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A catalytic converter mitigates exhaust gas toxicity by transforming harmful emissions
into less harmful substances. Platinum group elements (PGEs) are essential
components of vehicle exhaust catalysts (VECs) that alleviate environmental pollution.
However, the increasing reliance on PGEs in VECs has resulted in the release of
platinum (Pt), palladium (Pd), and rhodium (Rh) particles into the environment,
contributing to pollution. Research has concentrated on roadside soils in urban areas
or near highways, as these locations are close to catalytic converter contamination
sources. Studies have indicated that PGE concentrations in roadside soils exceed the
average global crustal levels. The Legatum Prosperity Index (LPI) evaluates national
prosperity through 12 pillars, including economic quality, investment environment,
governance, education, health, enterprise conditions, infrastructure and market access,
safety and security, personal freedom, social capital, living conditions, and the natural
environment. Based on these dimensions, the LPI categorizes countries into low,
middle, and high-welfare groups. It is hypothesized that countries with higher LPI
rankings exhibit reduced pollutant emissions, particularly PGEs from automotive
sources, compared to those with lower LPI rankings. This review examines catalytic
converters, catalyst classifications, PGE characterization, and their worldwide
industrial distribution. It discusses emission sources and soil contamination,
emphasizing the relationship between LPI and PGE emissions in countries with
differing welfare levels to promote further research on this topic.

1. Introduction

and street dust (Jarvis et al., 2001). Although PGEs are
normally emitted in trace amounts in the ng kg-! range, their

Over the past 30-40 years, environmental concentrations of
PGEs, particularly Pt, Pd, and Rh, have been steadily
increasing in urban areas around the world. Sen and Peucker-
Ehrenbrink (2012) assessed the global flux of various
elements and found that Pt, Pd, and Rh as three of 11
elements with anthropogenic fluxes that exceeded natural
contributions (Sen & Peucker-Ehrenbrink, 2012). PGE
enrichment in the environment has been documented in
studies, with elevated levels reported in soils (Zereini et al.,
2007), airborne particulate matter (PM) (Zereini et al., 2012),

accumulation in urban environments, as well as their
demonstrated solubility in simulated lung fluids, is cause for
concern (Zereini et al., 2012). Healthcare facilities, mining
operations, and the petrochemical industry are all significant
sources of PGE emissions (Turner & Mascorda, 2015).
However, the primary contributor to environmental PGE
pollution is their application as catalysts in automotive
catalytic converters, introduced in the 1970s in North
America and the 1980s in Europe to control pollutant
emissions (Wiseman et al., 2016). Platinum has several
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advantageous properties that make it valuable as a catalyst,
including high oxidation potential, chemical stability, and
the ability to adsorb simple gases such as CO (Reith et al,
2014). Initially, Rh/Pt catalysts were used to reduce
pollution. By the mid-1990s, Pd was used in increasing
quantities, along with Rh and Pt, in three-way catalytic
converters to promote hydrocarbon oxidation. Between
1998 and 2013, the global gross demand for Pd in automotive
catalytic applications increased from 4,390 to 6,970 metric
tons (Wiseman et al., 2016). However, future Pt use is likely
to increase, as more efficient hydrogen fuel cell automotive
technologies require 3-10 times the amount of Pt for
effective pollution control (Alonso et al., 2012). Although PGE
emissions from vehicles are lower compared to many other
elements, the cumulative impact of emissions from over 700
million vehicles worldwide poses a significant risk for urban
PGE pollution over time (Rauch et al., 2005). For example, Pt
contamination in roadside soils in Germany has been
reported to be seven times higher than background
concentrations (Barefoot, 1999). This increase is attributable
to the increased use of Pt in vehicles when automobile
catalytic converters were introduced in Germany in 1987
(Alt et al,, 1997). This review is the first comprehensive
analysis of both quantitative and qualitative literature to
provide a global understanding of the relationship between
vehicle-emitted PGEs in roadside soils and the LPI. The
analysis focuses exclusively on studies examining roadside
soil contamination, excluding research on roadside dust.

2. Discussion

A literature search was performed on publications written
in English indexed until May 2023 in the PubMed,
ScienceDirect, Springer Link, Google Scholar, and Scopus
databases. Various combinations of the keywords “platinum
group element emission”, “PGEs emission”, “automobiles”,
“catalytic converter”, “roadside contamination”, and
“highway side contamination”, were used to identify studies
focused on roadside soil contamination related to PGEs
emissions from vehicle exhaust catalyst while excluding
those addressing roadside dust. In addition, reference lists of
the retrieved articles were examined to identify relevant
studies potentially overlooked during the database search. A
narrative review was performed for 23 papers published
between 2007 and 2021. The selected studies were then
compared to the LPI of countries, and the main findings were
summarized in Table 1. As the LPI has been published since
2007 to rank countries based on well-being, studies
conducted before 2007 were excluded from the analysis.

2.1 Vehicle catalytic converters

Catalytic converters were first introduced by General
Motors in 1974 in response to the Clean Air Act and
accompanying the Environmental Protection Agency
regulations that required a 75% reduction in toxic emissions
for all new vehicle models manufactured after 1975 (Bommi
et al., 2019). Since 1993 and 1997, catalytic converters have
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been installed in gasoline and diesel vehicles, respectively. A
catalytic converter (Figure 1) consists of a honeycomb-like
ceramic monolith made from alumina or cordierite
(2Mg0.2A1203.5Si0,) with traces of manganese (Mn), iron
(Fe), titanium (Ti), calcium (Ca), sodium (Na), and potassium
(K) that is fixed inside a stainless steel box in the vehicle
exhaust system (Das et al, 2002). A wash-coat layer of
alumina (Al0s3), cerium oxide (CeO3), and zirconium oxide
(Zr0,) is applied to the monolith's surface (Palacios et al.,
2000). The active substances, metallic nanoparticles of PGEs,
are scattered at around 0.1% on this wash-coat layer (Wang
& Li, 2012). First, PGE particles on the catalyst surface have
diameters of <10 nm; however, sintering can cause
aggregation and the formation of larger particles. For
instance, PGE particles with diameters ranging from 50-400
nm have been observed in catalysts aged to 60,000 km
(Palacios et al., 2000). Moreover, alkaline earth metal
promoters, such as calcium (Ca), barium (Ba), and
magnesium (Mg), are also added to the wash-coat to enhance
catalytic performance or provide stability against
degradation and aging (Le Bras et al., 2017). The functionality
of catalytic converters depends on the vehicle's motorization
and fuel type, with two primary systems: (1) Three-way
(TW) catalytic converters (Figure 2) are used in gasoline
engines and are comprised of Pt, Pd, and Rh. They perform
three simultaneous functions: oxidation of carbon monoxide
(CO), oxidation of unburned hydrocarbons (UHCs), and
reduction of nitrogen oxides (NOX, x = 1, 2, 3). Platinum and
palladium catalyze the CO and hydrocarbon oxidation
reactions. Rh catalyzes NOx's redox reaction (Le Bras et al.,
2017). (2) Oxidation catalytic converters for diesel engines
oxidize CO and UHCs and include a particle control system
that uses additives or catalyzed particulate filters. Diesel
particulate filters, implemented as exhaust after-treatment
systems, capture particulate emissions, primarily soot.

Metal Shell

Ceramic Honeycomb

Figure 1. Schematic diagram of a catalytic converter

The use of catalytic converters has significantly reduced
urban air pollution by eliminating approximately 90% of CO,
UHCs, and NOx (Palacios et al., 2000). However, the high
temperatures, chemical stress, and violent vibrations
experienced by catalytic converters during engine operation

@ @ @ JHEHP. 2025; 11(1): 3-12
BY NC



Vehicular Emitted PGEs in Roadside Soils, and LPI

cause abrasion and wear of the converter walls, resulting in
the emission of PGE particles into the atmosphere with
exhaust gas (Moldovan et al., 2002; Palacios et al., 2000).
Catalytic converters are now recognized as the primary
source of PGEs in the urban environment (Ravindra et al.,
2004).

oxidation catalyst
to elimiate carbon monoxide(CO)
and unburned hydrocarbons(HC)

cerium and ceramic

tail pipe emissions
honeycomb catalyst structure

H20 (water)
CO2 ( carbon dioxide)
N2 (nitrogen)

reduction catalyst
to eliminate NOX

stainless steel
catalytic converter body

catalytic active material
alumina oxide - AIRO3
cerum oxide - Ce02

rare earth stabilizers
metals - PYPd/Rh

for oxygen
sensor plug

exhaust gas

HC (hydrogen)

CO (carbon monoxide)
NOX (nitrogen oxide)

major reaction

C0+1/2 02=C02
H4C2+302=2C02+2H20
CO+NOX=CO2+N2

Figure 2. Schematic diagram of the working of a three-way autocatalytic
converter

To function effectively, catalytic reactions require
temperatures above 600 °C, a condition typically reached
after driving 10-15 kilometers. Emissions are notably higher
during the first kilometers of a cold start, particularly in
urban settings. The average lifespan of a catalytic converter
is estimated at 120,000 and 150,000 km (Gasser et al., 2014).
The proportion of Pt, Pd, and Rh in catalytic converters is
determined by several factors, including the manufacturer,
vehicle characteristics such as engine power, fuel type
(gasoline or diesel), vehicle weight, and the required
catalytic functions. Generally, the PGE content of the
catalytic converter is around 0.1-0.3% (w/w) (Hwang et al.,
2016). Since the mid-1990s, Pd has increasingly replaced Pt
due to rising Pt prices (Cicchella et al., 2003; Zereini et al.,
2007). On the other hand, the Rh content remains
consistently low, attributed to its high price (Gomez et al.,
2002). The PGEs ratios also differ between vehicle
manufacturers in the United States, Europe, and Japan and
between vehicles from the same production lines (Cicchella
et al,, 2003). These ratios range from 5 to 12 for Pt/Pd and
Pt/Rh in gasoline vehicles (gasoline-powered vehicles)
(Bocca et al,, 2006). Pt is primarily used in diesel vehicles
with Pd and Rh, with a metal content of 7-8 g per vehicle
(Omrani et al., 2020).

2.2 Factors influencing PGE emissions

PGEs emissions from exhaust gas are affected by several
factors, including engine type, operating conditions, the age
and initial PGEs content of the catalytic converter, driving
speed, weather, and fuel type (Ravindra et al., 2004).
Unfavorable operational conditions, such as failed ignitions
or excessive heating, can amplify PGE emissions.
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2.3 Characteristics and distribution of PGEs

The PGEs, comprising Ru, Rh, Pd, Os, Ir, and Pt, are primarily
concentrated in the Earth's core and mantle due to their
siderophilic nature. Their natural abundance in the upper
continental crust is minimal, ranging from 0.018 pg/kg (Rh)
to 0.599 pg/kg (Pt) (Park et al., 2012). Natural sources of PGEs
include volcanism, rock weathering, and extraterrestrial
matter deposition, contributing only minimally to
environmental PGE levels (Mitra & Sen, 2017). Given that
both continental crust concentrations are low and natural
sources contribute only a small amount of PGE to the Earth's
surface, the fate of these elements in the environment should
be of little concern. However, anthropogenic PGE emissions
began around the 1750s, at the start of the industrial period.
This was demonstrated by observing PGE accumulation in
some soils starting on that date. Because of their physical and
chemical properties, such as high melting points, high
corrosion resistance, mechanical strength, and ductility, PGE
is used. PGE have a high economic value and are used in
various applications such as catalytic converters, electronics,
drugs, and chemical industry catalysts. PGE is divided into
two subgroups based on their physicochemical behavior:
iridium PGE, also known as IPGE and composed of Ir, Os, Ru,
and palladium PGE, also known as PPGE and composed of Pd,
Pt, and Rh (Rollinson, 2014). The IPGE subgroup elements are
more siderophile, refractory, and associated with chromites
as alloys and sulfides in dunites. PPGE elements are more
chalcophile than IPGE elements and are associated with
sulfides of Fe, Cu, Ni, gabbros, norites, and dunites (Rollinson,
2014). Over the last thirty years, the increased use of PPGE
and releasing of these elements has resulted in
environmental contamination. Figure 3 gives an overview of
the relative distribution of PPGE by industry regarding the
manufacture and use of products containing these elements.
Automobile catalysts are responsible for the main
percentage of emissions of PPGE into the environment. Since
the early 1970s, PGEs have been used as catalysts, with the
catalytic converter industry now representing the highest
global demand for these elements (Hwang et al., 2016;
Palacios et al., 2000). As the number of vehicles on the road
continues to increase, PGEs are expected to rise
correspondingly. Pt and Pd are particularly effective in
oxidizing CO and hydrocarbon species, while Rh is highly
efficient in reducing NO. The introduction of the second
generation of three-way catalytic converters in 1979 led to a
significant increase in PGE emissions, contributing to
environmental contamination (Heck et al,, 2016). Catalytic
converters typically contain 0.1-0.3% (w/w) PGEs, although
the exact composition varies depending on vehicle type, such
as gasoline-powered versus diesel-powered vehicles
(Hwang et al., 2016). Ash et al. (2014) measured PGES in
crushed monolith and reported mean concentrations of Pt,
Pd, and Rh in gasoline catalysts of 800, 30, and 120 ng/g,
respectively. In contrast, light-duty diesel catalysts
contained 2600, 690, and 5 pg/g of Pt, Pd, and Rh,
respectively, while heavy-duty diesel catalysts showed
concentrations of 1800, 5, and 5 pg/g, respectively. Pt
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utilization is declining and being replaced by Pd due to
higher Pt prices and the introduction of ultra-low sulfur
diesel (Hwang et al., 2016). PGE emissions from modern
three-way catalysts vary greatly depending on catalyst type,
vehicle age, mileage, driving speed, road conditions, and
other variables. Although PGE emissions are relatively low
and no discernible ecological effects have been observed, the
growing number of vehicles and deficient background levels
have raised concerns about environmental contamination.
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Figure 3. Percentage demand for Pt, Pd, and Rh by type of activities in 2022
(Mattey, 2022)
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Although PGEs are much less water soluble than other
constituents of concern (e.g., lead, copper, and zinc),
bioaccumulation of PGEs has been observed in various
aquatic organisms, including zebra mussels, freshwater
isopods, and fish (Osterauer et al., 2009). PGEs appear to
cause cellular disruption, DNA tissue damage, and
bioaccumulation. Acute toxicity tests have revealed that
PGES is far less toxic than Cd, Cr, Hg, and Pb and toxic in the
same way as Se and Ce, with LC50 values ranging from 225
to 1500 nmol L' (Borgmann et al., 2005).

2.4 Background concentration of PPGE in roadside soil

Determining background concentration is critical for
assessing contamination levels and identifying pollution
sources. Because almost all PPGE contamination studies
focus on roadside environments, background values are
typically taken as PPGE concentrations in areas with low
population density and low traffic, with no further details or
selection criteria. While this approach is common in roadside
contamination studies, it may not always provide a reliable
baseline, especially in regions where PPGE accumulation is
naturally elevated. The influence and composition of the
local bedrock should also be considered, particularly in areas
without active PPGE mining, to ensure accurate assessments.
Soil acts as a sink for toxic elements emitted by vehicles, such
as PGEs (Wang et al, 2017). The accumulation of these
elements in roadside topsoil is primarily caused by
atmospheric deposition (Li et al,, 2001). Due to their non-
biodegradability and long residence time in soils, potentially
toxic elements have been known as "chemical time bombs"
(Stigliani et al., 1991). Rain, surface runoff, wind, and gravity
all play significant roles in dispersing potentially toxic
element deposits on the soil surface. The re-entrainment of
toxic elements emitted by vehicles is also affected by the
surrounding topography, soil properties, toxic element
solubility, traffic volumes, horizontal and ventral distance
from the road, and wind direction (De Silva et al., 2021).
Because soil appears to be the final main reservoir for dust,
wind plays an important role in toxic element entrainment
(Chen et al,, 2010). While toxic elements emitted by vehicles
are primarily found in the soil's surface layer (0-5 cm), they
can also leach deeper into the soil profile (Wong et al., 2006).
Studies have shown that vehicle exhausts contribute to the
accumulation of potentially toxic elements in roadside soils,
with depositions extending up to 100 meters from the road
(Hamurcu et al., 2010). Toxic element concentrations in soil
typically decrease with increasing distance from the road
and depth within the soil profile (Bernardino et al., 2019).
Research on PPGE contamination in roadside soils has
primarily focused on areas in cities or near highways, as
these locations are near the primary source of contamination
from vehicle catalytic converters. The median values of PPGE
concentrations measured in various cities around the world
are summarized in Table 1. All of the median (or average)
values reported in the cited studies exceed the natural
abundance of these elements in the Earth's crust. Most
studies have focused on the distribution of PPGE
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concentrations at varying distances from the road. The

findings reveal a consistent pattern: high concentrations of

Z. Farahmandkia et al.

Pt, up to several hundred pg/g, and Pd and Rh, up to 10 ng/g,
are observed near the road.

Table 1. Summary of Studies reporting PGEs concentrations in roadside soil from peer-reviewed literature worldwide. Data sourced using Scopus, PubMed, Springer
Link, Web of Science, and Google Scholar

Country

Concentration (pg/kg)

Background level

NE rank

LPI rank

Reference

Australia

Greece

us

Brazil

China

Czech Republic

Canada

Germany

Bulgaria

Italy

UK

India

South Korea
Russia

South Africa

Turkey

Pt =nd
Pd=137

Rh =nd

Pt = 44-820
Pd =36-1100
Rh=3-35
Pt=39.9-78.4
Pd = 6-8.8
Rh =18.5-27.2
Pt=51.8

Pd =29.1
Rh=5.18
Pt=27.2

Pd =78.2
Rh=6.2
Pt=314

Pd =242
Rh=7.6
Pt=10.89
Pd=13.81
Rh=1.28

Pt =34.92
Pd=57.77
Rh=20.17
Pt=8.5
Pt=9.27

Pd =3.45

Rh =0.21
Pt=8.7

Pd =63
Rh=1.7
Pt=7.17

Pd =5.21
Rh=1.43
Pt=2.03

Pd =0.95
Rh=0.19
Pt=25

Pd =42
Pt=10.75
Pt=1

Pd=1
Rh=0.4
Pt=68
Pt=0.1-278
Pd = 0.5-432
Rh = 0.07-47
Pt=164

Pd =272
Pt=5.9
Pd=9.16

Rh =0.83

Pt =49.7

Pt = 88.5
Pd=34.2
Rh=6.7

Pt =0.06-1.12
Pd = 0.48-5.44
Rh = 0.08-0.64
Pt=7.6

Pd =304
Rh=13

Pt=4.4
Pd=1.13
Rh=0.74

Pt =<1 pg/kg
Pd =<1 ng/kg
Rh=<0.1pg/kg
Pt=0.28

Pd =0.64
Rh=0.019
Pt=04
Pd=0.4

Rh =0.06

Pt=1.1
Pd =1.02
Rh=0.1
Pt<0.5
Pd =0.07
Rh =0.01
nd

Pt=3.8

Pt=1.86
Pd=1.62
Rh=0.44

Pt =<1 ng/kg
Pd =<1 png/kg
Rh=<0.1pg/kg
24

19

29

28

18

139

27

20

12

64

31

22

161

63
76

140

86

15

40

19

66

54

25

13

48

30

12

103

29
77

75

95

(De Silva et al., 2016)

(Owovopov-HAomovAov & Zdevtovn, 2010)

(Tsogas et al., 2009)

(Sutherland et al., 2008)

(Ribeiro et al., 2012)

(Pan et al., 2009)

(Qietal,2011)

(Liuet al., 2015)

(Komendova & Jezek, 2019)
(Mihaljevi¢ et al., 2013)

(Wiseman et al., 2016)

(Wichmann et al., 2007)

(Birke et al., 2018)

(Lyubomirova & Djingova, 2015)

(Angelone et al., 2007)

(Cicchella et al., 2020)

(Orecchio & Amorello, 2011)
(Cicchella et al., 2008)

(Jackson et al., 2007)

(Pan et al., 2009)

(Lee et al., 2012)
(Ladonin, 2018)

(Van der Horst et al., 2018)

(Murat et al., 2021)

2.5 Legatum prosperity index

While the main objective of many economic policies is to
achieve higher economic growth, the environmental risks
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issue. Natural resources and the environment provide many
of the inputs for production, which not only generates
desirable outputs, such as consumer goods, but also
produces undesirable byproducts, including environmental
pollutants. Without advancements in production techniques
and processes, the negative impacts of these undesirable
outputs are likely to outweigh the benefits of desirable
production outputs. This issue is of greater importance at the
macro level. Various countries call for balanced economic
growth and sustainable development, which requires
appropriate planning to achieve high economic growth with
minimal adverse environmental effects. The consequences
will be irreversible if production occurs without considering
the negative environmental impact (Mehnatfar & Ghobadi,
2015). Uncontrolled exploitation of natural resources,
accumulation of waste, and focus on pollutants can lead to a
decrease in biodiversity, and ultimately, despite an increase
in income, it can lead to the deterioration of environmental
quality and a reduction of human well-being. On the other
hand, some people believe that the fastest way to improve
the environment is through economic growth, in such a way
that as income levels increase, the demand for goods and
services that use fewer materials increases, and this
gradually leads to the acceptance of environmental
protection criteria in the production process (Jafari Samimi
& Ahmadpour, 2011). Economics is the science of optimal use
of resources. Awareness of this science and its use enables
humans to use scarce natural resources desirably. Optimal
use of natural resources should be in the direction of
collective benefits, considering future generations' interests
and minimizing environmental degradation and pollution.
Generally, there is a two-way relationship between the
economy and the environment. Businesses use economic
resources, including raw materials and energy, to produce
goods and services. In this process, they return some of the
used inputs as waste and pollution to the environment.
These wastes, mainly in the form of carbon monoxide, carbon
dioxide, sulfur dioxide, or solid waste and wastewater, cause
pollution or impose external costs on society. Therefore, it is
observed that every decision made in the economy comes
with an opportunity cost or lost opportunities. Most studies
measuring growth and welfare have used economic
indicators such as Gross Domestic Product (GDP), Gross
National Product (GNP), or Gross Domestic Product per
capita. Economic growth is necessary for improving people's
living standards, but it is insufficient (Yousefinejad et al.,
2015). Since GDP and GDP per capita only measure the value
of market goods and services produced and consumed in an
economy, they cannot be considered economic welfare
indicators. Therefore, some economists have tried to create
alternative indicators encompassing macroeconomic
activities and social inequalities and calculating economic
growth's environmental impacts (Bakhtiyari et al., 2012).
Indices such as the Legatum, IEWB, and Genuine Progress
Indicator (GPI) are among these indicators. Among these
indices, the Legatum index is designed to go beyond
traditional economic measures, such as GDP per capita, and
to provide a more comprehensive view of prosperity by

Vehicular Emitted PGEs in Roadside Soils, and LPI

taking into account a wide range of factors that contribute to
well-being. The Legatum Prosperity Index (LPI) measures
countries' prosperity across 12 pillars, including economic
quality, investment environment, governance, education,
health, enterprise conditions, infrastructure and market
access, safety and security, personal freedom, social capital,
living conditions, and natural environment. For instance, the
natural environment pillar measures the aspects of the
physical environment that have a direct effect on people in
their daily lives and changes that might impact the
prosperity of future generations. The living conditions pillar
measures the degree to which a reasonable quality of life is
experienced by all, including material resources, shelter,
basic services, and connectivity. The 2023 LPI is based on 300
different indicators analyzed across 167 nations around the
world. For 167 nations, the Index uses the same indicators
and combines them in the same way to create elements and
pillars. Using the Index, it is possible to compare the relative
performance of each country for overall prosperity and each
of the 12 pillars of prosperity, such as health, education, and
social capital, as well as the 67 actionable policy areas
(elements) within the pillars (figure 4). The elements have
been established to represent key policy areas, such as
investor protections, primary education, government
integrity, and air pollution, to help facilitate more targeted
action. The index is based on data from a variety of sources,
including the World Bank, the United Nations, and other
international organizations. According to the pillars and
indicators, the Legatum Institute ranks the countries into
three groups: low-welfare, middle-welfare, and high-
welfare countries. It finds that the wealthiest nations in the
world are not necessarily those with the highest GDP but
those with free, happy, and healthy citizens. This index is the
only global index that measures the factors that contribute
to economic growth and citizen happiness and provides a
global evaluation of wealth and happiness.

Pillars Domains Domains Pillars

\‘\‘ |\

copyt

e

Figure 4. The domains and pillars of the LPI (Prosperity Institute, 2023)

In terms of pollutant emissions into the environment, it is
assumed that in countries with high LPI, where the quality of
life is high. There are better economic conditions, people
tend to use the newer with low mileage automobiles and
typically replace their vehicles with more recent models
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after a few years. Therefore, pollutant emissions from
vehicles, especially PGEs from automotive catalytic
converters, should be lower in countries with a higher LPI
than countries with a lower LPI, where older automobiles
with high mileage and more inferior technology are used. In
countries with low LPI and adverse environmental
conditions, it is expected that the emission level of PGEs into
the environment will be high due to the more prolonged use
of vehicle catalysts, older technology of the catalytic
converter, and their failure to be replaced promptly (Omrani
et al., 2020). However, some studies showed that emission
rates of PGEs decrease with the age of the catalytic converter
(Omrani et al., 2020; Palacios et al., 2000). For example,
according to Palacios et al the emission rate of PGEs by new
three-way gasoline catalytic converters was reported to be
110 ng km! for Pt, 250 ng km! for Pd, and 50 ng km! for Rh,
which were decreased to 6-8, 12-16, and 3-12 ng km-!,
respectively when the catalyst was aged up to 30,000 km;
but it was noted that an aged gasoline catalyst released more
soluble and highly mobile PGE than a new one (Jarvis et al.,
2001; Palacios et al., 2000). However, the concentration of
PGE released into the environment has increased with the
decrease in the countries' ranking. Looking at the PGE values
reported in the literature and their R-squared correlations
with the countries' ranking based on the Natural
Environment (NE) pillar and LPI (Figure 5) shows that the
correlation between PGE values and LPI rankings is not
strong, attributing this to the complex and varied factors
influencing emissions, such as (1) Technological and
Infrastructure Variations: High-LPI countries might have
newer vehicles and better-maintained infrastructure, which
could lower PGE emissions but may also exhibit higher
vehicle speeds that increase emissions. (2) Age and Condition
of Vehicles: Low-LPI countries often rely on older vehicles
with outdated catalytic converter technologies, leading to
higher PGE emissions. (3) Environmental Policies and Fuel
Quality: Different regulatory standards and fuel qualities
impact PGE emissions, yet these are not uniformly addressed
across contexts. In other studies, it has also been pointed out
that various and complex factors affect the release of PGEs
from vehicle catalysts. That is factors such as type of catalyst,
age of the car, miles traveled, type of engine, the operating
conditions of the engine (for example, the abrasion and
wearing of the catalytic washcoat surface due to high
temperatures, physical and chemical stress such as
volatilization and sintering during engine operation,
resulting in the emission of PGEs particles with exhaust
gases), the age and initial PGEs content of catalyst, vehicle
speed, way of driving, weather condition, the type of fuel
(gasoline or diesel), etc. (Hwang et al., 2016; Omrani et al.,
2020; Ravindra et al., 2004). High urban density often
correlates with increased traffic congestion and vehicle
idling times, which may elevate PGE emissions despite
advanced vehicle technologies. Contrastingly, densely
populated areas in high-LPI countries may have better traffic
management  systems or encourage alternative
transportation modes, reducing emissions. Countries with
extensive and efficient public transit systems (often high on
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the LPI) might see reduced dependence on personal vehicles,
which would lower overall PGE emissions. This aspect could
be explored to highlight its mitigating role in urban
pollution.

500
Pt
200 1 Legatum Prosperity Index
Natural Environment
B 300 A
=
=200 1
% 100 1 R?=0.0053
§ R?>& 0.0364
0 — = L A T
0 50 100 150
country ranking
600 7 Pd :
Legatum Prosperity Index
500 ~ Natural Environment
T, 400
-
=
= 300 A
g 200
§ R?=0.003
5100y R2=0,0318
0 T A _—T T T
0 50 100 150
country ranking
25 7
Rd
20 A
_ Legatum Prosperity
é” 15 Index
=y Natural Environment
S 10 R? = 0.0144
£ R? =0.0002
g
s 57
e
0+ 2 T T T
0 50 100 150

Country Ranking

Figure 5. Correlation between PGE values and countries' ranking based on the
NE pillar and LPI

The strength and enforcement of environmental
regulations, such as emissions standards for vehicles or
incentives for electric vehicle adoption, vary widely and can
significantly impact PGE emissions. High-LPI countries might
prioritize stricter regulations, while low-LPI countries might
struggle with implementation due to economic or
infrastructural constraints. Examining how these factors
interact with LPI rankings could reveal critical pathways for
reducing PGE emissions tailored to a country’s specific
socio-economic and environmental context. For instance, it
could analyze if high-LPI countries offset emissions through
public transportation, even with a higher number of vehicles
per capita. To mitigate these generalizations, further
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research could segment findings by regional or national
contexts, considering specific economic, technological, and
environmental conditions. This approach would ensure more
nuanced conclusions that reflect the multifaceted
relationship between welfare and PGE emissions. Also, by
considering and analyzing other information and indicators,
such as the Human Development Index of Countries (HDI),
which provides a metric based on three dimensions: a long
and healthy life, knowledge, and a decent standard of living
(World Population Review, 2024), a fuller picture of the
relationship between PGE emissions and the countries’
position in terms of various development indicators can be
obtained. Advancements in catalytic converter technology,
such as developing non-PGE alternatives or improving the
durability of existing designs, can significantly reduce PGE
emissions. Similarly, promoting cleaner fuel alternatives like
ultra-low sulfur fuels and transitioning to electric or hybrid
vehicles can address the primary sources of PGE release.
Regulatory measures also play a critical role in mitigating
emissions. Implementing stricter emission standards and
mandatory vehicle inspections can ensure the proper
functioning of catalytic converters, particularly in countries
where older vehicle technologies dominate. Moreover,
enhancing public transportation systems and implementing
traffic management strategies, such as congestion charges
and carpooling incentives, could reduce vehicle usage and
associated emissions. Beyond preventive approaches,
recycling and recovery of PGEs offer sustainable solutions to
address existing environmental contamination. Recycling
programs targeting end-of-life catalytic converters can
reclaim valuable PGEs, reducing reliance on mining. Further,
investing in advanced technologies to recover PGEs from
roadside soils and urban runoff could mitigate
environmental pollution and provide secondary sources of
these metals.

3. Conclusion

This review evaluates the existing scientific literature to
explore the relationship between a nation's welfare index
and the emission of PGEs from vehicle catalytic converters in
the roadside soil environment. Catalytic converters are
emission control devices that reduce the toxicity of exhaust
gases by converting them into less toxic pollutants. However,
despite the reduction of pollutants from automobile
exhausts by catalytic converters, the emission of catalyst
elements to the environment is an issue. The emission of
PGEs from catalytic converters has emerged as a serious
environmental concern worldwide. As the production of
vehicles equipped with PGE-based catalytic converters
increases, the ecological exposure to these elements rises
accordingly. Research indicates that PGEs concentrations in
roadside soils are higher than the average global crustal
concentrations. In this review, the concentration of PGEs in
roadside soils was evaluated in relation to the welfare
statuses of nations, as defined by the LPI. The LPI provides a
holistic measure of prosperity, incorporating over 300
indicators across 167 countries to assess well-being beyond
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traditional economic metrics such as GDP per capita. Based
on the LPI, nations are categorized into three welfare groups:
low-welfare, middle-welfare, and high-welfare. The
correlation between roadside PGE concentrations and
countries' LPI ranking was not significant. This lack of
correlation suggests that PGE emissions from vehicle
catalytic converters are influenced by complex factors such
as catalyst type, vehicle age, engine type and operating
conditions, fuel type, vehicle speed, meteorological
conditions, and the age of the catalyst. These findings imply
that regardless of a country's rank on the LPI, the issue of PGE
emissions from catalytic converters warrants equal attention
and mitigation efforts worldwide.
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