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Abstract 
 
During the last decades, the interest in corrosion of metals and alloys from 
an environmental and health perspective has increased rapidly as a 
consequence of stricter environmental and human exposure legislations, 
their extensive use as implant materials and an increasing understanding 
related to occupational and/or daily exposure to airborne particles. 
Corrosion-induced metal release, however, needs to be understood in detail 
and to include knowledge related to chemical speciation, i.e. the oxidation 
state, complexation and chemical form of released metals, parameters of 
high importance when considering toxicity. 
In this licentiate work, corrosion-induced metal runoff from roofing 
materials (copper, zinc, and chromium(III)-, and chromium(VI) surface 
treated galvanized steel) has been investigated from an environmental 
perspective with focus on chemical speciation of released metals (Papers I-
II). From these papers it was evident that the total concentration measured 
in the runoff water is not sufficient for any environmental risk assessment. 
The environmental fate including changes in chemical speciation and hence 
metal precipitation has to be considered. For example, it was shown that the 
copper concentration decreased by three orders of magnitude already in the 
internal drainage system of a shopping centre with a copper roof, to a 
concentration lower than storm water collected from a nearby parking space 
(Paper I). Also, speciation measurements can explain corrosion, metal 
release and surface processes of chromium surface treated galvanized steel 
at different sites (urban and marine). Any environmental risk assessment 
has to be done by considering all metal species released, and compared with 
ecotoxic values. For example, when most chromium(VI) (the most toxic 
species) was released, significantly less zinc was released at the same time 
which decreased the overall ecotoxicity of the runoff water significantly 
(Paper II). 
When assessing environmental risks by standard laboratory tests, it is 
important to understand all mechanisms which are possibly influenced by 
individual experimental parameters and which often are different for 
different test substances. Some metals released, as seen in the case of iron, 
may precipitate with time and be pH-, solution- and buffering dependent. 
This behavior can lead to strongly underestimated measured metal 
concentrations (Paper III). 
When particles of metals or alloys are to be investigated (Papers III-VI), it 
is essential to conduct a thorough particle characterization, since the surface 
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properties cannot be defined. In addition, the surface properties (oxide layer 
properties) change with varying particle size (Paper VI) and with other 
experimental parameters such as dispersion (Paper VI).           
All iron-, and chromium-based particles investigated (Papers III-VI) 
revealed large differences between alloy particles and pure metals. Particles 
of pure iron and nickel released significantly more metals compared with 
particles of the investigated alloys, whereas particles of pure chromium 
released less metals compared with the alloys. Particles of stainless steel 
(AISI 316L), ferro-chromium and ferro-silicon-chromium released very 
low amounts of metals (Papers III-VI). The released quantity increased with 
increased acidity (Papers III-VI) and also in the presence of complexing 
agents (ongoing research). The manufacturing process is of high 
importance, as observed for stainless steel particles when compared with a 
side product from stainless steel production with similar composition that 
released significantly more metals (Paper III). Particles of metal oxides, i.e. 
chromium(III)oxide and iron(II,III)oxide, released very low amounts of 
metals due to their thermodynamic stability.           
Ongoing research activities focus on the specific influence of complexing 
agents and proteins on the metal release process from massive sheet and 
particles of metals and alloys. The applicability and the possibility to use 
different analytical tools are investigated and elaborated for small-sized 
particles. A detailed understanding of the correlation between material and 
particle characteristics, the metal release process, the chemical speciation in 
interaction with proteins and/or cells, and the particle/cell interaction is 
essential to enable any correlation between material/particle characteristics 
and toxicity. 
The aim of this licentiate summary is – in contrast to the six included 
scientific papers – to explain the importance of chemical speciation for 
corrosion processes from a health and environmental perspective in a 
popular way to reach a broad non-academic audience. The summary is 
hence written as a guidance document for stakeholders and the regulatory 
community working with environmental and health risk assessment.  
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Populärvetenskaplig sammanfattning 
Vanligtvis när man tänker på korrosion, alltså metallers oftast långsamma 
ytförändring, så frågar man sig hur den omgivande miljön påverkar 
materialet. Motsatsfrågan, nämligen hur metallerna påverkar miljön och 
människors hälsa, har varit utgångspunkt för studierna inom ramen för 
denna licentiatavhandling. De senaste årtiondena har politiker, 
beslutsfattare, miljö- och hälsovetare intresserat sig mer och mer för den 
eventuella påverkan och de effekter som metaller som frigörs från 
utomhuskonstruktioner, metallpartiklar eller metalliska implantat kan ha på 
miljön och på människors hälsa. För att kunna besvara dessa frågor måste 
man först förstå hur och varför metaller frigörs. Detta kan ske via olika 
processer, kemiska, eller fysikaliska (t.ex. genom nötning), eller som en 
följd av korrosion. En av de viktigaste parametrarna är stabiliteten och 
skyddsegenskaperna hos de naturligt bildade oxiderna på metallerna eller 
legeringarna. Om oxiden är väldigt stabil korroderar metallen mycket 
långsamt och en liten mängd metall frigörs generellt till omgivningen. 
Ingen metall/legering är dock inert, även material med högt 
korrosionsmotstånd frigör metaller i olika hög grad. Det är väl känt att 
oxidskiktens stabilitet skiljer sig mellan olika material. Tyvärr så blir de 
också påverkade av bland annat framställningsprocessen, lagring, transport, 
och många andra parametrar som gör att två metaller med lika 
sammansättning kan ha oxidskikt med helt olika stabilitet och därmed 
frigöra olika mängder metall. Detta gör det svårt att jämföra 
metallfrigörelse från både lika och olika metaller/legeringar. Ännu svårare 
är det att jämföra metallpartiklar, vars ytor inte kan slipas eller poleras, och 
därmed är svåra att definiera. Det är därför väldigt viktigt att känna till alla 
olika parametrar och hur de påverkar metallfrigörningsprocessen. En stor 
del av detta licentiatarbete har därför fokuserat på att karakterisera de 
undersökta materialen och partiklarna korrelerat till mängden frigjord 
metall. Nästa steg är att förstå hur den metall som frigörs påverkar hälsan 
och/eller miljön. I de första två artiklarna har metallfrigörningen från olika 
takmaterial undersökts. Dessa studier visade tydligt att inte bara mängden 
av frigjorda metaller, utan också deras kemiska form och 
oxidationstillstånd, är viktig kunskap för att förstå hur metallerna kan 
spridas och växelverka med miljön samt hur de frigjorda metallerna kan 
förklara yt- och korrosionsprocesser. I de sista fyra artiklarna har den 
mängd och form av frigjorda metaller från metall- och legeringspartiklar 
undersökts. Partiklarna har bl. a. exponerats för konstgjorda kroppsvätskor 
för att simulera förhållanden då partiklarna andas in, sväljs, eller kommer i 
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ögon- och hudkontakt. Resultaten visade tydligt att båda järn- och 
nickelpartiklar frigör relativt stora mängder metaller medan de flesta 
legeringspartiklar eller krompartiklar (vilka alla har en väldigt stabil ytoxid) 
frigör väldigt små mängder metaller. Toxikologiska tester som gjordes på 
partiklarna visade att de flesta var icke toxiska, medan nickelpartiklarna 
visade hög toxicitet. Många frågor kvarstår dock hur man kan korrelera 
toxicitet av metallpartiklar med deras materialegenskaper och 
partikelegenskaper, studier som forsätter inom ramen för doktorsarbetet. 
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Populärwissenschaftliche Zusammenfassung 
 
Spätestens seit in der EU die REACH Verordnung in Kraft ist, die besagt, 
dass ab Dezember 2010 (für metallische Produkte) alle Produzenten für die 
nötigen Daten für eine Umweltklassifizierung ihrer Produkte aufkommen 
müssen, ist die Forschung im Bereich der Umwelt- oder 
Gesundheitsbeeinträchtigung durch metallische Produkte entscheidend 
angestiegen. In Schweden wird außerdem seit langem versucht, die 
Metallabschwemmung von Metalldächern zu minimieren. Außerdem wird 
immer mehr Aufmerksamkeit auf metallische Bestandteile in Partikeln in 
der Luft, die zum Beispiel vom Autoverkehr oder der U-Bahn kommen 
können, gelegt. Allen diesen Beispielen ist gemeinsam, dass der 
zugrundeliegende Prozess der Metallfreisetzung die Korrosion ist, also das 
langsame Zerfallen von Metall. Hierbei handelt es sich um einen 
elektrochemischen Prozess, dessen Geschwindigkeit stark davon abhängt, 
wie stabil die so genannte Oxidschicht, die das Metall umgibt, ist. Je nach 
Material, Herstellung, Lagerung, und – bei Partikeln – Größe der Partikel, 
ist diese Oxidschicht stabiler oder weniger stabil. Bei einer stabilen 
Oxidschicht wird allgemein nur wenig Metall in die Umwelt oder den 
umgebenden Organismus freigesetzt. Ist sie sehr unstabil, so löst sich das 
Metall sehr schnell auf und kann zu akuter Toxizität führen. Dies ist zum 
Beispiel bei reinen Eisen- oder Nickelpartikeln der Fall, die sich in 
simulierten Körperflüssigkeiten sehr schnell komplett auflösen und zu 
entsprechenden toxischen Reaktionen führen können. Legierungspartikel 
wie rostfreier Stahl dagegen lösen sich wegen ihrer stabilen Oxidschicht so 
gut wie gar nicht auf und führen daher auch zu keiner direkten toxischen 
Reaktion, z.B. Entzündung.  
Wenn man Metallpartikel untersucht, dann hat man den Nachteil, dass man 
ihre Oberfläche (die so wichtige Oxidschicht) nicht beeinflussen kann. 
Unterschiede in Lagerzeiten, Herstellung u.s.w. können zu unterschiedlich 
stabilen Oxidschichten derselben Partikel führen. Das heißt, dass es 
schwierig ist, Partikel verschiedenen Materials oder verschiedener Größe zu 
vergleichen, wenn sich andere Parameter auch unterscheiden. Deshalb ist es 
wichtig, alle Parameter genau zu kennen und die Partikel sehr genau zu 
untersuchen (charakterisieren), damit man Ergebnisse vergleichen kann. 
Auch der Einfluss von anderen experimentellen Parametern auf die 
Metallfreisetzung muss genauestens bekannt sein. 
Sowohl im Körper als auch in der Umwelt ist es wichtig, dass man nicht 
nur weiß wie viel Metall freigesetzt wird von z.B. eingeatmeten 
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Metallpartikeln im Körper oder Metalldächern in der Umwelt, sondern auch 
in welcher Form (z.B. Oxidationsstufe oder Komplexierung) das Metall 
vorliegt (so genannte Speziation). Diese entscheidet nämlich, ob das gelöste 
Metall z.B. im Regenwasser schon sehr schnell ausfällt oder nicht. Im 
Körper ist die Speziation dagegen entscheidend für die eventuelle 
Entgiftung und die Intensität der Metallfreisetzung.          
Das Beachten der Speziation, aber auch das genaue Kennen des zu 
untersuchenden Materiales (z.B. die Partikelkennwerte) und der 
beeinflussenden experimentellen Parameter, sind notwendig für jegliche 
Risikeneinschätzung (z.B. beim Setzen von Grenzwerten) im Bereich der 
Gesundheit und Umwelt. 
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Preface 

 

This licentiate thesis reflects the first part of my future doctoral thesis. It 
describes the initial phase of my Ph.D. studies with the main focus on 
chemical speciation. It is thought to be an understandable explanation of the 
importance of chemical speciation in corrosion-induced metal release 
processes, taking place in the environment and in the human body. Also, 
the difference between metal particles and massive metal from a corrosion, 
metal release, and toxicity perspective is discussed and explained.  

This thesis is a result of close research collaboration with the copper, zinc 
(galvanizers), ferrochromium, and stainless steel industry, as well as policy 
makers. The interest in the diffuse dispersion of metals into the 
environment and possible adverse health effects, induced by metal 
containing particles, has increased significantly during the last years among 
the public, the policy and decision makers. In December 2007, REACH, an 
EU regulation on the use of chemicals (also including metals), came into 
force, which has been the driving force for many studies during the last 
years.  

My research activities started in October 2007 (Studienarbeit, somehow 
similar to Bachelor thesis) working with a standardized test simulating 
metal release from poorly soluble chemicals, including metals, into surface 
and marine waters (OECD transformation/dissolution test). These studies 
continued in 2008 with my master thesis on both environmental and health 
effects induced by iron- and chromium-based particles from a surface 
perspective. My Ph.D. studies started in 2009. 

Despite the urgent need of the industry and legislators for accurate and 
quantitative data, these studies opened up the opportunity for in-depth 
studies of many phenomena and generate new knowledge of ongoing 
interactions between organisms and corroding metals or metal particles. 
Many of these in-depth studies are ongoing and not included within the 
scope of this licentiate thesis. 

This thesis is a first step for the understanding of the possible correlation 
between corrosion processes, metal release, chemical speciation, and 
protein and cell interaction (toxicity) of metal particles or released metal. 
This has been accomplished through a highly interdisciplinary approach 
combining knowledge including materials and surface characteristics, 
corrosion mechanisms, metal release, chemical speciation, toxicology and 
risk assessment.  
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This summary of the first six papers is at the same time an opportunity to 
clarify the importance of chemical speciation for environmental and health 
aspects of corrosion. The summary aims to explain and discuss aspects of 
chemical speciation and bioavailability, in a popular way, for a broad 
audience with (non-)academic background, e.g. policy makers, lawyers, 
environmentalists, ecotoxicologists, toxicologists, and other important 
stakeholders and legislators. Detailed scientific information is given in the 
scientific papers of this thesis.  
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Motivation 
 

A completely new research area from a corrosion perspective was initiated 
in the 1990’s at the division of Corrosion Science at KTH by Prof. Inger 
Odnevall Wallinder. From then on, the question of how the material 
influences the environment, rather than the other way around, was 
investigated with a surface perspective. These research efforts have resulted 
in a research team with senior scientists and PhD-students, and the 
generation of a large number of publications and several academic theses. 
Outside of this group, in-depth investigations of corrosion-induced metal 
release with a material and (eco-)toxicological perspective are still scarce in 
the scientific literature. The first aspects investigated were focused to 
understand the runoff process at atmospheric conditions, in contrast to the 
corrosion process, the amount of metals that were released into the 
environment, and to understand the environmental fate of metals including 
aspects on chemical speciation (some selected: 1-16). Continuing this work, 
aspects on chemical speciation of metal runoff have been investigated 
within this thesis (Papers I, II).  

In the beginning of 2000, research activities were also directed towards 
corrosion-induced metal release aspects that potentially may adversely 
influence human health, e.g. by released metals from massive metals and 
alloys in food related applications 17-24. These activities were followed by 
parallel investigations of similar aspects for particles of metals and alloys 
exposed in different synthetic biological fluids simulating e.g. the possible 
inhalation of airborne particles in the environment or at working 
environments (e.g. powder metallurgy), and the elaboration of a 
reproducible metal release test for particles of different material and size 24. 
Such a test was urgently needed by the industry to ensure accurate and 
quantitative metal release (bioaccessibility) data to be generated for 
commercial products and raw material, to allow read-across possibilities 
with other materials, and to avoid animal testing as far as possible. Data 
was to be combined with available, and possibly newly generated, toxicity 
data in a sophisticated way into risk assessment dossiers for each group of 
materials before the deadline of December 2010 (for metals and alloys 
imported and/or manufactured in an annual amount exceeding 1 ton/year), 
set by the EU legislative REACH (Registration, Evaluation, Authorisation 
and Restriction of Chemicals, 25-26). REACH obligates all producers within 
the EU or exporting into EU to prove that their products are safe for use 
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from an environmental and health perspective: “No data no market”. This 
fact combined with a genuine industrial interest for an in-depth 
understanding of their materials were the major driving forces for a the 
implementation of a large interdisciplinary project, commissioned by the 
International Chromium Development Association (ICDA), where KTH 
was responsible for generating bioaccessibility data combined with material 
and surface characterization of ferrochromium and ferrosiliconchromium 
alloys, and the Finnish Institute of Occupational Health (FIOH) was 
responsible for the generation of risk assessment dossiers (e.g. Papers III-
VI). In parallel, other research activities were conducted at KTH 
commissioned by other international metal associations generating 
bioaccessibility data from a material and surface perspective for different 
metals, alloys and compounds, e.g. chromium, silver, tin, molybdenum, and 
ferrosilicon alloys. Results from these investigations are not included 
within the framework of this thesis.  
 
Many fundamental questions regarding the influence of experimental 
parameters on generated results have gradually emerged along the research 
path of these activities, e.g. the real interaction between proteins and 
particles, or released metals, the interaction of particles, of varying size or 
properties, and cultivated human cells, and the influence of different 
chemical species on the metal release of particles. To answer some of these 
aspects, a interdisciplinary research team, the “Stockholm Particle Group” 
(SPG), was initiated in 2007, with closely collaborating scientists at KTH 
(Surface and Corrosion Science), Karolinska Institutet (Analytical 
Toxicology) and Stockholm University (Aerosol Science). This team has 
further been strengthened by a close collaboration with experts on proteins 
at the Div. Surface and Corrosion Science and YKI – Institute for Surface 
Chemistry. Since particle characteristics have a key role for most observed 
effects, close collaboration with experts at international academia and 
research institutes has also been established. This, more fundamental, work 
is however only to a minor extent included in this licentiate thesis, since 
many studies are ongoing. 
 
In all, any correlation between material and particle characteristics, 
bioaccessibility, bioavailability, in-vitro toxicity, and in-vivo toxicity, has 
been found difficult, since many influencing factors simply have not been 
possible to study so far and due to the fact that many parameters show 
synergistic effects. The characteristics of the particles or massive material is 
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a key factor that influences their potential toxicity. However, the challenge 
is to understand which, how and why individual parameters influence 
toxicity and potential synergistic effects. Except for detailed understanding 
of particle characteristics, also the chemical speciation of the metals 
released is of high importance (a parameter that depends on particle 
characteristics) for any induced toxicity 27-29. 
 
The overall vision of ongoing research activities within this thesis and 
future studies is to be able to predict and correlate toxicity induced by metal 
containing particles with specific particle characteristics, as schematically 
illustrated in Figure 1. Such correlations would save costs and avoid a large 
number of animal testing. We are today, however, still far away from 
achieving this universal goal. Even though many questions still remain, 
some knowledge gaps are answered within the framework of this licentiate 
thesis.   

Figure 1: Schematic illustration of the research approach conducted to 
further understand the correlation between toxicity and particle 
characteristics. 
 
It should be underlined, that this summary does not aim to be an all-
including detailed scientific summary, but aims to provide a short, popular 
and simplified insight into this field, as explained in the preface. Detailed 
scientific information is given in the scientific paper(s). 
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Importance of chemical speciation of released metals 
on the environment and on human health 
 
Chemical speciation of metals describes, generally spoken, the actual 
chemical form of the metal, including their complexed species and 
oxidation states, e.g. Cu(H2O)6

2+ (short: Cu2+), or strong complexes such as 
copper complexed to different organic species, Cu-DOM (dissolved organic 
matter) 29. It should be underlined that the chemical speciation, the metal 
concentration and the metal itself determine if the metal-organism 
interaction is healthy or not. When the metal is of too low concentration, or 
not in a bioavailable form, the organism shows symptoms of deficiency 29-

31. If the metal is a non-essential metal or the metal concentration is too 
high, the organism shows symptoms of chronic or acute toxicity. 
In contrast to chemical speciation, the total metal concentration describes 
the total content of metal without any consideration of complexation or 
oxidation state. While it is relatively easy and common to measure the total 
metal concentration, the speciation of metals has to be taken into account 
for any environmental or human risk assessment. The reasons are several.  
First of all, any organism reacts differently to different chemical forms of a 
metal. For example, bioactive chromium, which is easily taken up by the 
cell, is a complex of Cr(III) linked to amino acids or other biomolecules, 
while inorganic Cr(III) is nearly non-bioavailable. Chemical speciation of 
chromium is hence crucial for any toxicological consideration (see e.g. 29-

35). 
Chemical speciation in the environment is mostly governed by precipitation 
processes, or in other words immobilization or retention of metals. This is 
schematically illustrated in Figure 2. When metals are released from 
external metal constructions (metal runoff), their speciation is mostly as 
active (free) metal ions, e.g. Cu2+ (so called labile fraction) at the 
immediate release situation. After interaction with for example concrete 
pavement and organic species, the labile fraction becomes more and more 
complexed and precipitates (becomes immobile). Within this thesis, it has 
been shown that the total copper concentration, released from a copper roof 
decreased by a factor of 1000 already after interaction with the internal 
drainage system of the building (Paper I). The chemical speciation of 
metals that reach the environment with sensitive water organisms (e.g. in a 
lake) is of high importance for the aquatic ecotoxicity as well as the content 
of organic species in the lake, the pH, and other species. The corrosion-
induced runoff process and the environmental fate of released metals have 
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been investigated extensively, mainly for copper, zinc, chromium and 
nickel 1-5, 7, 9, 12, 14, 16.  
Metals in the form of e.g. inhaled metal particles or a metallic implant in 
contact with the human body induce also other effects that need to be taken 
into consideration, as illustrated in Figure 3. 
The metal (particle) itself in interaction with cells can cause toxicity, e.g. 
oxidative stress 28, either chronic (more pronounced for insoluble particles) 
or acute toxicity, e.g. by releasing metals. The reducing and very organic 
environment, including many proteins, changes the speciation of the 
released metal. This, in turn, shifts the thermodynamic equilibrium and 
results in more metals being released. Hence, metal particles can be 
dissolved, or release metals, significantly faster in the human body 
compared with an inorganic environment of similar ionic strength and pH 
(ongoing research). Finally, the individual ability of the human body to 
complex and reduce potentially dangerous (too high concentrations) metals 
interacting with the human body, is of high importance for potential 
toxicity. 
 
To summarize, 
 Chemical speciation of metals determines the extent of (eco-)toxicity. 
 Chemical speciation of metals released from outdoor constructions 

often immobilizes the metal by precipitation. 
 Metal release from e.g. metal particles or implant materials within 

humans is enhanced by complexation with organic species (mostly 
proteins). 

 Complexation and the reducing capacity of fluids within the human 
body are crucial processes that act as defense mechanisms against 
metal-induced toxicity. 
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Figure 2: Importance of chemical speciation, especially complexation, during 
the environmental fate of corrosion-induced metal runoff [original drawing by 
B. Bahar]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                                                                  
Figure 3: Importance of chemical speciation during metal release and toxicological 
processes in the human body [original drawing by J. Midander]. 
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Chemical speciation of chromium and copper 
 

Since the chemical speciation primarily has 
been determined for chromium and copper 
within this licentiate thesis (Cu: Paper I, Cr: 
Papers II-VI), their possible speciation and 
(eco-)toxicity will be shortly discussed. 
For all metals, complexation is important for 
the bioavailability. Generally, the commonly 
denoted labile fraction, including free metal 
ions (e.g. Cu2+, Cr3+) and weak metal 
complexes (e.g. with hydroxide or halides) is 
highly reactive and/or bioavailable. This is not 
the case for metals that are not easily taken up 
by an organism, e.g. Cr3+. For Cr3+, only certain 
organic complexes (bioactive chromium) allow 
absorption by the organism. In general, strong 
complexes, mostly with organic species, are 
less reactive, less bioavailable (with important 
exceptions!) and precipitate more easily. 
  
Copper ions can have oxidation state I or II, where II is the normal case in 
the presence of oxygen 32, 36. While humans, especially children and 
women, often have deficiency of copper, copper can be toxic to sensitive 
water organisms at relatively low concentrations 32, 36. 
The reactivity, toxicity, and bioavailability of Cr3+ and Cr6+ are very 
different, at least for humans. Figure 4 illustrates schematically the most 
important speciation of chromium. Cr6+, which normally exists as chromate 
or dichromate, easily penetrates the cell membranes due to an uptake 
mechanism intended for sulfates and phosphates 37-38. However, while the 
difference between Cr6+ and Cr3+ toxicity is large for humans (factor 1000) 
37-39, it is small for sensitive water organisms both in fresh and sea water 40-

41. It is important to mention that Cr6+ normally does not form any complex 
with organic species, but is first reduced to Cr3+. Under normal fresh water 
or atmospheric conditions, Cr6+ is not stable. Cr6+ is only stable at pH 
exceeding 7 and in the presence of oxygen (e.g. in sea water) 29, 42-43. In 
contrast, Cr3+ is more stable at low pH. The probability of forming strong 
complexes decreases rapidly for Cr3+ when the pH decreases to less than 4 
29. An oxidizing or reducing environment is in addition important for the 

Figure 4: Schematic illustration 
of chromium speciation. 
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oxidation state of chromium (e.g. the presence of the oxidizing agent H2O2 
generated as a result of inflammation). The presence of complexing agents, 
e.g. proteins, and their stability (depending on pH, UV irradiation, ionic 
strength, and other present species) determines the quantity and strength of 
organic chromium complexes formed. 

Measurements and estimations of chemical 
speciation 
 

The large importance of chemical speciation in environmental science and 
toxicology is evident. However, chemical speciation measurements are not 
straightforward since they are strongly solution (matrix) and metal 
dependent, often very time-consuming and also expensive. Therefore, most 
risk assessments are today based on data of total metal concentrations 
(measured mainly by atomic absorption spectroscopy and/or inductively 
coupled plasma mass / optical emission spectroscopy). When the 
environment of interest, e.g. a fresh water lake, is known in terms of pH, 
ionic strength, alkalinity, cations and anions, organic matter etc, the 
speciation of the metal of interest can be calculated and predicted by using 
different models such as MINTEQ2A 44, and be correlated with ecotoxic 
values for a certain organism and metal by using the biotic ligand model, 
BLM 44. However, any modeling of metal speciation can be erroneous due 
to too few input parameters, or lack of crucial environmental information 33. 
For instance, the biotic ligand model should only be used in the pH range of 
6 to 8 44, conditions seldom relevant for Swedish lakes 30.  
The chemical speciation of metals can be determined by different 
techniques. For some metals, e.g. copper, an ion selective electrode is 
available which allows the measurement of free metal ions in contrast to the 
total concentration. Also, photometric techniques and chromatography can 
be used for speciation measurements. In this licentiate thesis, mostly 
stripping voltammetry (polarography), an electrochemical technique, has 
been used. All methods have in common that the complex interaction 
between different species, complexing agents, buffering agents, and other 
supporting chemicals has to be taken into account, and be understood. At 
the same time, this interaction is often a limitation for each technique. Since 
speciation is very sensitive to the water chemistry, pH value and/or other 
experimental parameters, the original speciation can be changed during the 
measurement or its preparation. The selection of storage and sample vessel 
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material (low adsorption of metals at the original pH is necessary) of the 
samples is of high importance, since the chemical speciation of metals in 
aqueous solution in many cases also is time-dependent.  
With voltammetry (in this case polarography), only the so-called labile 
fraction (free metal ions and weakly complexed metal) is measured. The 
total concentration can, in addition, be measured by destroying organic 
complexes with e.g. UV irradiation and/or acid and hydrogen peroxide. 
With polarography (with a mercury drop working electrode), copper, zinc, 
cadmium, and lead can directly be measured by anodic stripping 
voltammetry since they form amalgams with the working electrode (used in 
Paper I). For all other metals (e.g. chromium) or organic species of interest, 
supporting complexing agents are needed. Depending on the choice of any 
complexing agent, any supporting chemicals, the pH, and the 
electrochemical parameters, a large variety of different methods can be 
applied to analyze specific metal species (e.g. certain complexes or 
oxidation states) at different concentrations. For chromium, DTPA 
(diethylenetriaminepentaacetate) was used as a complexing agent, nitrate as 
a magnifier, and sodium acetate as buffer. The pH had to be kept at 6.2 ± 
0.1 to enable a sufficient sensitivity of the measurements. The method had 
to be adjusted and elaborated (in terms of deposition time, amount of 
supporting electrolyte, and preparation of the sample) for each solution 
matrix separately (see Papers II-VI). The principle of this method is given 
in e.g. 45-47. 
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Techniques used 
 

Detailed information on all equipment, the cleaning procedures, exposure 
conditions, and instruments (incubators, centrifuges etc.) both at outdoor 
conditions (Papers I-II), and at laboratory conditions (Papers III-VI), is 
given in the papers. 

In Table 1, all techniques used within the different papers are listed together 
with their abbreviations. It should be underlined that many techniques have 
been used in close collaboration with different colleagues, indicated in the 
last column of the table.  
 

Table 1: Summary of techniques used within this licentiate thesis. If not indicated 
differently, all colleagues at the Div. Surface and Corrosion Science, KTH.  

 

Analysis
performed

Abbre-
viation

Name Used for
Papers
or non-
published 

Measured 
by/at

Metal
analysis
in solution /
chemical
speciation

DPAdCSV Differential pulse adsorptive 
cathodic stripping 
voltammetry

Papers II-
VI

Y. Hedberg 
(YH)

DPASV Differential pulse anodic 
stripping voltammetry

Paper I YH

AAS Atomic absorption 
spectroscopy (flame mode)

Papers I-VI YH

GF-AAS Graphite furnace atomic
absorption spectroscopy

Papers I-VI YH

ICP-OES Inductively coupled plasma 
optical emission 
spectroscopy

Papers III-
IV

Dep. 
Geological 
Sciences, 
Stockholm 
University

MALDI-
TOF-MS

Matrix assisted laser 
desorption / ionization – time 
of flight – mass spectroscopy

J. Jacksén 
(Div. 
Analytical 
chemistry, 
KTH)

HPLC High performance liquid 
chromatography 

Paper II D. Lindström 
(DL)
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Surface
analysis

XPS X-ray photoelectron 
spectroscopy

Papers II-
VI 

I. Odnevall 
Wallinder

SEM/EDS Scanning electron 
microscopy / energy 
dispersive spectroscopy

Papers II-
VI 

YH, DL, 
K. Midander 
(KM)

TEM Transmission electron 
microscopy

M. Tornberg
(Swerea Kimab 
AB)

XRD X-ray diffraction Paper II P. Qiu, DL
FTIR Fourier transform infrared 

spectroscopy
Paper II D. Persson

(Swerea Kimab
AB), DL

EBSD Electron backscatter 
diffraction

O. Karlsson 
(Swerea Kimab 
AB)

CRM Confocal Raman 
microspectroscopy

J. Hedberg, YH

Electrochemical
measurements

Potentiodynamic 
polarization, Open-circuit 
potential

YH, 
C. Baldizzone 
(CB)

QCM Quartz crystal 
microbalance
(adsorption of proteins on 
metal surfaces)

M. Lundin 

Particle
specific
character-
ization

Zeta-potential
measurement

Paper VI YH, CB

LD Laser diffraction
(particle size distribution 
in solution)

Paper III-
VI 

YH, KM

BET Brunauer Emmet Teller 
method (specific surface 
area)

Paper III -
VI 

Kanthal AB

PCCS Photon-Cross-Correlation-
Spectroscopy

YH

Toxic-
ological
tests

Cytotoxicity assay Cell death Paper VI J. Gustafsson 
(JG)

Comet assay DNA damage Paper VI JG

Hemolysis assay Lysis of erythrocytes Paper VI JG
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Differences between massive metals and metal 
particles 
 

For any corrosion, metal release, or toxicity studies with metals or alloys, 
surface characteristics are crucial for the outcome. In particular, the 
stability, conductivity, crystallographic structure, adhesion to the bulk, and 
composition of the surface oxide are all decisive properties for its 
protection from further reaction (dissolution/release of metals) 48-49. The 
surface oxide stability is also influenced by its composition, heat 
treatments, metal manufacturing processes as well as by transport, storage 
(ageing) (see e.g Paper II, 21, 50), and exposure conditions.  
When comparing different materials, it is hence essential to achieve as 
similar surface conditions as possible, e.g. by an identical surface finish 
process (grinding, polishing, cleaning). This is, however, unfortunately not 
possible for particles. The surface oxide on metal particles is hence often 
different from the surface oxide on massive metal with defined surface 
conditions. Differences in storage and transport conditions, humidity, 
manufacturing processes etc. make it difficult or impossible to compare 
particles of the same material from a surface and corrosion perspective. 
Particle size and size distribution strongly influence the surface oxide 
(Paper VI), the extent of metal release (Papers III, IV, V, VI, 51-52), and the 
toxicological response 28, 52-53. Other particle characteristics such as surface 
charge and lateral distribution of the surface charge can be different for 
differently sized particles (and compared with massive metal), as indicated 
in Paper VI, factors that may influence the toxicological response. Particle 
agglomeration is another particle-specific parameter that is strongly 
dependent on the surface size, the medium, the material, surface charge, 
and magnetic properties. Agglomeration strongly influences the extent of 
metal release and probably also subsequent toxicity. For example, different 
particle loadings (mass or number of particles loaded per volume medium) 
have been observed to influence the extent of metal release 24, 51. It should 
be underlined that several parameters, e.g. the surface oxide stability, 
surface charge, agglomeration etc. can be influenced by specific particle 
properties such as particle size. Many parameters such as agglomeration 24, 

51, 54 and surface charge (Paper VI) are in addition influenced by certain 
experimental conditions, e.g. the particle loading, sonication, and agitation. 
It is therefore generally essential to characterize the particles as thorough as 
possible to enable any comparison with other studies. The morphology 
(SEM, Papers III-VI), bulk composition (EDS, Papers III-VI), surface oxide 
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composition (XPS, Papers III-VI), size and size distribution (LD, Papers 
III-VI) including information on agglomeration in solution (LD, Papers III-
VI), and specific surface area (BET, Papers III-VI) have been characterized 
for all particles investigated. However, specific information on e.g 
individual phases (EBSD and AFM, ongoing), surface charge (zeta 
potential, Paper VI and ongoing), electrochemical passivity 
(electrochemical techniques, ongoing), identification of the exact chemical 
composition of the surface oxide (CRM, ongoing) is more difficult to 
obtain, but all the same very important. 

Figure 5 illustrates some of the most important particle characteristics and 
surface oxide properties that influence the metal release process, the 
corrosion process, and hence any concomitant toxicity. It should be 
underlined that all these characteristics are not only influenced by the 
particle history, i.e. manufacturing, treatments, storage, transport, and 
ageing, but also by many experimental parameters. 

 

 

 

 

 

 

 

 

Figure 5: Important particle characteristics influencing the surface oxide properties 
and hence metal release, corrosion, and toxicity. 
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Differences between pure metals and alloys (Papers 
III-VI) 
 

As explained in the previous section, surface oxide properties are crucial 
for any corrosion and also metal release process, and hence for any 
concomitant toxicological response induced by the metal/alloy of interest. 
Specially designed alloys such as stainless steels, optimize the properties of 
the surface oxide, and at the same time other properties such as mechanical 
properties, compared with their respective pure alloying elements (in this 
case mainly Fe, Cr, Ni) 48, 55-58. 
Under the United Nations Globally Harmonized System of Classification 
and Labeling of Chemicals 59, alloys are explicitly addressed as simple 
mixtures of metals, with hazard identification and classification based on 
the intrinsic properties of the individual metal constituents from which they 
are derived. This simplified view is in the case of an alloy such as stainless 
steel, highly erroneous. From a metal release perspective, this is evident 
when comparing released amounts of chromium, iron and nickel from 
stainless steel grade AISI 316L with corresponding released amounts of 
metals from the pure alloying metals in different kind of media 8, 17. These 
studies indicate that stainless steel grade 316L, containing 17.2 wt% 
chromium and 10.7 wt% nickel actually behaves as a chromium-based 
material containing 0.02 wt% iron and 0.005 wt% nickel from a metal 
release perspective, both well below the lowest threshold concentration for 
hazard classification 19. 
REACH (Registration, Evaluation, Authorisation and Restriction of 
Chemicals, 25-26) recognizes alloys as special preparations: “Alloys are 
preparations under REACH albeit special ones where the properties of the 
preparation do not always simply match the properties of the components”; 
“When assessing the risk of the use of one or more substances incorporated 
into a special preparation (for instance alloys), the way the constituent 
substances are bonded into the chemical matrix should be taken into 
account.” 60.  
Although it is, from a scientific (corrosion science) perspective, evident that 
the extent of metal released from a pure metal is very different compared 
with an alloy, no data was available for metal and alloy particles of iron- 
and chromium-based materials, and many alloy particles were hence in 
danger of erroneous classification based on their bulk compositions. The 
international ferrochromium and stainless steel industry were early aware of 
this fact and initiated together with KTH several research projects starting 
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in the early 2000’s to obtain sufficient data for their products in due time to 
fulfill their REACH deadline - December 2010 - “No data no market”.  
In Papers III-VI, metal release (and toxicity, Paper VI) from pure metal 
particles and different ferrochromium alloys and stainless steel (316L) 
particles has been compared in several different synthetic biological fluids 
(simulating inhalation and subsequent ingestion, Papers IV and VI, skin and 
eye contact, Paper V), and fresh water (Paper III). 
When comparing the iron release from pure iron particles (Fe), 
iron(II,III)oxide (Fe3O4), and different alloy particles in fresh water (Paper 
III, Figure 6), it is obvious that i) pure Fe particles release significantly 
more iron (more than 1000-fold) compared both with stainless steel 
particles (316L) and with ferrochromium particles (FeCr), or when 
compared with the thermodynamically stable iron(II,III)oxide, and ii) that 
there are large differences between different kind of alloys. SP alloy 
particles, a side product from stainless steel production, release 
significantly more iron (and also other metals, with exception of chromium) 
compared to FeCr and 316L particles, designed for a relatively high 
corrosion resistance. The SP particles have fairly similar composition 
compared with 316L particles but a completely different particle history 
(manufacturing process), intended use and application. 
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Figure 6: Released concentration of iron after 24 hours of immersion at pH 
6.0 in the OECD transformation/dissolution test (fresh water simulating) of 
particles of pure Fe, iron(II,III)oxide, and three different alloys (stainless 
steel 316L, a ferrochromium alloy FeCr, and a side product from stainless 
steel production SP). The inset graph shows the concentration at a 1000-fold 
higher magnification. 

In contrast, comparing the chromium release from pure metal particles and 
alloy particles, the alloy particles are generally releasing more chromium 
compared with the pure metal (Papers III-VI). This is due to the very stable 
chromium(III)oxide on pure chromium. 
This behavior is also obvious from metal release data in artificial lysosomal 
fluid (ALF, pH 4.5), simulating lung conditions at inflammatory conditions, 
after 168 hours of exposure, for particles of pure Fe, Cr, Ni and 316L 
(Paper VI, Figure 7). While the nickel and iron particles dissolve nearly 
completely (a number of 1 corresponds to 100% of dissolution), at least for 
the fine particles, particles of both Cr and 316L dissolve less than 2% of the 
total mass. The finest chromium particles, Cr fine, dissolve only to a very 
low extent, less than 0.1% (mostly iron is released from Cr particles, an 
impurity in these Cr particles). 
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Figure 7: Released total (Fe+Cr+Ni) amount of metals per amount of 
particles loaded [µg/µg] after immersion in artificial lysosomal fluid 
(simulating lung conditions at inflammatory conditions, pH 4.5) for 168 
hours, for particles of pure iron (coarse and fine), nickel, chromium (coarse 
and fine) metal, and stainless steel 316L (coarse and fine). 

Results in other artificial biological fluids (Gastric fluid, pH 1.5; artificial 
sweat, pH 6.5; phosphate buffered saline, pH 7.4; Gamble’s solution, pH 
7.4; artificial tear fluid, pH 8.0) emphasize similar results, when pure metal 
particles and alloy particles are compared (Papers IV-V). Particles of metal 
oxides, Fe3O4 and Cr2O3, release very low amounts of metals when 
compared with both particles of pure metals and alloys and when 
normalized to the surface area (Paper III, V, VI). 
To summarize, 

 Particles of pure iron and nickel release significantly (orders of 
magnitude) more metal compared with alloy particles with high 
corrosion resistance (stainless steel or ferrochromium alloys). 

 Particles of pure chromium, with a very stable chromium(III)oxide 
layer, release significant less metals compared with alloy particles. 

 Metal release is selective. Chromium is generally the least released 
metal while iron is released preferentially from particles of stainless 
steel and ferrochromium. 

 Depending on the surface oxide stability, the composition, and the 
manufacturing and particle history, there can be large differences in 
terms of metal release between different kinds of alloys. 
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Environmental risk assessment – possible 
measurements and obstacles (Papers I-III) 
 

Nowadays, environmental risk assessment is often based on few data and 
many estimations and extrapolations. Even if many studies were performed 
to investigate metal release from e.g. outdoor constructions at real 
conditions, data obtained would not be sufficient enough to make an 
accurate environmental risk assessment for all products available on the 
market and for all constructions exposed at different environmental 
conditions. The reason is the fact that research takes significantly longer 
time to conduct than it takes for many new products to enter on the global 
market. Another reason is the fact that the corrosion related metal release 
research (e.g. comparing runoff rates with corrosion rates) did not really 
start before the 1990s. There are many important factors that are crucial to 
understand when generating and interpreting data for environmental risk 
assessment and to allow data extrapolation and read-across with other 
materials. Some of these factors are discussed below. 
 

Chemical speciation and the entire interacting system of released 
metals and species 
 

In Paper I (illustrated in Figure 8), the total copper concentration in runoff 
water from a 2330 m² sized copper roof on a shopping centre in Farsta, a 
suburb of Stockholm, Sweden, was measured during several individual rain 
events in 2006 and 2008 after interaction with the internal drainage system 
(different downspouts made of cast iron and concrete ending up in one 
vertical 30 m long drainage pipe, and in addition one more sampling point 
after additional 50 m of concrete pipe). The average copper concentration 
was approximately 1000 times lower compared with copper released at the 
immediate release situation from the copper roof (average data for copper 
runoff, Paper I, 9). A relatively high percentage of copper was determined 
to be complexed in the runoff water. The copper concentration was even 
lower than what was measured in rainwater dewatering a nearby parking 
space. The results clearly illustrate that released copper was complexed and 
precipitated already during this short transport within the internal drainage 
system of the shopping centre. 
It should be underlined that both the environmental fate (previously 
investigated in e.g. 1, 3-5, 7) and the chemical speciation (bioavailability and 



 
19 

 

ability to form complexes and precipitates) have to be taken into account 
for accurate risk assessments related e.g. to corrosion-induced metal 
dispersion from external constructions. Unfortunately, there are still 
examples of highly erroneous risk assessments and source calculations, 
since both the chemical speciation and other highly important experimental 
factors, as discussed later in this section, have not been taken into account 
or even considered 61. 

 
Figure 8: Comparison of measured total copper (Cu) concentration at the 
immediate release situation from the copper roof and after interaction with 
the internal drainage system of a shopping centre (inset graph). The 
bioavailable copper fraction (labile fraction) is also displayed in comparison 
with the total copper concentration after interaction with the internal 
drainage system. Copper concentrations (total and bioavailable) of rain water 
dewatering a nearby parking space are presented for comparison (inset 
graph). 

In Paper II, environmental aspects from a metal release and corrosion 
perspective have been investigated for bare zinc sheet (Zn) compared with 
chromium(III)- (Zn-CrIII) and chromium(VI) (Zn-CrVI) surface treated 
galvanized steel exposed at un-sheltered outdoor conditions at an urban site 
(Stockholm, Sweden) and marine site (Brest, France) up to 5 years of 
exposure. From an environmental point of view, it becomes obvious that 
the entire system including the release of zinc, chromium(III), and 
chromium(VI) has to be taken into account, as well as all main influencing 
factors on the extent of metal release (runoff). A simplified illustration of 
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general observations from these studies is given in Figure 9. For sensitive 
water organisms, zinc, Cr(III), and Cr(VI) are of similar ecotoxicity, with a 
predicted no effect concentration (PNEC) of 7.8 µg Zn L-1 62, 4.7 µg Cr(III) 
L-1, and 3.4 µg Cr(VI) L-1 41. This means that zinc is only about half as 
toxic compared with Cr(VI) for sensitive water organisms (the difference is 
several orders of magnitude for humans). The presence of the Zn-Cr(VI) 
surface treatment reduces the zinc release significantly at the same time as 
very small amounts of Cr(VI) are released. In all, its presence (as long as 
intact) reduces any potential ecotoxicity from this runoff water, see Figure 
9. However, when considering human exposure e.g. during manufacturing, 
handling, and transport, the Zn-Cr(VI) may pose adverse effects (not 
investigated in this study).  

 
Figure 9: Zinc, Cr(III), and Cr(VI) released per area and rainfall quantity 
during the first 2 days of exposure at the urban site, Stockholm, Sweden, 
from bare zinc sheet (Zn), chromium(III) surface treated (Zn-Cr(III))-, and 
from chromium(VI) surface treated (Zn-Cr(VI)) galvanized steel. 

As presented in Paper II, based on the chromium speciation measurements, 
the total system of corrosion and runoff processes was possible to 
understand. Significantly less zinc was released when Cr(VI) was released 
(mobile Cr(VI)).Upon transformation of mobile Cr(VI) into Cr(III) or its 
immobilisation, the extent of corrosion and also zinc runoff increased. The 
more uniform and thicker chromium(III)oxide surface treatment on 
galvanized steel, Zn-Cr(III), revealed an improved long term corrosion 
resistance and resulted in less zinc runoff compared with Zn-Cr(VI) after 
the first few days of exposure. The chromium speciation was hence crucial 
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for the total runoff process and influenced by several parameters, especially 
time and exposure site. 
In Paper III, the OECD transformation/dissolution (T/D) test, a 
standardized test simulating environmental aquatic exposure, was 
performed for several iron-, and chromium-based particles. In parallel, 
different experimental parameters of high importance for the outcome of 
the test were critically assessed and suggestions for a more reliable and 
reproducible test given. 
While there was no complexation of chromium or iron, released in very low 
amounts, there was a strong precipitation of soluble iron at higher 
concentrations over time, see Figure 10. Such effects for iron are expected 
when considering the iron-water chemistry 63-66. However, since the 
standard test is thought to assess the total released metal fraction, time-
dependent, solution buffering-dependent, and also solution salt 
concentration- (varied in the test) dependent effects on measured metal 
concentrations are in addition necessary to understand and take into account 
when using data for hazard assessment. By changing parameters, allowed to 
be changed within the protocol limits, e.g. buffering, time, or salt 
concentration, generated results can easily be tuned in one direction or 
another. 

Figure 10: Measured iron concentration, mgL-1, released from iron metal 
particles (100 mg/L) exposed during a 7-day OECD 
transformation/dissolution test at pH 6.0 (low salt concentration in the 
medium), and pH 8.0 (low and high salt concentration). 

To summarize, chemical speciation, i.e. metal oxidation state, potential 
complexation, and subsequent precipitation of released metals, has to be 
taken into account when assessing environmental risks and hazards based 
on data generated via outdoor exposures or through standardized tests. 



 
22 

 

Experimental parameters of high importance for 
environmental risk assessment 
 

Material and surface conditions 
As discussed earlier, the surface oxide stability is crucial for any metal 
release or corrosion process for metals or alloys as massive sheet or as 
particles. The surface condition of the material of interest should therefore 
either be thoroughly characterized, or defined, e.g. by a standardized 
grinding/polishing/cleaning procedure. However, even if standardized, the 
resulting surface finish can vary significantly 19, 21. When investigating 
metal or alloy particles, not possible to polish, detailed particle and surface 
oxide characterization is essential to allow any fair comparison of generated 
results (Paper III). Beside studies on the surface oxide composition (XPS), 
bulk composition and morphology of the particles (SEM/EDS), specific 
surface area (BET), particle size distribution in solution (LD) were 
conducted for all particles investigated (Papers III-VI, Table). 
Measurements of surface charge - zeta potential (Paper VI and ongoing), 
phases and microstructure (EBSD, ongoing AFM studies), surface oxide 
stability (electrochemical measurements, ongoing), and chemical surface 
oxide composition (CRM) are currently applied to further generate essential 
characteristics of the different particles investigated. Such an approach is in 
our minds essential to allow further understanding of the relationship 
between particle and surface characteristics, metal release and toxicological 
effects. 

Outdoor exposures 
When outdoor exposure data is used to assess corrosion-induced metal 
release/runoff to be used within the framework of environmental risk 
assessments (Papers I-II), several exposure parameters of large importance 
for the runoff process are important to consider: 

 Inclination 
 Orientation 
 Rain frequency, intensity, amount 
 Rain composition and pH (site-specific, e.g. containing chlorides at 

marine sites) 
 Pollutants 
 Temperature 

Other parameters such as surface condition and material, acid cleaning 
procedure, runoff water collection, and metal analysis etc., are of high 
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importance. All these parameters have been discussed in detail and used for 
the elaboration of predictive models for copper runoff at urban and rural 
sites in 11, 13, 67-68.  

Acid cleaning and handling 
The risk for sample contamination has to be minimized when very low 
metal concentrations (ppb or sub-ppb) are to be analyzed (Papers I-VI), or 
when working with metals, such as zinc, iron, and silicon, that often also 
exists as contaminants in glassware, ambient laboratory air etc.  
For non-acidified solutions to be analyzed on metal concentration, polymer 
vessels are required for collection and storage to avoid adsorption of the 
metal at the vessel walls. All vessels and used equipment need to be acid-
cleaned in a proper way, e.g. 24 hours 10% HNO3 and afterwards four 
times rinsed with ultrapure water to ensure no effects from contamination 
(Papers I-VI).  
Very often during environmental risk assessment studies, e.g. 
ecotoxicological studies, membrane filters are used to separate particles 
from the solution and to measure the “dissolved fraction” of metals. 
Ongoing studies indicate though that membrane filters can be highly 
contaminated and that the acid-cleaning procedure and the metal of 
investigation influence the measured metal concentration (mostly evident at 
low metal concentrations). Generated results imply that the “dissolved 
fraction” is not really measured by analyzing the total metal concentration 
after membrane filtration (ongoing). 

Laboratory exposures – OECD transformation/dissolution tests 
In Paper III, the following parameters were found to significantly influence 
the metal release process: 
 
Already defined by the protocol Needs to be defined in a better way 

 Temperature 
 Time 
 Particle loading 
 Dissolved oxygen 
 Illumination 
 pH 

 Dilution  
 Buffering system 
 Filtration / solid/liquid 

separation 
 Agitation 
 Solution composition (varies 

with varying pH) 
 Particle characterization 
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In all, a general understanding of the total system (material, particles, 
corrosion, speciation, water chemistry, experimental parameters etc.) is 
essential to be able to design any reproducible and reliable standard test 
suitable for any kind of material that should be tested in a comparative way.  
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Human health risk assessment for metal particles – 
important parameters for in-vitro and in-vivo testing 
(Papers IV-VI) 
 

Countless in-vitro and in-vivo toxicological tests have been performed for a 
large number of metals, metal solutions, or metal or alloy particles (some 
selected: 39, 69-89). However, limited efforts have been conducted to assess 
primary reasons behind these toxicological results, such as individual 
influencing material- and/or experimental parameters (e.g. storage).  

For instance, significant differences in cytotoxicity were observed for 
artificially aged and non-aged particles of a CoCr alloy and particles of 
stainless steel (316L) 90. Another study has recently indicated that 
sonication of particle dispersions, a standard procedure to obtain 
homogeneous dispersions in solution prior to any toxicological test, has a 
significant influence on the extent of metal release and the toxicity 
induced52, 54. In Paper VI, it is in addition indicated (more studies ongoing) 
that the sonication procedure also influences the surface charge (zeta 
potential) of the particles, an effect that seems to be particle size dependent. 

It is well established that toxicity is highly particle size dependent 27-28, 52-53. 
Recent findings have shown that this is only partially related to an 
increased extent of released metals with decreasing particle size 52.  

Another aspect that often is forgotten is that the entire particle and material, 
i.e. the surface oxide properties, also change with decreasing particle size. 
These findings become obvious when comparing metal release rates 
(normalized to the surface area) from coarse and fine particles of pure 
metals in e.g. artificial lysosomal fluid, Figure 11. Pure metal particles, Cr 
and Fe in this case, revealed a decreasing metal release rate with decreasing 
particle size, most probably as a result of an increased extent of particle 
agglomeration for small sized particles and shifts in thermodynamic 
equilibrium in the closed systems used (when more metal is released (as in 
the case of the smaller particles), the driving force for further dissolution 
decreases). The release rate of iron was also decreasing with decreasing 
particle size for Fe metal particles (the release of Cr is shown in Figure 11 
from Fe particles and is due to natural impurities). Similar effects were 
observed for Cu metal particles of different size exposed in phosphate 
buffered saline (PBS, pH 7.4) 52. However, for alloy or alloy dust particles 
(generated in a standardized dustiness test) opposite trends were evident. 
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Smaller-sized particles released more metal per surface area. The protecting 
surface oxide properties change with decreasing particle size. 
Recent on-going studies strongly support this hypothesis and indicate that 
also bulk properties can change with decreasing particle size.  

 

Figure 11: Release rates of chromium, µg cm-2 h-1, from different particles of 
pure metals (Fe, Cr), chromium(III)oxide, and different alloys and alloy dust 
particles, after 168 hours of exposure in artificial lysosomal fluid (ALF, pH 
4.5), for coarse and fine particles (except Cr2O3 and the dust particles), 
respectively. 

It is therefore essential that any metal or alloy particles to be investigated 
are thoroughly characterized, that all material, corrosion and metal release 
processes involved are fully understood, and that the experimental 
parameters influencing the particle properties are investigated. 
Any toxicological tests conducted without any particle or material 
knowledge from different perspectives are of low value. This fact has also 
recently been noticed by far-sighted toxicologists. 28, 91-94 
 
In Paper VI (see Figure 12), the total concentration of metals released into 
artificial lysosomal fluid (bioaccessibility), the chemical speciation (only 
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for chromium, important factor for bioavailability), and the toxicological 
response in different assays (toxicity) have been investigated and 
correlated, for well characterized iron- and chromium-based alloy particles 
of two different sizes; stainless steel (AISI 316L), a ferrochromium alloy, 
and a ferrosiliconchromium alloy. For comparison, particles of dust 
(generated via a standardized dustiness test to simulate occupational 
exposure conditions), particles of pure metals, and metal oxides were 
investigated in parallel. Only the finer sized particles were investigated on 
toxicity due to their relevance for the inhalation exposure route of interest. 
Most toxicological responses were not significantly higher or even lower 
when compared with the control (without particles). One exception was 
stainless steel (316L) particles, which gave a positive toxicological 
response in one of three tests conducted (the DNA damage test). It is still 
unclear why these particles were toxic towards this endpoint and not the 
other alloy particles (releasing about the same amounts of iron or 
chromium). However, the small size of the 316L particles could be one 
explanation (however, even smaller sized particles of other materials were 
investigated that did not result in any toxicity). Release of nickel could be 
another explanation, although its extent was relatively low. Recent results 
indicate that structural differences of the smaller sized particles compared 
with the larger sized particles could be a reason for the observed toxicity 
and/or the release of manganese. The smallest sized particles investigated, 
Cr2O3, did not release any significant amounts of chromium, but were still 
highly toxic in one of the three tests (hemolysis). This test is sensitive to the 
surface charge of the particles, a surface property that for Cr2O3 changed 
from negative values to positive values during the sonication procedure. 
Surface charge could be another reason for the observed toxicity (DNA 
damage) of small-sized particles of stainless steel. However, further studies 
are required (and ongoing) to prove this hypothesis. 
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Figure 12: Compilation of chromium results on bioaccessibility (metal release 
in artificial lysosomal fluid (ALF, pH 4.5) for 168 hours), chemical speciation 
(important for bioavailability), and toxicity (in-vitro) presented in Paper VI 
on coarse- and fine-sized iron- and chromium-based particles (stainless steel, 
ferrochromium, ferrosiliconchromium, dust, pure metals, and oxides). 

In all, it seems possible but difficult to correlate particle characteristics and 
metal release with toxicity. More fundamental studies are needed (and 
partially ongoing) to answer the many questions. 
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Main conclusions 

Chemical speciation of metals, i.e. the oxidation state and ligands (complexation), 
is crucial for any toxicity or ecotoxicity considerations. Chemical speciation is 
influenced by the material characteristics, surface properties, corrosion-induced 
metal release process, and to a large extent by the environment (UV irradiation, 
pH, and other species). It is essential to consider chemical speciation when 
assessing potential environmental risks induced by metal runoff from external 
buildings and constructions, or when conducting laboratory tests to predict 
dispersion of metals (Papers I-III). 

Since the surface properties of metals are crucial for the corrosion and the metal 
release process, particles that cannot have a defined surface finish have to be 
thoroughly characterized to enable any fair comparison between metal release or 
toxicity tests of different particles. The influence of specific particle parameters, 
and their synergistic effects, on the metal release process and any induced toxicity 
has to be investigated (Papers III-VI). 

Particles of alloys behave completely different when compared to their individual 
metal components. Generally, particles of alloys such as stainless steel or 
ferrochromium, release significantly less metals and are significantly less acute 
toxic compared with e.g. nickel metal particles. However, chromium metal 
particles release the lowest extent of metals due to a stable surface 
chromium(III)oxide. The extent of metal release depends on parameters such as 
the type of alloy, prevailing exposure conditions, surface oxide characteristics and 
stability, manufacturing process and particle history (Papers III-VI). 

Many experimental parameters that influence results generated in metal release 
and in-vitro toxicity tests are not yet fully understood. For example, the OECD 
transformation/dissolution test allows a variety of degrees of freedom of some 
important parameters, whereas other important parameters are not defined at all. 
As a consequence, a reproducible and reliable standard test applicable for all 
different kinds of material is not possible to accomplish (Paper III). Other 
experimental procedures commonly used for different laboratory tests, such as 
sonication to disperse particles in solution prior to in-vitro toxicity tests, can 
influence the particle characteristics and hence the toxicological outcome (Paper 
VI). Further studies are required to provide a better understanding of the influence 
of such parameters on the experimental outcome. 
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