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Abbreviations

8HQS 8-hydroxyquinoline-5-sulfonic acid
AdCSV  adsorptive cathodic stripping voltammetry
Ajatine® benzyldimethyl(dodecyl)ammonium bromide
APDC ammoniumpyrrolidindithiocarbamate
AR aqua regia (HCL:HNOg 3:1)
Bond-Elut C18® octadecylmodified silica gel
CMDCT  bis(carboxylmethyl)dithiocarbamate
CNF-PEI cellulose nanofibrils modified with polyethyleneimine
CPC 1-hexadecylpyridinium chloride
CRM certified reference material
CTAC hexadecyl(trimethyl)ammonium chloride
DKTS APSG diphenylketone-monothiosemicarbazone modified
silica
DMG dimethylglyoxime
DMG SG dimethylglyoxime on silica
DPTH-gel 1,5-bis(di-2-pyridyl)methylene thiocarbohydrazide
DPV differential pulse voltammetry
ET-AAS electrothermal atomic absorption spectrometry
F-AAS  flame atomic absorption spectrometry
HMImT 1-hexyl-3-methylimidazole-2-thione
ICP-MS inductively coupled plasma mass spectrometry
ICP-OES inductively coupled plasma optical emission spectrome-
try
IL ionic liquids
LEP-OES liquid electrode plasma optical emission spectrometry
Metalfix-Chelamin® polymeric functionalised resin containing
the tetraethylenepentamine group
MetaSep AnaLig® selective sorbent for separation of Au, Pd, Pt
from complex matrices

MW microwave digestion
MWCNTs multiwalled carbon nanotubes
NIES National institute for environmental studies

NIST National institute of standards and technology

PAMAM SG amino-terminated dendrimer-like polyamidoamine
immobilized silica gel

PAN-TU-GA polyacrylonitrile sorbent modified with thiourea
and glutaraldehyde

PAR 4-(2-pyridylazo) resorcinol

PEI/Al;03 polyethylenimine modified alumina
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PSTH 1,5-bis(2-pyridyl)-3-sulfophenyl methylene thiocar-
bonohydrazide

PSTH-cpg 1,5-bis (2-pyridyD)-3-sulphophenyl methylene thiocar-

bonohydrazide immobilized on an aminopropyl-con-
trolled pore glass

QuadraSil™ TA triamine modified silicagel

RF-OPT Radio-frequency Oxygen Plasma treatment

RTILs room temperature ionic liquids

SAX sorbent mesoporous silica microparticles functionalized

with quarternary amino groups

SBA-15 thiol-functionalized mesoporous silicas synthesized by
co-condensation of tetraethoxysilane and mercapto-
propyltriethoxysilane

Septonex® (a-carbethoxypentadecyl)trimethylammonium bro-

mide

SRM standard reference material

Sterinol® benzyl(dodecyl)dimethylammonium bromide

Strata C18-E® octadecylmodified silica gel endcapped

Strata SDB-L® styrene divinylbenzene sorbent

TTAB trimethyl(tetradecyl)ammonium bromide

TU thiourea

XAD-4® polystyrene-divinylbenzene resin

Zephyramine® benzyldimethyltetradecylammonium chloride

1. Introduction

All platinum group metals (PGMs) (ruthenium, rhodium, palladium,
osmium, iridium and platinum) occur naturally in the Earth's crust at
very low concentrations. These metals, and their compounds, are very
rare and their contents are in the order of tenths of ng.g-1 rock, with the
exception of isolated deposits, where their concentration rises from 1000
to 10,000 times these values. They can be found, in their pure form, dis-
persed in river placers or bound as arsenides and sulphides in ores con-
taining mainly Ni, Cu and Fe [1,2] Unlike other transition metals, PGMs
are often found in their elemental form in natural sources with diffuse
character.

PGMs are currently used in many modern technologies and prod-
ucts. Their consumption is steadily increasing (from 90 kt in 2010 to
106 kt in 2015). Their reserves and resources are mainly in South
Africa [2,3]. They are “critical” metals because the demand for them
can be influenced by the reliability of the supply, due to socio-eco-
nomic reasons, but not in terms of the depletion of natural resources
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[4]. The current topic is the recycling of precious elements from elec-
tronic waste and used catalysts [5].

However, the anthropogenic entry of these metals and their com-
pounds into the environment is alarming [6]. PGMs, especially plat-
inum, palladium and rhodium, have become a significant source of the
anthropogenic entry of heavy metals into the environment over the last
three decades, due to their widespread use in the automotive industry.
These elements are the main components of automotive catalytic con-
verters and have a very important and irreplaceable function. They are
involved in the elimination of toxic compounds produced by the com-
bustion process. However, these elements are released when the car en-
gine is running and become part of automotive emissions. In particular,
the exhaust gas comprises a mixture of carbon monoxide, nitrogen ox-
ides, hydrocarbons, as well as some incomplete combustion products,
such as aldehydes, ketones, polycyclic aromatic hydrocarbons or car-
boxylic acids. PGMs reduce the content of these pollutants to concentra-
tion levels that meet the required emission standards. Since these stan-
dards are becoming increasingly stringent, the use of PGMs is currently
essential. Other efforts have been made to reduce the formation of toxic
fumes by engine modification, but catalytic systems have proven to be
the most effective.

2. The fate of PGMs in the environment

Due to their low reactivity, low solubility and mobility, the natural
cycle of these metals is very limited, but it is greatly impaired by the
anthropogenic input of higher concentrations from automotive emis-
sions. The emission of these metals and their compounds is greatest in
high-density traffic routes and the highest in places with poor dispersion
conditions (tunnels, underpasses, etc.). However, this contamination has
no local impact. Long-distance transport has been proven in the case of
PGMs, especially platinum, confirming the global pollution of the entire
planet [7].

A major risk of increasing concentrations of PGMs in individual envi-
ronmental compartments is the inadequate and incomplete information
on their toxicity, their effects on human health (and on individual organ-
isms) and the effect of their bioaccumulation in the environment. The
influence of platinum to human health and biological materials has been
described in a few studies, e.g. Refs. [8-12], and [13]. Even the World
Health Organization (WHO) does not have sufficient information about
the behavior of these metals and their compounds in the environment,
only partial information about platinum [14] and palladium [15]. The
issue of platinum speciation and its impact on biological systems, tox-
icity and environmental behavior are very important. So far, however,
there are very few works dealing with the platinum speciation [16,17].
The behavior and fate of rhodium and its compounds in the environment
is almost unknown.

Other important sources of these metals in the environment are
wastewater oncological treatment facilities [18,19]. PGMs, especially
platinum compounds, but recently, also palladium [20,21] and
rhodium, are in the form of some of their complex compounds potent cy-
tostatics, i.e., antitumor metallopharmaceuticals. However, after an ef-
fective therapeutic response in the body, they are subsequently excreted
from the patient. Contaminated waste water, which is often inefficiently
cleaned in wastewater treatment plants, is becoming a point source of
these metal compounds [22]. Their removal is only possible using spe-
cial techniques [23]. These are present in soluble, bioavailable and bi-
ologically very active forms [24]. Very often, their cytostatic properties
are accompanied by properties that are strongly toxic to living organ-
isms, with a proven carcinogenic effect and very low biodegradability
[25,26].

Therefore, anthropogenic inputs lead to the global contamination of
all components of the environment. Priority inputs are car emissions
and waste water. However, PGMs and their compounds penetrate into

all living and nonliving components. They are found in airborne dust
[27,28], road dust [29], soil [29-31], vegetation [32,33], wastewater
[23,34], river water [24], aquatic organisms and sediments [35], the
bodies of animals at higher levels of the food chain [36] and even in the
human body [37,38].

3. Preconcentration of PGMs

PGMs, despite the above-mentioned anthropogenic sources, are
found in environmental components at very low concentrations. Of-
ten, such low concentrations cannot be determined directly, even using
the most sensitive analytical techniques with very low detection lim-
its (LOD) and quantification limits (LOQ). These techniques include, in
particular, the inductively coupled plasma mass spectrometry (ICP-MS)
[2]. Buying and operating these devices is often very expensive, eval-
uated by comparing the cost of acquisition and the cost of one analy-
sis [39]. Therefore, sorption techniques have often been studied, devel-
oped, tested and innovated to enrich low levels of PGMs to reach values
that can be measured by more common and less expensive techniques,
such as electrothermal atomic absorption spectrometry (ET-AAS), flame
atomic absorption spectrometry (F-AAS), inductively coupled plasma
optical emission spectrometry (ICP-OES) and liquid electrode plasma op-
tical emission spectrometry (LEP-OES). However, these techniques re-
quire the use of a preconcentration step (see comparison of typical limits
of detection [40] of the above techniques in Table 1).

The most effective method of concentrating PGMs is the Solid Phase
Extraction (SPE) method. There are a number of sorbents, whether con-
ventional, selective or specific, which are used for this purpose. The ad-
vantage of this technique is not only that it increases the concentration
of selected elements to measurable values, but also their simultaneous
separation from the sample matrix, which often interferes with the de-
termination of the analyte [42].

Very important parameters for the testing and selection of suitable
sorbents are not only their selectivity, specificity, sorption and elution
efficiency, and the possibility of reuse, but also price, market availabil-
ity, the consumption of chemicals and organic solvents used in the sorp-
tion process, the effect of possible interference on the sorption course,
usability in analyzing real samples and the amount and type of gener-
ated chemical waste. The economic and ecological aspect of the devel-
oped method of determining PGMs also plays an important role.

The mechanism of platinum sorption largely depends on the type of
sorbent and can take place through various physico-chemical interac-
tions, such as adsorption on the surface of the sorbent, sorption of the
analyte in the form of chelate, binding of the resulting ion pair, ion as-
sociate, or mechanism of ion exchange [43]. By choosing a suitable sor-
bent with a high affinity for the analyte, it is possible to achieve an
effective sorption with high selectivity. Selective and specific reactions

Table 1
Typical detection limits of PGMs, calculated at 3 ¢ [40,41].

Element Method/LOD

F-AAS ET-AAS ICP-OES LEP-OES ICP-MS

pgL ! pg L1 pgL~t pgL~t ngL~!
Ir 500 4 4 - 0.01-0.1
Os 100 - 5 0.01-0.1
Pd 10 0.5 2 0.01-0.1
Pt 75 4.5 20 57 0.01-0.1
Rh 3 0.4 5 - 0.01-0.1
Ru 100 0.75 4 - 0.01-0.1
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with selected organic agents, or substances forming agents, can be used.

In the adsorption mechanism, the analyte is bound on the solid phase
by van der Waals forces or hydrophobic interactions. These hydropho-
bic interactions are particularly useful in highly non-polar sorbents. The
most common sorbents of this type are silica gel, modified by hydrocar-
bon chain, or selected organic functional groups. Another large group
is polymeric styrene-divinylbenzene copolymer sorbents. Elution, in this
case, is carried out with organic solvents such as methanol, ethanol or
acetonitrile. However, PGMs are most commonly found in solution in
the form of their halogenocomplexes, so direct sorption to this type of
sorbent does not take place. The ionic forms of PGMs must react with a
suitable organic reagent and the resulting complex is then bound to the
sorbent only by hydrophobic interactions, or the sorbent must be modi-
fied with the selected organic reagent.

The formation of an analyte chelate with a suitable organic chelat-
ing agent that contains a heteroatom in its molecule can be used for se-
lective sorption. Nitrogen heteroatoms (nitro-, amino-, imido- and azo-)
and sulfur (most commonly thio-functional groups) have a significant
affinity for PGMs. The most important requirements for efficient and
highly effective sorption are the selectivity of the agent, the stability of
the chelate formed, sufficiently rapid chelate kinetics, the good solubil-
ity of the chelate formed and the sufficiently strong binding of the re-
sulting chelate to the sorbent surface [42].

If we modify the non-polar sorbent with an ion-pairing agent, it
binds with its non-polar part to the non-polar sorbent by hydrophobic
forces. With its polar part, it forms an ion pair with the analyte ions, or
complexes, in solution. Typical examples of ion-pairing agents are qua-
ternary ammonium salts and alkyl sulfates.

In ion-exchange sorption, sorbents containing anionic or cationic
functional groups are used. These groups may be attached to silica gel
or styrene-divinylbenzene copolymer-type sorbents. The ion exchange
then occurs between the analyzed solution and the solid sorbent. The
ion exchange groups can be strongly or weakly dissociated and the ap-
plicability depends on the pH value. Strongly dissociated groups are
useful throughout the pH range, while the weakly dissociated groups
were only useful at a pH higher than the pKa (dissociation constant).
Strongly cationic exchange groups include sulfone groups and strongly
anionic-exchange quaternary ammonium salts. The weak cation ex-
changers are the carboxyl groups and the weak anion exchangers are
ternary amines.

A very interesting issue in the area of preconcentration of PGMs in
recent years is the use of microextraction. The reason is to minimize the
use of organic reagents and to replace them with more environmentally
friendly alternatives. These include ionic liquids, also called 21st cen-
tury solvents [44]. Ionic liquids (ILs) are those substances that consist
of an organic cation and an inorganic or organic anion and have a melt-
ing point below 100 C. The most interesting are ionic liquids already
at room temperature (RTILs). The main advantages of ILs are zero va-
por pressure, thermostability, excellent solvation properties, non-flam-
mability and low toxicity. ILs play a key role in microextraction ana-
lytical techniques used to preconcentration of PGMs from environmen-
tal and biological samples. 1-Hexyl-3-methylimidazole-2-thione [45] or
1-alkyl-3-methylimidazolium chloride [46] was used as an ionic liquid
for microextraction of PGMs.

Significant attention was paid to PGMs in the late 1990s. The rea-
son for this was the introduction of a platinum-containing automotive
catalytic converter into the compulsory equipment of each car. This
was the primary reason for the development of new analytical proce-
dures for the determination of ultra-trace concentrations of these met-
als. Consequently, the preconcentration techniques solved the funda-
mental problem of these analytes in real samples and raised their con-
centration to a measurable level. A very detailed review of the precon-
centration techniques used to determine trace amounts of PGMs pre-

sents works [47]. There are described hydrophobic sorbents with sur-
face immobilized complexing or chelating agents, complexing and
chelating sorbents, fiber complexing sorbents, liquid anion exchange
sorbents and extraction agents, as well as basic anion exchange sorbents.

Table 2 clearly shows the possible SPE platinum metal techniques in
the coming years. Types of sorbents, sorption techniques, analytes, sorp-
tion conditions, end detection techniques and the usability for analysis
of real samples are all mentioned. A very important part of the analytical
determination of PGMs in environmental and biological samples is also
the sample preparation step and its decomposition. In the case of water
samples, the sample is only filtered through a membrane filter of prede-
fined pore size and acidified before analysis, most often with hydrochlo-
ric acid. Acidic solution is very important in trace analysis of PGMs. It
ensures the presence of PGMs in the form of soluble chlorocomplexes
and prevents sorption on the walls of the containers in which the sample
is stored. Solid environmental samples are usually decomposed in aqua
regia by microwave decomposition, heating and evaporation to near dry-
ness or boiling under reflux. In the case of PGMs, the fire assay method
can also be used for decomposition [48]. The sample preparation proce-
dures are given in both Table 2 and 3.

4. Monitoring of PGMs in the environment

Compared to other elements, PGMs are naturally found in the envi-
ronment in very low concentrations, often in elemental form, and their
occurrence is diffuse in nature. All PGMs always occur together. Palla-
dium and platinum are present in the content of 0.015-0.010 mg.kg-1,
Ru, Os, Rh and Ir in lower concentrations of 0.005-0.0001 mg.kg-1.
They naturally occur either in pure form, dispersed in alluvial placer de-
posits, or bound in ores in the form of arsenides and sulfides, along with
other more common metals such as nickel, copper and iron. The largest
deposits are found in South Africa, Russia and North America.

Although these metals are naturally rare, since the end of the 20th
century their content in the environment has been steadily increas-
ing due to human anthropogenic activity. They are used extensively in
transport, industry and medicine. These are the main routes of entry into
the environment for these metals and their compounds.

PGMs are used primarily for their excellent catalytic properties and
are predominantly applied in industry as catalysts. Palladium is used
in hydrogenation and dehydrogenation reactions, platinum as a catalyst
in nitric acid production, petroleum reforming and especially both plat-
inum and palladium in automotive catalysts. Other PGMs are used to in-
crease the hardness of various alloys and in catalytic and hydrogenation
reactions, but their greater industrial use is limited by their rarity and
high cost. In recent years, the use of palladium has increased, partially
replacing platinum in automotive catalysts. This is due to its availability
and lower price, which has now risen because of its increased use (see
Fig. 1).

Platinum-based catalysts have been used in nitric acid production
for about a century. Modern nitric acid production processes consist
of three steps. The first step is the oxidation of ammonia gas with air
to form nitric oxide, to achieve high conversion efficiency on the plat-
inum-rhodium catalyst. Rhodium is added to reduce platinum losses.
The nitric oxide is cooled and further oxidized to nitrogen dioxide,
which is then absorbed in water to form nitric acid. Platinum and
rhodium losses can be as high as 300 mg per ton of nitric acid. The end
use of nitric acid is in the production of nitrogen fertilizers, an impor-
tant source of plant nutrients. In this way, platinum also enters the en-
vironment and the loss of platinum from catalysts is several tons a year
worldwide.

Fig. 2 shows the massive use of platinum and palladium in the pro-
duction of automotive catalysts. Platinum was used for this purpose in
2018, about 95 t, but palladium already 270 t and rhodium only about
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Table 2
Overview of preconcentration techniques used for determination of PGMs.

Detection Type of Sample
Sorbent Analyte Eluent technique sample treatment LOD Ref.
Modified hydrophobic sorbents
CMDCT on XAD-4® Pd, Pt, 5mol L ! NH;3 ICP-OES beans, high pugL-t  [49]
Rh tobacco pressure Pd
asher in AR 0.03
Pt 0.1
Rh
0.01
Metalfix-Chelamin® Pt, Pd 0.5mol L ! TU ICP-OES complex muffle pugL-t  [50]
in12mol L1 matrices, furnace Pt
HCl CRM NIST with 0.022
Na;0,, Pd
dissolution 0.0025
in AR
PAN-TU-GA Pt, Pd 0.5mol L ! TU FTIR, X- leaching NiS fire- - [51]
in 0.5 mol L. 1 ray solutions, leaching
HCl spent
catalyst,
electric
wastes,
spent
plating
solutions
Strata SDB-L® modif.: APDC, TU, PAR, 8HQS, Zephyramine®, Septonex®, Pt, Pd, acetonitrile:HCI ICP-MS lichen, MW in AR ngL~! [52]
Ajatine® Rh, Ru, 4:1 spiked Ru
Os, Ir river 0.0184
water, Rh
spiked peat 0.0025
bog water Pd
0.1177
Os
0.0387
Ir
0.0092
Pt
0.0084
MetaSep AnaLig® Pd, Pt 1:0.5 TU:HCI LEP-OES waste without pg L1 [41]
plating any pre- Pd 3.1
waters, processing Pt
complex 57.3
waste
matrices
Modified silicagel
Separon® SGX C18 - Septonex Pt, Pd, ethanol ICP-OES CRM NIES low - [53]
Rh, Ru, ICP-MS 8, engine pressure
Os, Ir soot, RF-OPT
airborne MW in
particulates HNO3 and
Hy0,
Separon® SGX C18 Pt, Pd, ethanol ICP-OES spiked MW in AR pg L1 [54]
Separon® SGX RPS Rh, Ru, methanol samples: Ir7.3
Separon®SGXphenyl modif.: Septonex®, Sterinol®,TTAB, CTAC, CPC Os, Ir propan-2-ol soil, power 0s 1.9
acetone station Pd 6.6
acetonitrile dust, Pt 5.3
natural Rh 6.2
waters Ru 3.5
DPTH-gel Pt 2mol L-' HNO3  ET-AAS catalyst, MW inHCl, pgL~' [55]
vegetation, HNO3, Pt 0.8
soil, water Hy0,
DMG SG Pd 1 mol L ' HCI FAAS street dust, evaporation  pgL ! [56]
in acetone anode in AR to Pt 90
slime, dryness
catalytic
converters,
rock
sample
ET-AAS pgLt

Pt 10
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Detection Type of Sample
Sorbent Analyte Eluent technique sample treatment LOD Ref.
DPTH-gel Pd 4 mol L =1 HCl ET-AAS CRM NIST MW in AR pg L -1 [57]
Pd 0.4
lentil, MW in
bovine HNO3,
liver, H,0,
vegetation
PAMAM SG Pd 0.2% TU F-AAS nickel NayCOs, pgL -1 [58]
alloy, Na,0o, Pd 3.9
anode dissolution
slime in AR
DKTS APSG Pd TU in HCI F-AAS catalytic evaporation  pgL~! [59]1
converter, in AR to Pd5
spiked tap dryness
water
Bond-Elut C18®/Septonex® Pt acetonitrile ET-AAS airborne MW in AR pg L1 [271
Strata C18-E®/Septonex® urban dust Pt
1.137
SAX sorbent Pt, Pd 2mol L ! ICP-MS CRM BCR MW in ng/g [60]
in 1.2 mol L ! 723, road HNOs, Pt 2
HCl dust H,0,, HCl, Pd 1
HF
SBA-15 Pt TU ET-AAS platinum MW in - [61]
ore CRM HNO3
SARM 7,
geological
samples
Bond-Elut C18®/Septonex® Pt, Pd acetonitrile ET-AAS lichen, boiling pg L1 [32]
moss, under Pt
needle reflux in 2.627
AR Pd
2.282
soil, tunnel MW in AR pg L1 [29]
dust Pt
1.14
SBA-15 Pd 0.6 mol 1 -1 TU ET-AAS soil, road MW in AR pg L1 [62]
dust Pd
0.048
Bond-Elut C18®/DMG Pd 1mol L1 ET-AAS lichen boiling pngL-t  [63]
QuadraSil™ TA in ethanol under Pd
0.05 mol L ~! TU reflux in 1.110
AR
Anion exchangers
Amberlite® IRA-68 Pt, Pd, 4 mol 1! HCL ICP-OES catalytic leaching in - [64]
Amberlite® IRA-93 Rh converters HCl,
Amberlite® IRA-400 NaClO3
Dowex® 1-X8 Pt, Pd, 0.3 mol L' TU ICP-OES synthetic - gLt [65]
Rh, Ir, in 0.1 mol L1 PGMs Ru 14
Ru HCl solution Rh 11
Pd 13
Ir9
Pt 29
ICP-MS pg L1
Ru
0.22
Rh
0.03
Pd
0.17
Ir 0.07
Pt
0.11
Dowex® 1-X10 Pt 0.1 mol L' TU ICP-OES road dust heating in pug Lt [66]
v0.1molL~! AR Pt15
HCl Pd 19
PSTH Dowex® 1-X8 Pt 2mol L' HNO;  ET-AAS catalyst, MW in AR pg L=t [67]
CRM NIST Pt1

2557, soil




Table 2 (Continued)

R. Komendova / Trends in Analytical Chemistry xxx (xxxx) 115708

Detection Type of Sample
Sorbent Analyte Eluent technique sample treatment LOD Ref.
vegetation MW in
HNO3,
Hy0,
natural -
water
PSTH Dowex® 1-X8 Pt 2mol L' HNO;  ICP-OES CRM NIST MW in pgL~1  [68]
2557 acids Pt7.4
spiked -
waters
Bio-RadAG®MP-1M Pt, Rh 0.1 mol L~ TU ICP-OES chloride - - [691]
Bio-Rad AG® 1-X8 solution
Bio-Rad AG® 1-X2
PSTH-cpg Pt, Pd, 0.03% TU in ICP-MS CRM NIST MW in AR pgL-1  [70]
Ir 3.2% HNO3 2557, Pt
spiked 0.0785
sediments, Pd
spiked 0.0555
natural Ir
waters 0.0001
XUS 43600.00 Pt, Pd, 1mol L~ TU in ICP-OES chloride - - [71]
Lewatit M + MP600 Rh 2 mol L ' HCI solutions
Purolite S985 from
leached
from the
catalyst
Rossion-1p Pt, Pd, — ICP-OES compound - - [72]
Rossion-5 Rh, Ru, solutions
Rossion-10 Ir
Dowex® 50W-X8 Pt, Pd 0.5molL"'HCl  ICP-OES soil, boiling pgL-t  [73]
vegetation under Pt
reflux in 12.24
AR Pd
13.78
ET-AAS pg L1
Pt
1.131
Pd
2.210
Dowex®1-X8 (50-100) Pt, Pd 0.5molL"'HCl  ET-AAS soil boiling pg L=t [74]
Dowex®1-X8 (200-400) 1 mol L. =1 HCl under Pt
Dowex®1-X10 (50-100) reflux in 1.669
AR Pd
3.208
Cation Exchangers
Bio-Rad AG® 50W-X8 Ru, Rh, 0.5 mol L ~! HC1 ICP-MS geological MW in AR, pg L1 [75]
Pd,Ir, materials HF Ru
Pt 0.20
Rh
0.03
Pd
0.16
Ir 0.07
Pt
0.11
alkali
fusion
method
Nay0,,
NayCO3
Dowex® 50W-X8 Pt, Pd, 0.6molL"'HCl  ICP-MS road dust, MW in AR ngL~!  [76]
Rh roadside Pt
soil 0.01
Pd
0.72
Rh

0.05
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Table 2 (Continued)

Detection Type of Sample
Sorbent Analyte Eluent technique sample treatment LOD Ref.
BCR 723, [771
infiltration
basin,
wetland
sediments
Dowex® 50W-X8 Pt, Pd - ET-AAS soil boiling pgL -1 [74]
Dowex® 50W-X12 under Pt
reflux in 1.669
AR Pd
3.208
Special Sorbents
MWCNTs Pd 0.4 mol L~' TU F-AAS standard evaporation  pgL~! [78]
samples, in AR to Pd 0.3
road dust, dryness
wastewater
PEI/Al,03 Pd 1 mol L' TU ET-AAS spiked - ngL~!  [79]
in1molL~! solutions, Pd 2
HCl spiked sea
water
CNF-PEI Pt - ICP-OES solutions - - [80]
from
leached
from the
catalyst

27 t. Over time, more and more precious metals are recycled. In 2018,
almost 65 t of platinum, 100 t of palladium and about 11 t of rhodium
were recycled from the used autocatalysts. Recycled automotive cata-
lysts can contain up to 2000 g.t-1 platinum, which is a significantly
higher quantity than is found in the ores from which it is extracted.
These high levels of platinum in waste make it, economically, very in-
teresting when compared to the economic side of ore mining.

Road transport is the largest source of platinum metal pollution.
There are studies that estimate up to a 40% release of PGMs from cata-
lysts into the environment during the first 100,000 km travelled by a car
[81]. PGMs emissions have been proven, both by testing the emission
gases in laboratories and by determining their presence in environmen-
tal compartments. This release from the catalyst is due to the chemical
and physical processes taking place on the catalytic surface. They are
released due to mechanical abrasion, a high operating temperature and
ongoing oxidation-reduction reactions. The release is further influenced
by a number of factors, such as speed and driving style, start-stop dri-
ving, operating temperature, fuel type and quality, the age of the cat-
alytic converter and, in particular, the engine type. The diesel engine
produces significantly higher emissions than the gasoline engine with a
three-way catalytic converter. Depending on these conditions, emissions
can range from ng to ug PGMs per 1 km of driving, representing their
contents in contaminated air around busy roads at pg.m-3 [27]. How-
ever, the exact amount of platinum released cannot be predicted, given
the abundance of factors and research over 30 years.

The PGMs emitted are most often in the form of metal nanoparti-
cles, which can be adsorbed onto the catalyst support (A1203) or ex-
haust gas (soot) particles. These particles become part of the polluted
atmosphere and, depending on their size, are deposited at different dis-
tances from the source of pollution, depending on the density of car
traffic, meteorological conditions and terrain morphologies. They ad-
here to dust, surface soil and vegetation around roads and, under cer-
tain conditions, may also be subject to long-distance transport. This is
evidenced by the finding of increased concentrations of PGMs in snow
and ice in European mountain areas and in Greenland, with a signifi-
cant increase in the 1990s [81]. The advantage of analyzing different

layers of ice is the chronological information that can indicate the time
of contamination.

Another important source of PGMs emissions is medicine. Plat-
inum-based drugs, especially cisplatin, cis-diaminodichloro Pt (II), and
carboplatin, cis- (diamine-1,1-cyclobutane-1,1-dicarboxylato) Pt (II),
have been widely used as effective cytostatics since the early 1970s. The
principle of the anti-tumor effect of cisplatin is to inhibit DNA synthe-
sis by forming cross-links in and between DNA strands. In addition to
inhibiting DNA synthesis, cisplatin has immunosuppressive, radio sen-
sitizing and antibacterial properties. It is used to treat a wide range of
cancers: bronchogenic carcinoma, testicular carcinoma, ovarian carci-
noma, cervical carcinoma, endometrium, prostate, bladder, melanoma,
sarcomas, ENT tumors, brain epithelial carcinoma and malignant lym-
phomas [82]. In contrast to its therapeutic effects, cisplatin has a num-
ber of negative effects on the treated patient. When used, cisplatin has
nephrotoxic, neuropathic, ototoxic effects, allergic manifestations and is
suspected of having a possible carcinogenicity and many other undesir-
able side effects. The excretion of cisplatin, as well as other platinum
metallopharmaceuticals, takes place exclusively in urine and bile. In the
first five days, 27-43% of cisplatin is excreted. In this way, platinum gets
into the waste water, not only of treatment facilities, but also of house-
holds after the patients leave home. Its concentrations are in ng.1-1 [22].

The main problem with the occurrence of platinum drugs in waste-
water is the presence of platinum in a soluble, bioavailable and highly
toxic form, as opposed to the more inert metallic forms of platinum emit-
ted by automobile catalysts. However, it may be partially present in the
form of surface oxidized particles. These are more easily subjected to
complex reactions and produce bioavailable forms of platinum, most of-
ten in the form of chlorocomplexes or complexes with organic ligands.
The most common ligands complexing platinum are phosphates (from
phosphate fertilizers), chlorides (from road surface maintenance in the
winter months), citrates (produced by plant roots) and fulvic acids (pro-
duced by natural decomposition of organic matter) [83]. So far, there
is very little relevant information on the bioavailability of PGMs, their
ecotoxicity and environmental fate.



8 R. Komendova / Trends in Analytical Chemistry xxx (xxxx) 115708

Table 3
Overview of PGMs concentration in selected environmental and biological objects.

Analyte/ Detection Sample
Matrix Country concentration technique treatment LOD Ref.
Air (pg m ~%)
Brno, Czech Pt 2.3-51.5 ET-AAS MW in AR pg L1 [271
Republic Pt1.137
Zagreb, Pt 0.488-1.071 ICP-MS MW in pgm 3 [28]
Croatia Pd 3.856-5.600 HNO3, HCI Pt 0.045
Rh 0.444-0.750 Pd 0.908
Rh 0.177
Munich, Pt 62.00-21.50 DPV MW pgm 3 [871
Germany Pt 0.5
Water (pmol L 1)
Rain water Tokyo Bay, Pt 0.12-0.62 ICP-MS 0.45 pm pmol kg ~! [24]
River water Otsuchi Bay, Pt 0.07-6.51 membrane Pt 0.18
Sea water Japan Pt 0.29-7.74 filter
Sea water - (fgg™h) - - - [88]
Pt 0.1-100
Sea water Atlantic Pt 0.11-0.32 AdCSV =0.2 pm pmol L -1 [89]
Ocean cartridge, Pt 0.026
uv
digestion
Sediment (ng g 1)
Mediterranean Pt 6.0-15.0 AdCSV evaporation  ngg ! [35]
Coast in HCI, Pt 0.03
HNOj3 to
dryness
Perth, Pt 9.0-103.8 ICP-MS MW in AR ngL! [771
Australia Pd 5.4-61.2 Pt 0.01
wetland Rh 1.5-17.2 Pd 0.72
sediments Rh 0.05
Gironde (pmol g 1) AdCSV evaporation  pmol g ! [90]
Estruary, Pt1.0-7.0 in HCI, Pt0.11
France HNOj3 to
dryness
Tagus Pt 9.5 AdCSV evaporation ngg~! [91]
Estruary and in HCI, Pt 0.05
Prodelta, HNO; to
Portugal dryness
Brno, Czech Pt 8.839-48.82 ET-AAS boiling pg L1 [92]
Republic Pd 1.800-7.674 under Pt 7.290
reflux in Pd 1.119
AR
Soil (ng g 1)
Brno, Czech Pt 10.5-15.7 ET-AAS MW in AR pgL -1 [29]
Republic Pt1.14
Palermo, Italy Pt 0.6-2210 AdCSV MW in LOQ [30]
HNOs, 0.3ngg~!
dissolution
in AR
Berlin, Pt 1.28-4.05 ICP-MS MW in AR - [31]
Germany Pd 0.305-1.69
(1992-2013) Rh 0.0450-0.330
Toronto, Pt 59 ICP-MS MW in ng L1 [931]
Canada Pd 98 HNOs3, HC1 Pd 4.4
Rh 9.6 Pt7.5
Rh 9.0
Dust (ng g 1)
Air dust Brno, Czech Pt 61.9-2997.7 ET-AAS MW in AR pg L1 [27]
Republic Pt1.137
Tunnel dust Brno, Czech Pt 66.3-192 ET-AAS MW in AR pg L1 [29]
Republic Pt1.14
Road dust Toronto, Pt 26-69 ICP-MS MW in ngL -1 [93]
Canada Pd 10-121 HNO3, HCI Pd 4.4
Rh 7.8-15 Pt7.5
Rh 9.0

Biological samples (ng g 1)
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Table 3 (Continued)

Analyte/ Detection Sample
Matrix Country concentration technique treatment LOD Ref.
Tree bark urban areas Pt12.9 ICP-MS Acid ngL -1 [94]
rural areas 5.5 digestion Pt 0.8
Grass Brno, Czech Pt 10.0-11.6 ET-AAS MW in AR pgL -1 [29]
Republic Pt1.14
Lichen Brno, Czech Pt “LOD-23.18 ET-AAS boiling pg L1 [32]
Moss Republic Pd 5.140-47.08 under Pt 2.627
Needles Pt ~LOD-59.40 reflux in Pd 2.282
Pd 2.979-8.449 AR
Pt “LOD-7.278
Pd 3.017-12.09
Mussels Mediterranean Pt 0.09-0.66 ICP-MS digestion in ngg! [35]
Coast HCI, HNO3 Pt 0.003
Wild oysters Gironde (pmol g 1) AdCSV evaporation  pmol g ! [901
Estruary, 0.80-3.1 in AR to Pt 0.44
France dryness
Clams Brno, Czech Pt11.71-21.68 ET-AAS boiling pg L1 [92]
Republic Pd 2.886-5.395 under Pt 7.290
reflux in Pd 1.119
AR
Human sample (ng g 1)
Urine Germany Pt 3.43 DPV (Pt) uv ngL~! [38]
human Pt 2.06 photolysis Pt0.2
habitants of Pt 3.27
urban areas Rh 7.27
rural areas
working in
urban areas
living next to
highly
frequented
roads
ICP-MS MW ngL~!
(Rh) Rh 0.3
Urine Munich, Pt 6.5-20 DPV uv ngL~! [871
Germany photolysis Pt1
in Hy0,
and H,S04
Blood Croatia (ngL™H ICP-MS leaching in ngL~! [95]
Czech Pt 0.6-5.2 HNO;, HCL Pt 0.6
Republic Pd 5-9,0.3 Pd 1-5
Poland Rh 0.4-3.6 Rh 0.4
Slovakia
Slovenia
Sweden

3500

3000

2500

2000

1500

1000

500

—e— Platinum  —e— Palladium —e— Rhodium +— [ridium === Ruthenium

Fig. 1. Average monthly prices (x-axis months, y-axis $/0z, 1 oz - 31.1035 g) of PGMs in
2014-2019 Ref. [3].

An important parameter is the mobility of platinum compounds in
individual environmental compartments. This is clearly dependent on
the form of PGMs, the pH of the soils, the redox potential and the pres-
ence of the above complexing agents. It is estimated that about 10% of
the platinum emitted from autocatalysts is water soluble under environ-

mental conditions. For palladium and rhodium, a solubility of even 50%
is expected [11], as well as higher bioavailability. It was experimentally
determined in the order of Pd > Pt > Rh, when the transformation co-
efficient (ratio of metal concentrations in the plant and in the soil from
which the plant grows) was tested. Therefore, palladium is the most sol-
uble, mobile and bioavailable of all PGMs. The highest concentrations
were found in plant roots where binding to sulfur-containing substances,
in animal bodily fluids and in bird feathers [84].

Blood proteins play a decisive role in the transport of PGMs in an-
imal bodies. Up to 80% of platinum in the blood is found in erythro-
cytes. The stability of protein binding depends on the type of compound.
Elevated concentrations were detected in the kidneys and liver, where
they bind to metallothionenins (proteins with cysteine). These proteins
have a high affinity for all heavy metals (Cd, Cu, Hg, etc.) and their
formation is indicated by the presence of these risk elements. The pres-
ence of Pt (II) induces the formation of metallothioneines and binds
them up to 100 times faster than other heavy metals, so they can be dis-
placed. Relevant information on the behavior of other PGMs and their
compounds is not yet known. Similarly, there is no known informa-
tion on the biotransformation reactions of PGMs by the formation of
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Fig. 2. Use of A. platinum and B. palladium in 2018, according to Ref. [3].

methyl compounds. Only laboratory studies have been conducted and
there is no direct evidence of methylation of PGMs in environmental
compartments.

The environmental toxicity of PGMs is clearly dependent on their
size (in the case of emitted particles), their form and the compounds
in which they occur. In elemental metal form they are inert, but in the
form of nanoparticles their toxicity increases due to dissolution, oxida-
tion and complexing reactions, under both biotic and abiotic conditions.
Platinum nanoparticles may enter into different parts of the plant [85]
and can also affect local physico-chemical processes in the soil [86].
From WHO materials [14,15], providing data only for platinum and pal-
ladium, there is a risk of particulate inhalation and allergic properties.
Pd (II) is even the most common sensitizer of all metals. The greatest
risk lies, primarily, for people living in polluted areas with chronic expo-
sure to them. At present, they have been found in large urban agglomer-
ations contents of PGMs in all parts of the environment. Their quantity
is growing steadily and strongly depends on the density of automobile
traffic. Therefore, the inhabitants of these areas make up the most vul-
nerable population [13,29,32,81], and [84].

The analysis of the individual components of the environment can be
done in several ways. When analyzing the polluted atmosphere, samples
of solid particles of airborne dust are collected by trapping on glass fiber
filters using an automatic sampler, by sucking the polluted air. These fil-
ters are then analyzed and the analyte concentration in the atmosphere
can be determined from the volume of sieved air during sampling, most
often in units of pg.m-3 for PGMs. Using 24-h sampling, the analyte can
be concentrated on the filter to a measurable value. When interpreting
the results and drawing conclusions, it is necessary to take into account
the sampling conditions (season, sampling time - working days, week-
ends, traffic intensity, meteorological conditions, etc.).

The most easily analyzable matrix is water and aqueous solutions.
A disadvantage in the analysis of environmental water samples is the
very low content of PGMs, which are in units of ng.l-1. In this case, it
is necessary to use preconcentration techniques to enrich the analyte to
a measurable concentration value. It is thus possible to increase the an-
alyte content in the analyzed sample by one order, with respect to the
used end detection instrumental analytical technique.

Sediment analysis is very closely related to the analysis of natural
water. For a complete overview of the behavior of PGMs in water, an
interesting analyte is sediment taken from the same location as the wa-
ter sample. However, complications and losses of the analyte may occur
when sediment is sampled. When assessing the platinum content of sed-
iments, one should take note of the possible inhomogeneity of sediment
samples and the influence of local conditions (the presence of other pol-
lutants, flow behavior at the sampling site, climatic and meteorological
conditions, etc.).

Very often, the analyzed material is the soil around busy roads.
When collecting the soil, a number of factors should be taken into ac-
count: distance of the sampling site from the potential source of conta-
mination (from the road), depth of sampling, traffic intensity at the site,
local conditions (the presence of vegetation, barriers, etc.), climatic con-
ditions and meteorological conditions.

Road dust is also an important matrix for assessing the state of en-
vironmental pollution from automobile traffic. Its sampling is more de-
manding and safety rules for sampling must be observed, especially
when it comes to tunnel dust sampling. This matrix has the highest con-
tent of PGMs, as confirmed by the data in Table 3.

For a comprehensive overview of the distribution of PGMs in envi-
ronmental components, it is also necessary to determine their content in
biological matrices, so-called bioindicators. For this purpose, there is an
effective tool: biomonitoring. By means of biomonitoring, it is possible
to find relationships between the pollution of individual components of
the environment (air, aquatic and terrestrial ecosystems) and organisms
living within it. Possible adverse effects on human health can also be
predicted from biomonitoring data.

A bioindicator is an organism that indicates the environmental pol-
lution by selected pollutants. Plant bioindicators are most commonly
used and are divided into sensitive, accumulative and test bioindicators.
In the case of the biomonitoring of PGMs, accumulation bioindicators,
with the ability to accumulate pollutants from environmental compo-
nents, are used. These substances accumulate in the body without caus-
ing visible damage and their uptake depends on their concentration in
the environment. These bioindicators can be analyzed immediately af-
ter collection - passive bioindications, or using active (exposure) bioindi-
cations. Selected plant species are deliberately exposed to the polluted
environment and react by accumulating pollutants (accumulative indi-
cator). Bioindicators that are easily and available year-round include
mosses, lichens and pine needles. These bioindicators have the advan-
tage of being evergreen and can be sampled throughout the year. In
addition, mosses and lichens have a large surface area that is not cov-
ered with a cuticle. This allows for the uptake of pollutants from the at-
mosphere almost exclusively by the particle deposition process. Further-
more, grass vegetation samples are often analyzed, together with soil
analysis, for platinum metal content. Sampling conditions for biological
samples should also be taken into account. In particular, season, climatic
and meteorological conditions, type of sample, and distance from the
source of contamination.

A current overview of the occurrence of PGMs in the environment,
indicating the location and analytical detection techniques, is shown in
Table 3.
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5. Conclusion

It is clear from the above that PGMs affect us all. The issues stem-
ming from their use are global, whether in terms of resources, their use
in industry, applications, automotive use, waste and wastewater man-
agement and environmental contamination, not only from a local, but
also from a global perspective. Emission limits from automotive sources
are getting steadily tighter throughout the world and the necessary use
of PGMs to reduce emissions contributes to an upward trend in global
platinum, palladium and rhodium levels.

The most commonly used method for the determination of PGMs is
the ICP-MS technique, providing highly sensitive simultaneous multi-el-
ementary ability. Trace values of PGMs can also be determined by
atomic absorption and emission techniques, ET-AAS and ICP-OES.
Voltammetric methods also show high sensitivity. Trace concentrations
of PGMs in environmental and biological samples often require ap-
propriate methods and procedures for separation and preconcentra-
tion prior to their analytical determination. The preconcentration of
PGMs therefore includes especially innovative or newly developed sorp-
tion techniques mentioned in this work. Modified hydrophobic sor-
bents, which include in particular modified silica gel and anion ex-
change sorbents, are most commonly used. Sorbents of the nanotubes
and nanofibers type, often modified to increase the sorption selectivity
of PGMs, are also newly used. When analyzing using the preconcentra-
tion technique, it is always necessary to take into account all relevant
factors, such as the sample type, the method of sample decomposition,
the matrix effect, using eluent and the end detection technique with re-
quired detection limit. Preconcentration techniques can be used to in-
crease the concentration of PGMs to a value measurable by more com-
mon analytical techniques such as ET-AAS and ICP-OES.

There are many other challenges in determining ultra-trace concen-
trations of PGMs, given their presence in the environment in the form of
nanoparticles, and the fact that the oxidation state, speciation, and the
form of occurrence significantly affect the reactivity, bioavailability and
toxic properties of PGMs.
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