausts[END_REF][START_REF] Zereini | Püttmann Concentration and distribution of platinum group elements (Pt, Pd, Rh) in airborne particulate matter in Frankfurt am Main, Germany[END_REF][START_REF] Zereini | Püttmann Changes in palladium, platinum, and rhodium concentrations, and their spatial distribution in soils along a major highway in Germany from 1994 to 2004[END_REF][START_REF] Hooda | The distribution of automobile catalysts-cast platinum, palladium and rhodium in soils adjacent to roads and their uptake by grass[END_REF]. Rh contents measured by Šebek et al. (2011) are comparable to our findings in catalysts A and B, however we found 2 to 3 times less important contents (respectively 295.4 and 271.8 μg g -1 in catalysts A and B). Rh contents in gasoline catalysts of [START_REF] Ash | Toner Local structure and speciation of platinum in fresh and road-aged North American sourced vehicle emissions catalysts: an X-ray absorption spectroscopic study[END_REF] are also within the same range of our findings in catalysts A and B.

The amounts of trace elements in the catalytic converters are also determined (Fig. 1). The catalyst A shows high levels of As, Cu, Pb and Zn. The content of V in catalyst C is very significant with 3843 mg kg -1 . Cd was observed just in catalyst A in a concentration of 0.39 mg kg -1 . As we observed about PGEs, a difference in the structure of catalysts is also observed about trace elements. The two more recent catalysts A and B contain more As, Ni, Pb and Zn which may be partly due to a change in technology.

Exhaust gas

Table 2 presents the PGEs emission for each type of driving cycle by each type of vehicle. Considering that we did not dispose replicates for these tests, the presented standard deviations for filters are calculated based on the measurement precision of PGEs in IQC solution, (11% for Pt and Rh and 12% for Pd). No PGEs emission was detected for the different driving cycles on Euro 5 diesel vehicles. Euro 3 diesel vehicles show the highest emissions, followed by Euro 4 diesel vehicles. The other vehicles show emission rates of the same order of magnitude. As previously mentioned, the optimum temperature for the proper and efficient operation of catalytic converters in diesel vehicles is above 600 °C [START_REF] Farrauto | Catalytic chemistry of supported palladium for combustion of methane[END_REF]. The emission of PGEs during cold start of diesel vehicles may be due to the slower rise of engine temperature in these vehicles. It seems that newer gasoline and diesel vehicles emit more pollution during the MW cycle. Emission from older gasoline vehicles seems to be higher during the urban cycles.

The emission factors determined for each vehicle present no clear trend in terms of changes between the different driving cycles. Only the gasoline Euro 4 vehicle shows an increase of emissions and emission factors between the driving cycles URB-C and MW. This behavior may be due to the changes in engine speed between those cycles. Higher emissions of PGEs by gasoline Euro 3 vehicle might be as a result of the older technology of motorization and of the catalytic converter in this vehicle. The emission of PGEs in Euro 4 and 5 (gasoline and diesel) during MW cycle, may be by cause of a more important combustion in the engine at higher rate of speed during this cycle, which results in a greater production of particles entering the catalytic pot. This increased emission of pollutants entering catalyst thus facilitates the wear of catalytic converter and emission of PGEs. Emission of PGEs is also observed during the URB-F cycle in diesel vehicles.

PGEs emission factors found in this study are in lower range of what has been observed in the literature (Table 1). Our findings for Pt emission factors in Euro 3 gasoline catalyst (13.4-36.5 ng km -1 with an average of 24.5 ng km -1 ), lie within the results of [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF] for the 18 k km aged TW gasoline catalyst (average range of 6-58 ng km -1 ). The range of Rh emission factor in Euro 3 and Euro 4 gasoline vehicles (2.1-8.2 ng km -1 for Euro 3 and 0.7-3.4 ng km -1 for Euro 4 vehicles) is also comparable with those measured by [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF] in the aged TW gasoline catalyst (0.6-7 ng km -1 ). The emission factors found for Pd in Euro 3 and Euro 4 diesel catalysts (4.9-7.4 ng km -1 for Euro 3 and 5.3-8.4 ng km -1 for Euro 4 vehicles) are also proportionate with the observations of [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF] for the Pt diesel catalyst vehicle (4-6 ng km -1 ). The range of Rh emission factor in Euro 4 diesel catalyst (<QL-14.1 ng km -1 ) is comparable with those found by [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF] (8-24 ng km -1 ). The Rh emission factor range in Euro 5 gasoline vehicle was <QL-0.4 ng km -1 . The emission factors found for Pd in gasoline catalysts seem to be less consistent with literature data (<QL-0.8 ng km -1 for Euro 3, 1.5-8.9 ng km -1 for Euro 4 and 0.6-2.4 ng km -1 for Euro 5 vehicles). In general, the comparison of our findings with literature data reveals that each catalytic converter exhibits particular emission behavior.

Study of ratios

In catalytic converters

Ratios between PGEs in the three analyzed catalysts of this study and other studies are presented in Table 3. The varied PGEs ratios found in this study and in the literature appear to be due to the difference in technology of diverse catalysts (for example the replacement of Pt by Pd in more recent vehicles). The fresh and aged gasoline catalysts analyzed by [START_REF] Moldovan | Determination of platinum, rhodium and palladium in exhaust fumes[END_REF] contained a front substrate with 0.872 g of Pt and 0.185 g of Rh, and a rear substrate with 1.425 g of Pd and 0.158 g of Rh. The diesel catalyst analyzed in this latter study contained 1.29 g of Pt. According to [START_REF] Petrucci | Determination of Pd, Pt and Rh in airborne particulate and road dust by high-resolution ICP-MS: a preliminary investigation of the emission from automotive catalysts in the urban area of Rome[END_REF], commercial catalytic converters initially contain PGEs in a range of 1-3 g of Pt, 0.1-0.3 g of Rh and 0.3-2.5 g of Pd, so the typical PGEs ratios are around ≈ 10 for Pt/Rh and around ≈ 1 for Pt/Pd. According to Šebek et al. (2011), a new TW gasoline catalyst with an approximate volume of 1903 cm 3 , contain 0.269 g of Pt, 4.301 g of Pd and 0.269 g of Rh, while a new diesel catalyst with an approximate volume of 1678 cm 3 , contain 1.343 g of Pt. Le [START_REF] Bras | Daviller Development of compressible large-eddy simulations combining high-order schemes and wall modeling 21st[END_REF] found the mass ratio of Pt/Pd in fresh and old diesel oxidation catalysts to be approximately 1.5. This contrasts with the average ratios obtained in this study, which are in a low range of 0.005 and 0.044 for Pt/Pd and Pt/Rh in catalytic converters A and B respectively. Catalyst C shows higher rates of Pt/Pd and Pt/Rh. In contrast, the ratio of Pd/Rh is similar in magnitude regardless of the catalyst age. Gasoline catalyst C, 370 000 km 805 7125 8.9

In exhaust gas

The ratios of PGEs in exhaust gases ( 

Conclusions

Recent catalytic converters showed an identical conception, which was different from the more aged catalytic converter. The replacement of Pt by Pd in recent catalysts was observed. The highest emissions of PGEs were observed from the oldest gasoline vehicle (Euro 3) which had the highest kilometers compared to other vehicles. The sole presence of Pt in exhaust gas of Euro 3 gasoline vehicle highlights also the progressive replacement of Pt by Pd in monoliths. Except Euro 5 vehicles, other vehicles (Euro 3 and 4; gasoline or diesel) showed emissions of PGEs during urban cycles, which contribute to the presence of these elements in urban environments. Nevertheless, only one catalytic converter from each class of vehicle (low, medium and high kms) and only one vehicle of each category (one gasoline and one diesel vehicle of Euro 3, Euro 4 and Euro 5) was studied in this work. Thus, due to this limited number of vehicles analyzed, the conclusions reached in this study will need to be further investigated and completed in the scientific world.

  The standard solution initially (before dilution) contained: As-NIST SRM No 3103a, Cd-NIST SRM No 3108, Cr-NIST SRM No 3112a, Cu-NIST SRM No 3114, Ni-NIST SRM No 3136, Pb-NIST SRM No 3128, V-NIST SRM No 3165 and Zn-NIST SRM

Fig. 1 :

 1 Fig. 1: PGEs and trace elements concentrations in the three catalysts; A (40,000 km), B (130,000 km) and C (370,000 km).

Fig. 2 Fig. 2 :

 22 Fig. 2 presents the emission factors of PGEs for each Artemis driving cycle by each vehicle. The emission factors are calculated according to the following equation:(1) FE = emission factor (ng km -1 ) mfilter = masse of residues on the filter (ng) QCVS = constant flow rate of air injected to the system (m 3 min -1 ) T = cycle time (minutes) D = distance (km) V = filtered air volume on the filter (m 3 )

  

Table 1 :

 1 PGEs contents (in μg g -1 ) in different catalytic converters and emission rates (in ng km -1 ) from different catalysts measured by direct methods.

	Catalyst/Motorization	Driving cycle	Pt	Pd	Rh	Ref.
	New gasoline catalyst (μg g -1 )		763	10 300	777	
	Gasoline catalyst with 100 000 km (μg g -1 ) New diesel catalyst (μg g -1 )	-	679 3850	11 500 <0.5	702 <0.1	a
	Diesel catalyst with 100 000 km (μg g -1 )		3980	<0.5	<0.1	
	Composite of different catalysts (μg g -1 )	-	814	1148	184	b
	New TW gasoline catalyst (μg g -1 )		800	30	120	
	Road aged TW gasoline catalyst (average range) (μg g -1 )		700	<5-25 110-150	
	New diesel catalyst of light vehicle (μg g -1 ) Road aged diesel catalyst of light vehicle (μg g -1 )	-	2600 2600	690 560	<5 <5	c
	New diesel catalyst of heavy vehicle (μg g -1 )		1800	<5	<5	
	Road aged diesel catalyst of heavy vehicle (μg g -1 )		1800	80	<5	
	Two TW gasoline catalyst (ng m -3 )	Isokinetic US75 at 60, 100 and 140 km h -1	3-39	-	-	d
	TW gasoline catalyst (ng m -3 )	140 km h -1 isokinetic	120	0.3	20	e
	Three new TW diesel catalyst (ng km -1 ) Two old diesel catalyst (ng km -1 )	US72 (90 km h -1 max) and US72-EUDC (120 km h -1 max)	12-90 9-26	--	--	f
	18 k km aged TW gasoline catalyst (ng km -1 )		6-58	1-24	0.6-7	
	A new TW and a Pd/Rh gasoline catalyst (average range) (ng.km -1 )		27-313 19-108 9-60	g
	Diesel Pt catalyst (average range) (ng km -1 )		47-170 4-6	8-24	
	TW gasoline catalyst (0-30 k km) (ng km -1 )		3-313 22-981 6-253	
	Pd/Rh gasoline catalyst (0-30 k km) (ng km -1 )		3-348 4-927 1-110	h
	Two Pt diesel catalysts (0-30 k km) (ng km -1 )	EUDC 91441	16-3898 1-792 1-691	
	TW gasoline catalyst (ng km -1 )		10	14	3	i
	Diesel Pt catalyst (ng km -1 )		223	76	34	
	TW gasoline catalyst (0-80 k km) (ng km -1 )		2-313 1.4-108 0.6-253	
	Pd/Rh gasoline catalyst (0-80 k km) (ng km -1 )		1-128 2-132 0.3-33	j
	Two diesel Pt catalysts (0-80 k km) (ng km -1 )		17-525 1-286 1-166	
	Exhaust gas of 20 different cars (μg g -1 )		3-13	2-5	0.8-1	

k a Šebek et al. (2011). b Spada et al. (2012). c Ash et al. (2014).

  Euro 3 to Euro 5 vehicles, gasoline and diesel, were used during this second campaign: a gasoline Euro 3 vehicle with 119 933 km, a diesel Euro 3 vehicle with 57 764 km, a gasoline Euro 4 vehicle with 66 000 km, a diesel Euro 4 vehicle with 82 373, a gasoline Euro 5 vehicle with 9620 km and a diesel Euro 5 vehicle with 78 903 km. Detailed characteristics of vehicles are presented on supplementary materials (Table

Table 2 :

 2 PGEs emission (average ± standard deviation in ng) for each type of driving cycle by each type of vehicle.

	Vehicle	Cycle	Rh	Pd	Pt
		URB-C	5.1 ± 0.5	-	26.5 ± 2.8
	Euro 3 Gasoline	URB-H ROAD	2.8 ± 0.3 4.2 ± 0.5	-0.8 ± 0.1	16.9 ± 1.8 31 ± 3
		MW	2.1 ± 0.2	-	13.4 ± 1.4
		URB-C	-	0.5 ± 0.1	-
	Euro 3 Diesel	URB-H ROAD	--	--	--
		MW	-	0.7 ± 0.1	-
		URB-C	-	0.5 ± 0.1	-
	Euro 4 Gasoline	URB-H ROAD	-0.8 ± 0.1	0.6 ± 0.1 4.8 ± 0.6	--
		MW	3.0 ± 0.3	8 ± 1	-
		URB-C	1.9 ± 0.2	0.9 ± 0.1	-
	Euro 4 Diesel	URB-H ROAD	--	1.5 ± 0.2 -	--
		MW	-	6.7 ± 0.8	-
		URB-C	-	-	-
	Euro 5 Gasoline	URB-H ROAD	--	-0.5 ± 0.1	--
		MW	0.5 ± 0.1	3.2 ± 0.4	-

Table 3 :

 3 Determined PGEs ratios in the monoliths according to literature data and for our study.

	Catalyst	Pt/Pd	Pt/Rh Pd/Rh	Reference
	New gasoline catalyst Gasoline catalyst with 100 000 km	0.1 0.1	1.0 1.0	13.3 16.4	Šebek et al. (2011)
	Composite of different catalysts	0.7	4.4	6.2	Spada et al. (2012)
	New gasoline TW catalyst	26.7	6.7	0.3	
	TW gasoline catalyst with >18 000 km	-	6.4-4.7	-	
	New diesel catalyst of light vehicle	3.8	-	-	Ash et al. (2014)
	Diesel catalyst of light vehicle with >18 000 km	4.6	-	-	
	Diesel catalyst of heavy vehicle with >18 000 km	22.5	-	-	
	Gasoline catalyst A, 40 000 km	0.003	0.023	8.3	
	Gasoline catalyst B, 130 000 km	0.008	0.066	8.7	This study

Table 4 :

 4 Table 4) of Euro 3 Gasoline vehicles are in an order of 37.6 for Pt/Pd, 6.24 for Pt/Rh and 0.196 for Pd/Rh. The ratios of Pt/Pd and Pt/Rh are not computable for other vehicles since Pt was not detectable in their case. The ratio of Pd/Rh increases in general from Euro 3 vehicles to more recent vehicles (Euro 4 and 5); we are again observing the replacement of Pt by Pd in recent catalysts. PGEs ratios (average ± SD) in exhaust gases of different vehicles.

	Vehicle	Cycle	Pt/Pd	Pt/Rh	Pd/Rh
		URB-C	-	5,5	-
	Euro 3 Gasoline	URB-H ROAD	-36,7	6,2 7,3	-0,2
		MW	-	6,3	-
	Euro 4 Gasoline	ROAD MW	--	--	6 2,7
	Euro 4 Diesel	URB-C	-	-	15,5
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