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1

INTRODUCTION

Asphalt has an important share in the road construction as it is the major material used to
build roads. Roads are assets to the society and an integral component in the development of a
nation’s infrastructure. The production of asphalt and the different phases it goes through
before it becomes a road have a massive impact on the environment. For the asphalt
production bitumen binder is used. Bitumen is a black, thermoplastic hydrocarbon material
derived from the processing of crude oil. At ambient temperatures bitumen is a stable, semisolid substance and does not present any health risks. During manufacturing, storage,
transportation and use bitumen is heated giving off hydrocarbon emissions, to which workers
may be exposed. Bitumen emissions are complex and variable mixtures of inorganic
particulate and organic compounds that include aliphatics, polycyclic aromatic hydrocarbons
(PAHs) and heterocyclic aromatic compounds containing sulfur, nitrogen, and oxygen. In
recent years there has been increasing interest in investigating the potential of bitumen
emissions to cause health effects in exposed workers. This interest has primarily been driven
by the fact that both bitumen and its’ emissions at elevated temperature, can contain small
amounts of polycyclic aromatic compounds, some of which are carcinogenic. Whilst it is
believed that the carcinogenic risk from exposure is extremely low, there remains some
uncertainty. Further health studies are underway to resolve remaining issues and improve
working practices adopted to reduce the potential for exposure during work with hot bitumen.
1.1

Research approach

1.1.1 Scope of the research
The aim of this thesis is to give an overview of the current available information about quality
and quantity of bitumen emissions and to analyze them from an environmental and human
health point of view.
General physical and chemical proprieties of bitumen, sources of bitumen emissions and their
exposure on human health regarding bitumen road construction industry, the composition of
polycyclic aromatic hydrocarbons and heterocyclic aromatic compounds in different
reclaimed asphalt pavements, the possible carcinogenic effect from bitumen fumes were
studied in this thesis.
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1.1.2 Objectives
The main objectives of this master thesis were:


establish an overview of the chemical and physical properties of bitumen to understand
the behavior of compounds and processes when bitumen is heated;



characterize the impact of bitumen fumes on natural environmental and human health;



describe the best available technologies for reduction, prevention and control of bitumen
fumes, regarding bitumen road surfacing industry;



identify the available sampling and analysis methods to measure bitumen fumes;



analyze current directives and regulations, occupational exposure limits about bitumen
emissions;



examine the polycyclic aromatic hydrocarbons and aromatic heterocyclic compounds in
the laboratory-generated bitumen fumes as potential source-specific indicators of
carcinogenic exposure;



evaluate the relative carcinogenic factor (RCF), proposed by Nisbet-LaGoy, for different
types of reclaimed asphalt pavements (RAPs) and for different temperature regimes.

1.1.3 Research questions
In order to respond to the objectives of the thesis, several research questions were raised:


Why are the emissions from bitumen a hot topic for investigation now?



What are the environmental and human health impacts of the heated bitumen?



Where are the sources of emissions from heated bitumen and who are the stakeholders,
regarding road construction industry?



Where can I get data for my thesis work and methodology to obtain such data?



Which measurements methods for bitumen emissions are available now and what could be
done in the future to reduce, prevent and to control emissions from bitumen and stabilize
sustainable development through road construction?
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BITUMEN CHEMISTRY AND STRUCTURE

2.1 First applications & definition
Bitumen is the oldest known engineering material and has been used from the earliest times as
an adhesive, sealant and waterproofing agent. The earliest record of human use of bitumen to
date, is as a hafting material 180,000 years ago in the El Kowm Basin in Syria, where it was
applied to stick flint implements to the handles of various tools in a way that persisted until
Neolithic time [1]. At first, its adhesive and waterproofing properties were generally
emphasized. There are several references to bitumen made in the bible, although the
terminology used can be rather confusing. In Genesis reference is made to Noah’s
waterproofing of the ark, which was “pitches within and without with pitch”. Even more
confusing are the descriptions of the building of the Tower of Babel [1]. Medical uses were
also reported, with bitumen acting as a remedy for various illnesses (trachoma, leprosy, gout,
eczema, asthma ...), as a disinfectant or as an insecticide [2]. Another well studied historical
application was for the embalming of mummies by the Egyptians [3]. The Greek historian
Herodotus said hot bitumen was used as mortar in the walls of Babylon. It is also possible that
the city of Carthage was easily burnt due to extensive use of bitumen for the construction.
Bitumen was also used in early photographic technology. It was most notably used by French
scientist Joseph Nicéphore Niépce in the first picture ever taken (Figure 1). The bitumen used
in his experiments were smeared on pewter plates and then exposed to light, this making a
black and white image [4].

Figure 1. Point of view of Gras (the only preserved image achieved by Niépce with
Camera Obscura that is representative of this step of his research) [4].
The first mentioned use of bitumen in road construction dates back to Nabopolassar, King of
Babylon (625–604 BC): a bitumen-containing mortar cemented both the foundation made of
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three or more courses of burnt bricks and the stone slabs put on top [2]. However, bitumen
essentially disappeared from the pavements until the early 19th century, when the recently
rediscovered European sources of natural bitumen led to the development of the modern
applications for this material. The use of natural bitumen in road construction started to decay
in the 1910s with the advent of vacuum distillation which made it possible to obtain artificial
bitumen from crude oil [2] and nowadays, paving grade bitumen is almost exclusively
obtained as the vacuum residue of petroleum distillation.
Many definitions were proposed for bitumen, asphalt and related substances, some of them
quite opposite and sometimes scientifically incorrect. Incorrect definitions are those
presenting bitumen as a pasty or semi-solid material [2], when the correct description would
be that of a viscous viscoelastic liquid (at room temperature).
In 1728, Chambers, in the first modern dictionary, defined bitumen as a generic term
encompassing naphtha, petroleum, pitch and most mineral hydrocarbons forms, whether hard,
soft or liquid. Nowadays, bitumen is still the viscous mostly-hydrocarbon component of
natural asphalts, and can be thought of as an extra heavy crude oil. This definition was
however extended to include the viscous petroleum distillate (or residue) containing a low
percentage of volatile compounds. More generally, bitumen is now defined as a “virtually
involatile, adhesive and waterproofing material derived from crude petroleum, or present in
natural asphalt, which is completely or nearly completely soluble in toluene, and very viscous
or nearly solid at ambient temperatures” in the current European specifications [2]. General
characteristic of bitumen:
CAS number 8052-42-4
EINECS number 232-490-9
RTECS number C199000
Substance name: bitumen.
Synonyms asphalt (USA): asphaltum; asphalt cement; asphalt cutbacks; asphalt emulsion;
high or low penetration asphalt; petroleum asphalt; petroleum bitumen [9]1.
We will stick to this definition, which can be thought of as the European definition, the
American synonym for bitumen being asphalt cement or simply asphalt. In British English,
the word 'Asphalt' refers to a mixture of mineral aggregate and bitumen (or tarmac in common
parlance). The word 'Tar' refers to the black viscous material obtained from the destructive
distillation of coal and is chemically distinct from bitumen. In American English, bitumen is
1
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referred to as 'Asphalt' or 'Asphalt cement' in engineering jargon. In Australia, bitumen is
sometimes used as the generic term for road surfaces. In Canadian English, the word bitumen
is used to refer to the vast Canadian deposits of extremely heavy crude oil, while asphalt is
used for the oil refinery product used to pave roads and manufacture roof shingles. Diluted
bitumen (diluted with Naphtha to make it flow in pipelines) is known as dilbit in the Canadian
petroleum industry, while bitumen upgraded to synthetic crude oil is known as syn crude and
syn crude blended with bitumen as syn bit. The term bitumen is also used for "natural
bitumens" which can occur as natural deposits or as a component of naturally occurring
asphalt, in which it is associated with mineral matter. Although natural bitumen may be
similar in physical properties to bitumen, it is different in composition and is not covered by
this dossier.
To avoid confusion and misunderstanding that may arise from the use of different terms such
as bitumen, asphalt etc., it is essential to be clear about terminology.
2.2 Bitumen constitution, structure and rheology of bitumen
The configuration of the internal structure of bitumen is largely determined by the chemical
constitution of the molecular species present. Bitumens contain a complex mixture of
aliphatic compounds, cyclic alkanes, aromatic hydrocarbons, PAHs and heterocyclic
compounds containing nitrogen, oxygen and sulfur atoms, and metals (e.g. iron, nickel, and
vanadium) [5]. Elementary analysis of bitumens manufactured from a variety of crude oils
shows that most bitumens contain: carbon 82-88%, hydrogen 8-11%, sulphur 0-6%, oxygen
0-1,5%, nitrogen 0-1%. The precise composition varies according to the source of the crude
oil from which the bitumen originates, modification induced by semi-blowing and blowing
during manufacturing and ageing in service [5]2.
Bitumens can generally be described as complex mixtures containing a large number of
different chemical compounds of relatively high molecular weight [5] 3 . The chemical
characterization of bitumens is based on their separation into four broad classes of compounds:
asphaltenes, saturates, cyclics (aromatics) and resins – using solvent precipitation and
adsorption chromatography (ASTM D4124-01 Standard Test Methods for Separation of
Asphalt Four Fractions). The main characteristics of these four broad component group and
the metallic constituents are now illustrated in Figure 2.

2
3

p. 29-30
p. 29
7

Figure 2. Type of asphalt composition SARA (saturates, aromatics, resins, asphaltenes)
[6].
Bitumen is traditionally regarded as a colloidal system consisting of high molecular weight
asphaltene micelles dispersed or dissolved in a lower molecular weight oily medium
(maltenes).
Asphaltenes are n-heptan insoluble black or brown amorphous solids. Asphaltenes consist
primarily of carbon, hydrogen, nitrogen, oxygen, and sulfur, as well as trace amounts of
vanadium and nickel [7]. They are by far the most studied bitumen fractions because of their
viscosity building role [2]4. Asphaltenes are generally considered as highly polar aromatic
materials of high molecular weight and constitute 5-31% of the mass of bitumen. Different
methods of determining molecular weights have led to different values ranging widely from
600 to 300 000 depending on the separation technique employed [8]5.
Saturates comprise predominantly the straight and branched-chain aliphatic hydrocarbons
present in bitumens, together with alkyl naphthenes and some alkyl aromatics. They are nonpolar viscous oils which are straw or white in colour [5]6. The average molecular weight
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range is approximately similar to that of the cyclics, and the components include both waxy
and non-waxy saturates. This fraction forms 5-20% of the mass of bitumens [8]7.
Aromatics (Cyclic/naphthene aromatics) comprise the compounds of lowest molecular
weight in bitumens and present the major portion of the dispersion medium for the peptised
asphaltenes. They constitute 30-60% by mass of the total bitumen and are dark viscous liquids.
The average molecular weight range is in the region of 300 to 2000. They are compounds
with aromatic and naphthenic nuclei with side chain constituents and have molecular weights
of 500-900 (number average) [8]6. They consist of non-polar carbon chains in which the
unsaturated ring systems (aromatics) dominate and they have a high dissolving ability for
other high molecular weight hydrocarbons [5]8.
Resins, also called polar aromatics, are dark–coloured, solid or semi-solid, very adhesive
fractions of relatively high molecular weight present in the maltenes. They are dispersing
agent (referred to as peptisers) for the asphaltenes, and the proportion of resins to asphaltenes
to a degree governs the rheological behavior of bitumens. Resins separated from bitumens are
found to have molecular weights of 800-2000 (number average) but there is a wide molecular
distribution. This component constitutes 15-55% of the mass of bitumen [8]6.
Bitumen is traditionally regarded as a colloidal system consisting of high molecular weight
asphaltene micelles dispersed or dissolved in a lower molecular weight oily medium
(maltenes). The micelles are considered to be asphaltenes together with an adsorbed sheath of
high molecular weight aromatic resins which act as a stabilizing solvating layer. Away from
the centre of the micelle, there is a gradual transition to less polar aromatic resins, these layers
extending outwards to the less aromatic oily dispersion medium.
In the presence of sufficient quantities of resins and aromatics of adequate solvating power,
the asphaltenes are fully peptized and the resulting micelles have good mobility within the
bitumen. These are known as “Sol” type bitumens and are illustrated in Figure 3:
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Figure 3. Schematic representation of a SOL type bitumen [5].

If the aromatic/resin fraction is not present in sufficient quantities to peptize the micelles, or
has insufficient solvating power, the asphaltenes can associate together further. This can lead
to an irregular open packed structure of linked micelles in which the internal voids are filled
with an intermicellar fluid of mixed constitution. These bitumens are known as “GEL” types,
as depicted in Figure 4, the best examples being the oxidized grades used for roofing purposes.
In practice, most bitumens are of intermediate character.

Figure 4. Schematic representation of a GEL type bitumen [5].
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The colloidal behaviour of the asphaltenes in bitumens results from aggregation and solvation.
The degree to which they are peptized will have a considerable influence on the resultant
viscosity of the system. Such effects decrease with increasing temperature and the GEL
character of certain bitumens may be lost when they are heated to high temperatures. The
viscosities of the saturates, aromatics and resins depend on the molecular weight distribution.
The higher the molecular weight, the higher the viscosity. The viscosity of the continuous
phase, i.e. the maltenes, imparts an inherent viscosity to the bitumen that is increased by the
asphaltenes. Accordingly, an increase in GEL character and a lower temperature dependence
for bitumens results not only from the asphaltene content but also from the saturates content
[5]9.
2.3 Bitumen overall physical and chemical properties
The basic form of bitumen (CAS no. 8052-42-4) is a black or brown solid or viscous liquid. It
is obtained as residuals from non-destructive atmospheric or vacuum distillation of crude
petroleum oil. The exact chemical composition of bitumen being dependent on: the chemical
complexity of the original crude petroleum; the refinery processes involved in manufacturing
bitumen. Although the exact chemical composition of bitumens is quite variable, attempts
have been made to analyze the presence of polycyclic aromatic hydrocarbons (PAH) and
other polycyclic aromatic compounds (PAC) in the fumes.
Both the presence of PAH and PAC (including those containing oxygen atoms (O-PAC) and
sulphur atoms (S-PAC) in their aromatic rings) are of interest because some of them may
cause mutations and cancer. In general, PAH and PAC are found in fumes of bitumen from
various sources, although the amounts varied and are considered low compared to the
concentrations found in for instance coal tar pitch fumes [9]1010. Not only the concentrations
differed, but also the PAH and PAC profiles, which is explained by source differences and by
differences in generation conditions (i.e., heating temperature and concentrations of the raw
material).
Bitumen is traditionally regarded as a colloidal system consisting of high molecular weight
asphaltene micelles dispersed or dissolved in a lower molecular weight oily medium
(maltenes).
A summary of the physical properties of the basic form of bitumen (CAS no. 8052-42-4) is
given below:
9
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Melting point: 30-130 °C (softening point, 57 °C)
Boiling point: > 400 °C at 1,013 hPa
Flash point: > 230° C
Density: 1,000-1,050 kg/m3 at 15° C
Vapor pressure: below 0.1 kPa at 20° C. Bitumen comprises components with molecular
weights in the range of 500 to 15,000 or more, and so has negligible volatility at ambient
temperatures.
Partition coefficient: > 6 (log Pow)
Water solubility: negligible [9]10.
Solubility in organic solvents, partially soluble in aliphatic solvents, soluble in carbon
disulfide.
Most bitumen is processed hot. During these heating processes vapors are released. When
these vapors cool down and condense (aerosols), they are enriched in the more volatile
components, also present in bitumen. Because bitumen vapors do not condense all at once
workers are at the same time exposed to bitumen vapors and aerosols. In this report and for
practical reasons bitumen vapors and aerosols are sometimes subsumed under the term
‘bitumen fumes’. The physical state of bitumen fume cooled down at room temperature varies
from light straw- or amber-colored low viscosity liquid to black or dark brown solid or
viscous liquid.
2.4 Classification of refined petroleum bitumens
For the purposes of International Agency of Research on Cancer (IARC), bitumens have been
categorized into six classes. Examples of typical specifications for straight-run bitumens
(class 1), oxidized bitumens (class 2) and cutback bitumens (class 3), emulsion bitumens
(class 4), modified bitumens (class 5) and thermal-cracked bitumens (class 6) are used in a
range of applications with specifications that vary depending on the intended use, but are not
as widely used as classes 1 and 2 [10]11 .
a) Straight-run or paving bitumens (class 1)
Straight-run or paving bitumens (CAS No. 8052-42-4; EINECS No. 232-490-9) are usually
produced from the residue from atmospheric distillation of petroleum crude oil by applying
further distillation under vacuum, solvent precipitation, or a combination of these processes.
The material is used to bind aggregates around the world [10]11.
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b) Oxidized bitumens (class 2)
Oxidized bitumens or blown bitumens (CAS No. 64742-93-4; EINECS No. 265-196-4) are
produced by passing air through hot, soft bitumens under controlled temperature conditions, a
process that reduces temperature susceptibility and increases resistance to stress. Oxidised
bitumens are used almost entirely for industrial applications, e.g. roofing, flooring, mastics,
pipe coatings, paints [5]12.
c) Cutback bitumens (class 3)
Cutback bitumens or fluxed bitumens are produced by adding an agent to straight-run
bitumens or oxidized bitumens for the purpose of reducing (i.e. “cutting back”) viscosity and
rendering the products more fluid for ease of handling. The majority of cutback bitumen is
used in surface dressing [5]13.
d) Bitumen emulsions (class 4)
Bitumen emulsions are fine dispersions of bitumen droplets in water, primarily of straight-run
bitumens (class 1), although cutback bitumens (class 3) and modified bitumens (class 5) can
also be used. Accordingly, there is no CAS No. available for bitumen emulsions. Bitumen
emulsions are manufactured using high-speed shearing devices, such as colloid mills. The
bitumen content can range from 30% to 70% by weight. The vast majority of bitumen
emulsions are used in surface dressing application [5]14.
e) Modified bitumens (class 5)
Modified bitumens contain appreciable quantities (typically 3–15% by weight) of special
additives, such as polymers, crumb rubber, elastomers, sulfur, polyphosphoric acid and other
products used to modify their properties.
f) Thermally-cracked bitumens (class 6)
Thermally-cracked bitumens (CAS No. 92062-05-0; EINECS No. 295-518-9) are produced
by extended high-temperature distillation of a petroleum residue (440–500°C). The thermallycracked residue produced by this process is vacuum-distilled and further treated to create a
hard material used in blending bitumens [10]15.
2.5
Production level and uses of bitumen
Several manufacturing methods are available to produce specification bitumens depending on
the crude sources and processing capabilities available. Crude oil is a complex mixture of
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hydrocarbons differing in molecular weight and, consequently, in boiling range. Before it can
be used, crude oil has to be separated, purified, blended and, sometimes, chemically or
physically changed [5] 16 . Often a combination of processes is selected. The schematic in
Figure 5 provides a compilation of refinery processes related to the production of bitumen
[8]17.

Figure 5. Schematic diagram of bitumen manufacturing [8].

Bitumen is used as a binder in asphalt. Its value is high, because of its adhesive properties,
durability, flexibility, water resistance and its ability to form strong cohesive mixtures with
mineral aggregates. Most of the bitumen is used for paving and roofing. For these operations
penetration grade and oxidized bitumens are used, while for painting and waterproofing hard
bitumens are used. The use of bitumen in workplaces in Europe varies from country to
country, but overall about 80% is used for road paving and maintenance (about 85% are
penetration grades, 10% are bitumen emulsions, and 5% are cutback bitumens), and about 10%
in roofing (about 50% are polymer modified bitumens, and the other 50% oxidized bitumens).
The remaining use concerns various other activities, such as painting for waterproofing
operations. Most bitumen products need to be heated before use. In general roofing bitumens
are applied at higher temperatures than paving bitumens. The recommended application
temperatures are: 112-162 °C for road paving (bitumen cements, cutback bitumens); and 16616
17
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229 °C for roofing [9]18. Some of the products do not require heating during installation, such
as bitumen shingles, roll goods, underlayment felts, roof coatings, and mastics.
2.5.1 Asphalt concrete production and paving operations
The aim of my thesis work mainly focuses on the road construction industry. In that case it
was interesting to make an overview about production level and uses of bitumen regarding
asphalt concrete production and paving operations.
More than 85% of bitumens are used in the many different forms of road construction and
maintenance [8]19.
Asphalt mixes are manufactured by heating and drying mixtures of graded crushed stone,
sand and filler (the mineral aggregate) and mixing with straight-run (typically 4–10% by
weight), which serve mainly as a binder to hold the aggregate together. At the construction
site, the asphalt mix is fed through a mechanical paver machine, which spreads and precompacts the mix. The application temperature of the hot mix asphalt is usually between
112 °C and 162 °C [11].
Asphaltic mixes include asphaltic concrete, bitumen macadams, and hot rolled asphalts.
Special techniques can be adopted to mix aggregate or sands with cutback bitumens (class 3)
or emulsions (class 4). These may be carried out with only minor heating or at ambient
temperature and are therefore referred to as “asphalt cold mixes”. Although straight-run
bitumen is the main type used in paving asphalt mixes, as described above, cutback (class 3)
and emulsified (class 4) bitumens are commonly used to provide a waterproof layer under
new pavement surfaces and sometimes to improve bonding between various layers of asphalt
pavement. They are also used in some surface sealing applications and to produce a cold-mix
patching material [12].
Bitumens are laid onto roads by a placement and compaction crew of about five to nine
people. These jobs, as pictured in Figure 6 include paver operators, screed operators,
labourers/rakers and roller operators. Paver operators (pavers, paving machine operators)
drive the paver machine, which receives asphalt from delivery trucks and distributes it on the
road in preparation for the roller machine [10]20.
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Figure 6. Paving placement workers [12]21.

Screed operators work behind the paver, controlling the even spread of the asphalt mat with a
spreading augur before compaction. Mobile rakers work behind the paver, shoveling and
raking excess asphalt material to fill in voids and prepare joints for rolling. Labourers often
work as rakers, but also handle other tasks that may be more removed from the asphalt fume.
Roller operators (rollers) drive the machinery that compacts the asphalt mat and have the
mobility to work at varying distances from the paving machine. A foreman supervises the
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crew, often coming into close proximity to the screed [12]21. In comparison to plant workers,
placement and compaction workers have higher potential for exposure to bitumen fume [12]22.
Coal tar, which is similar in appearance to bitumen, was used in global paving industries until
the 1990s. Coal tar is a by-product of processing coal by thermal degradation in a coking
plant and of making oil from coal in the Fischer–Tropsch process. As a result of these two
processes, coal tar has a much higher PAH content than bitumen, which is produced by
petroleum refining. The differential use of coal tar in different countries worldwide was based
mostly on economics and on the availability of bitumen. In Europe, for example, coal tar was
blended with bitumen and used in all layers of paving until oil production increased and coal
fell out of economic favor in the 1970s and 1980s.
Coal tar was eventually phased out in Europe in the 1990s and controls were put in place to
prevent coal tar from re-entering pavement as a result of recycling. Coal tar has not been
widely used in the USA since the Second World War and is limited to a few non-road
applications, such as a sealer in airfield pavement [12]21.

3
BITUMEN EMISSIONS AND BITUMEN FUMES
At ambient temperatures, bitumen’s are solid and do not present any health or environmental
hazards. To facilitate ease of handling during manufacture, storage, transportation and use,
bitumen is heated and maintained in a molten state.
Bitumen’s are complex mixtures of hydrocarbons rather than pure chemicals and as a result
do not have well-defined boiling points. Hence bitumen boils over a wide temperature range.
Visible amounts of emissions start to develop at around 150 °C. At these temperatures the
emissions are comprised of low boiling point hydrocarbons. With increasing temperature,
semi-volatile and aerosol fractions are evolved. Bitumen emissions will vary depending upon
the bitumen source and processing route, but the amount and composition of emissions
generated is highly dependent upon the temperature. As a rough guide the amount of fume
(particles) emitted from bitumen doubles for every 10 – 15 °C rise in temperature [13]23.
Bituminous mixture production generates fumes that are composed of mineral practices and
gas [14]24.
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Figure 7. Composition of the fumes emitted during hot mix asphalt manufacturing [14].

“Bitumen fume” is often used in reference to total emissions, but bitumen fume refers only to
the aerosolized emissions of total emissions (i.e. solid particulate matter, condensed vapor,
and liquid bitumen droplets) (Figure 7). Accordingly, the term “bitumen emissions” is more
appropriate for referring to total content of bitumen in air [10]25. Bitumen fume is the “term of
art” used to describe the emissions from heated bitumen and products containing bitumen.
The system is in a dynamic equilibrium as illustrated in Figure 8. Traditionally bitumen fume
is the material which is measured and reported to reflect the level of potential occupational
exposure [8]26.
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Figure 8. Schematic diagram of bitumen fume.

Bitumen fume contains PAHs and heterocyclic polycyclic aromatic compounds. Many of the
PAHs are mutagenic and carcinogenic and have produced many of the same genotoxic
activities as those reported using bitumen-fume condensates [10]27 . However, most of the
available analytical data are focused on the characterization of PAHs. Table 1. lists the PAHs
and volatile organic compounds present in bitumens or in bitumen emissions that have been
evaluated by IARC [10]28.
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Table 1. Lists the PAHs and volatile organic compounds present in bitumens or in
bitumen emissions that have been evaluated by IARC.
The principal hazard presented by hot bitumen. This is a clear potential for skin burns, is well
recognized and should be controlled in the workplace. Hot bitumen can sometimes release
hydrogen sulphide, a toxic gas, which can accumulate in confined spaces. The hazards of
hydrogen sulphide are however outside of the scope of this paper and will not be discussed
further. When heated, bitumen also gives off hydrocarbon emissions, comprising a mixture of
20

vapor and particles (fume), to which workers may be exposed. The vapor phase is sometimes
called semi-volatiles and bitumen fume (blue smoke) is called the aerosol phase.
Laboratory studies on bitumen fumes often require significant quantities of sample which
cannot be obtained easily from field activities. The low level of emissions in many
applications means that prolonged sampling periods are needed to collect sufficient fume for
reliable measurement. Surrogate materials can be generated using laboratory methods which
are representative of fumes to which workers are exposed. Such material is normally collected
as a condensate, combining aerosol, vapors and gaseous fraction. Accordingly, any artificially
generated fume condensate must be characterized and matched against fumes found in the
work place [8]29.
3.1 Gaseous emissions
When bitumen is heated small quantities of hydrocarbon vapors and gases and sometimes
inorganic gases (e.g. H2S, CO2) are emitted. Some of the heavier molecules in the vapors will
condense on nuclei and form droplets (aerosol phase). At workplaces, the size distribution and
the partitioning between gas, vapor and aerosol phase is strongly dependent on environmental
conditions. At different bitumen fume concentrations, caused e.g. by type of bitumen used,
application temperature, changing wind speeds or convective flows and distance from source,
the ratio of aerosol to vapor phase can be quite different. The particle (droplet) size
distribution of the aerosol phase might also change considerably.
Most of the aerosol evolved from the bitumen is expected to be in the respirable size range,
although inorganic particulates from non-bitumen sources can be outside this range.
Numerous sampling and analytical methods have been and continue to be employed in the
characterization of workplace exposures to bitumen fume and the full extent of any
relationships between these various methods remains unknown. Additionally bitumen fume,
vapor and PAH have different determinants of exposure [8]30.
Gaseous emissions first of all originate from the mixing process and subsequently from other
process steps. Additional emission arises from bitumen and fuel tanks.
An explanation follows of the issues surrounding stack emissions (inorganic and organic),
which are especially associated with the drum mix process. Generally, it should be
emphasized that reduction of emissions from the drum can more readily be targeted at
optimizing the combustion processes. This refers to drum design, flame temperature, type and
placing of burner, flame direction in relation to materials, etc. To do this it is prudent and wise
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to switch from visual monitoring to more secure methods. As suggested later in this section,
an automatic monitoring provides a better method for controlling burner and furnace
operation. Using new technologies allowing asphalt to be produced at lower temperatures can
also reduce emission and energy consumption. The techniques for producing so-called Warm
Asphalt include process engineering, foam bitumen, aerogenous agents, special bitumen and
additives, and warm emulsion technique. Tests indicate that the energy consumption in the
production process can be reduced by 10 KWh (equivalent to 1 litre oil per tonnes of asphalt)
produced if the mixing temperature is lowered by 35 °C. Next to less emissions, less fumes,
and less energy consumption, other advantages of Warm Asphalt are less wear of the asphalt
plant, less aging of the binder and the possibility of earlier opening of the paved road for
traffic. Warm Asphalt is however more expensive than conventional hot asphalt due to the use
of extra additives etc.
3.2 Organic emissions. TOC = Total Organic Compounds
Organic emission consists of a large group of substances generally described as hydrocarbons.
Their molecular structure is characterized by the combination of carbon and hydrogen atoms;
Additionally, these substances can also contain oxygen, nitrogen, sulphur and phosphorus.
These are referred to as TOCs (Figure 7). When measured as emissions from asphalt plants
the individual carbon elements are added together to give one figure for Total Carbon. The
emission of hydrocarbons finds its origin in the use of organic constituents and organic fuels
in the production process. Especially by the heating or combustion emissions of these
substances take place in the form of vapor or of reaction products. The most important source
of emission of hydrocarbons is the incomplete combustion of fuel. Type of fuel, operating
conditions and vapors from bitumen in the mixing process (which may be present in some
cases) cause different compositions of the waste gases in respect of their organic constituents.
The hydrocarbons that find their origin in the combustion are mainly emitted by the stack,
these emissions can be reduced by regular maintenance of the burner and optimization of the
combustion volume. Another source of organic emission is the bitumen that is heated in the
production process.
On those places where the bitumen is heated to working temperature fumes are formed.
Possible sources of TOC emission are:


bitumen tanks, especially out of the vents during loading from the bitumen lorry or



continuously by the breathing of the tanks,



the batch mixer or drum mixer (stack emission),



the skip,
22



the loading station of the asphalt lorries,



reclaimed asphalt, hydrocarbons may be emitted by heating the reclaimed asphalt in a
parallel drum (stack emission),



in the case that the RAP is added "cold" into the batch mixer (stack emission).

The type of the bitumen (crude, way of production) and the temperature are of influence on
the rate and the composition of the emission.
The study “Laboratory Assessment of Fumes Generated by Mixtures and Bitumen”, France,
Brazil, 2010, has been focused on the evaluation of the influence of manufacturing and
formulation parameters on the Total emitted Organic Compounds “TOC(e)” from bituminous
materials using a new fume sampling system. Mixing temperature, bitumen content and
bitumen volatility are the three parameters that have been studied and also the influence of
some parameters such as mechanical stirring and presence of steamed water on fume
emissions [14]31.
Two different bituminous mixture were manufactured at two different temperatures, 132 °C
and 182 °C, maintained constant during mixing. Material used were the classical French
dense asphalt mixture for base course called “Grave Bitume” (GB) is characterized by a
binder content lower that the French “Beton Bitumineux Semi Grenu” (BBSG) used in
wearing courses [14]32. Table 2. presents the mineral compositions and the binder content of
these formula.

Table 2. Mineral composition and bitumen content of the two formula studied.
Experiments showed that the intensity of the TOC(e) emissions depends upon the
manufacturing temperature and the formula used. Experiments performed with GB formula
show higher TOC(e) maximum concentration than the BBSG one for the same mixing
temperature (182 and 132 °C). It means that for low binder content and high temperature,
asphalt mixtures tend to emit more TOC(e) per kg of bitumen (Figure 9) [14]33.
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Figure 9. Temperature and mixture formulations influence on the TOC(e) emissions for
the low volatility bitumen.
These results have been interpreted in the light of the chemical nature of bitumen. Bitumen is
composed of different molecules with various molecular weights corresponding to different
boiling points. The higher mixing temperature leads to the vaporization of compounds that
have higher boiling points [14]34.
These results are linked to the film thickness around the aggregates. According to a study on
the aging of a bitumen film, the loss of volatile compounds is largely controlled by a diffusion
mechanism and a thin bitumen film favors organic compounds generation. As a conclusion,
mixture design and bitumen content have a great effect on the quantity of TOC(e) generated.
Bitumen volatility influence has influence on fumes generated by bituminous mixture. From
these results, it can be shown that TOC(e) quantity depends on bitumen volatility, especially
for “high” binder content [14]35.
The definition of the volatility has been explained with this observation. The higher the
volatility at 450 °C, the higher the content of molecules showing a boiling point lower than
450 °C. As a consequence the potential emission capacity is enhanced. Again, these results
are in line with the ones obtained by Brandt [14]32.
In the second part of this study, the designed protocols used to generate and measure TOC(e)
emissions in laboratory on the bitumen fumes generated by bitumen itself and the influence of
34
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some parameters such as mechanical stirring and presence of steamed water on fume
emissions are presented. This last parameter has been chosen as bituminous mixtures may
incorporate wet aggregates, for some warm asphalts processes for example or when using
reclaimed asphalt, leading to generation of steamed water during the coating process in plant
or during laying on site.
The results show that TOC(e) emissions seems to be highly correlated with stirring speeds of
bitumen, the higher the speed, the higher the quantity of TOC(e).
This phenomenon has been interpreted in the following way. Stirring implies an internal
movement of bitumen which allows exchanges between air and hot bitumen and a constant
renewing of the interface air - bitumen. This interface is the place where TOC(e) volatilization
occurs, changing from a liquid state in the bitumen to a gaseous one in the air. It is then easily
understandable that when the bitumen, at a given temperature is not stirred, the TOC(e)
emission intensity is low because the air - bitumen interface is not renewed, the volatile
particles included in this thin layer are then exhausted with time. On the contrary, an intensive
bitumen stirring, at a given temperature, favors the renewing of the air - bitumen interface,
leading to a continuous TOC(e) emission with time, with an intensity which seems to depend
on the stirring speed [14]36.
Bituminous mixtures may incorporate wet aggregates. This is the case for some warm
asphalts processes for example or when using reclaimed asphalt, leading to generation of
steamed water during the coating process in plant or during laying on site. It was then
considered as interesting to check if steamed water could influence bitumen TOC(e)
emissions.
This has been investigated by measuring the evolution of TOC(e) emission quantity with and
without addition of steamed water at a given temperature (around 148 °C) and at a given
stirring speed (20 rpm) on bitumen BBSG.
The obtained results show that the addition of steamed water increases the TOC(e) emission
intensity. This increase is really related to steamed water addition as, after stopping this
addition and waiting for the remaining steamed water to leave the bitumen, the TOC(e) drop
back to their initial value without water (with a little decrease assumed to be due to the
decrease in temperature linked to the addition of steamed water at 100 °C in the bitumen
initially at 150 °C).
These results have been interpreted in the light of a stripping speed effect which decreases
various compounds boiling point in presence of steamed water. As a consequence organic
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compounds could be emitted at lower temperatures. This phenomenon is well known in the
perfume or food flavoring industry. In the studied case, the same effect occurs and leads to
higher average TOC(e) emission as well as higher emission potential [14]37.
Typical limit of TOC emissions values are between 50 and 150 mg/Nm³, depending on
parameters and measuring standards used.
3.3 Polycyclic Aromatic Hydrocarbons (PAH)
A PAH is a compound with two or more six- or five-membered rings with annellation either
being linear or angled (angles always add to 120°). Just considering the two to eight, sixmember ring PAHs there are 1896 possible combinations. Method 610 proposed by
Environmental Protection Agency (USA) defines sixteen of these compounds as priority
pollutants. Analysis of polycyclic aromatic compounds, in particular Polycyclic Aromatic
Hydrocarbons, are of interest because the potential genotoxicity and carcinogenicity of
bitumen and its fumes is partly due to the presence of these compounds, even though the
content of PAH and PAC in bitumen is low compared to their concentration in coal tar [9]38.
These are a class of chemicals that contain predominantly carbon and hydrogen, but may
include other elements, such as nitrogen, sulphur and oxygen. The name "polycyclic" refers to
the general structure of the compounds, which comprise groups of condensed aromatic rings.
The maximum temperatures involved in the production of bitumen from crude oil, ranging
from 350-500 °C not high enough to initiate significant PAH formation, which requires
pyrolysis or combustion and typically takes place at temperatures above 500 °C. The principal
refinery process used for the manufacturing of bitumens, vacuum distillation, is effective at
removing polycyclic aromatic hydrocarbons, including PAHs with 3-6 unsubstituted, fused
rings. At elevated temperatures, the small amount of 3-6 ring PAHs remaining in the residue
are found in the aerosol fraction of the fumes. The levels of PAHs analyzed in various
bitumens and bitumen fumes are shown in Table 3. PAH content of bitumen and bitumen
fumes.Table 3 [8]39.

37

p. 98
p.36
39
p. 13
38

26

Table 3. PAH content of bitumen and bitumen fumes [8].
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The properties of a PAH depend on its size (number of rings) and the topology of the system
(type of ring linkage) [15]. Another chemical property of a PAH is the reactivity of its highest
occupied molecular orbital. This property makes it a Lewis base and allows it to stabilize
according to the Lewis Octet Theory. More specifically a PAH behaves as an electron rich pisystem [15]. PAH compounds are also known to have acutely toxic effects and/or have
mutagenic, teratogenic, or carcinogenic properties [10]. Some PAHs are metabolized to
carcinogenic species. The classic example is benzo(a)pyrene- 7,8-diol-9,10-epoxide (BPDE),
(Figure 10). So several of the PAH are procarcinogens. In the substitution reactions typical for
PAH compounds, the hydrocarbon acts as a nucleophile; the bases of DNA are also
nucleophiles so binding does not take place. The opening of the epoxide ring causes an
electrophilic system, which can then react with DNA, causing DNA adducts and transcription
errors.

Figure 10. Benzo(a)pyrene gets metabolically converted to mutagenic BPDE through
several metabolic steps [9].
Depending on their impact on the environment and their effect on health, hydrocarbons are
divided in various categories. With respect to their toxicity PAH are of the most importance.
Some of these PAH are possibly carcinogenic to humans under prolonged high-level exposure.
Investigations indicate that the hazardous PAH occur in compounds with four or more
benzene rings, which usually form only a few percent of the total PAH emission.
Regarding asphalt production and paving industry, the amount of these hazardous PAH in
bitumen is very small, less than 10 ppm, while in tar the PAH-content may be approximately
a factor 10,000 higher. For this reason the recycling of tar containing materials is done
separately only using cold techniques.
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At production temperatures of asphalt which seldom exceed 200 °C (warm mix asphalt
technology) only a small fraction of vaporous PAH exists. From measurement data available
it shows that emissions of hazardous PAH are well below national limit values, if at all
traceable. So it is sufficient to set limits for the Total Carbon in the emissions also as an
indicator for the emission of hazardous PAH.
Measuring individual PAH is not easy, because some of them cannot be easily separated or
quantified [9]40.
3.3.1 Formation of PAHs
PAHs may be synthesized from saturated hydrocarbons under oxygen-deficient conditions.
Pyrosynthesis and pyrolysis are two main mechanisms that can explain the formation of
PAHs. Low hydrocarbons form PAHs by pyrosynthesis. When the temperature exceeds
500 °C, carbon–hydrogen and carbon–carbon bond are broken to form free radicals. These
radicals combine to acetylene which further condenses with aromatic ring structures, which
are resistant to thermal degradation [16]. Figure 11 illustrates the formation of such rings
starting with ethane. The tendency of hydrocarbons to form PAH structure by pyrosynthesis
varies in the order—aromatics4cycloolefins4olefins4parafins.

Figure 11. Pyrosynthesis of PAHs starting with ethane [15].

Haynes suggested three possible mechanisms of PAH formation during combustion, i.e. slow
Diels–Alder condensations, rapid radical reactions, and ionic reaction mechanism. However,
the radical formation mechanism is favored as the combustion process within the internal
40
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combustion engine has to occur very rapidly. It seems that gaseous hydrocarbon radicals
rearrange quickly, providing the mechanism of PAHs formation and growth. The addition of
hydrocarbon radicals to lower molecular weight PAHs then leads, via alkyl PAHs, to the
formation of higher PAHs [16].
A variety of PAHs can be formed depending on the condition that exists at the time. For
example, the formation of PAHs will tend to be more prevalent in an atmosphere where
insufficient oxygen is available for complete combustion. The amount of PAHs formed also
depends on the combustion temperature and nature of organic materials combusted.
During the geological formation of fossil fuels PAHs can be formed by some-what different
processes. In the formation of coal and petroleum, biological material is broken down by
pressure and modest temperatures (less than 200 °C). Under these conditions, PAHs can be
formed by mechanism similar to those involved to incomplete combustion. Because of the
low temperature involved, the transformations occur at a much slower rate. In addition, there
may be differences in the type of PAHs that are formed in coal and petroleum. On combustion
of petroleum and coal, some PAHs are released unchanged in emissions and some are
transformed into other PAHs. Of course, the combustion process itself will also produce range
of PAHs, as would normally be expected in the incomplete combustion process [17].41

Figure 12. Possible mechanism for the formation of PAHs during combustion [17].

41

p. 194-195
30

4

ENVIRONMENTAL AND HEALTH ASPECTS OF BITUMEN

Bitumen has a long history of being used safely in a wide range of applications. Bitumen
presents a low order of potential hazards provided that good handling practices are observed.
Notwithstanding, bitumens are generally applied at elevated temperatures and this brings with
it a number of hazards.
4.1

Environmental aspects of bitumen

Environmental exposure from the use of heated bitumen in the road construction industry
involves the introduction of bitumen materials and emissions within the atmospheric,
terrestrial and aquatic environments. Inorganic materials were characterized as mineral
particulates and organic substances were characterized as hydrocarbons, specifically aromatic
polycyclic and heterocyclic aromatic hydrocarbon [18]42. Information on direct environmental
exposure from the use of bitumen in the road construction industry is very limited.
4.1.1 Life cycle assessment of bitumen
Life cycle assessment (LCA) is a tool to investigate the environmental aspects and potential
impact of a product, process or activity by identifying aspects and potential impact of a
product, process or activity by identifying and quantifying energy and material flows. LCA
covers the entire life cycle including extraction of the raw material, manufacturing, transport
and distribution, product use, service and maintenance and disposal (recycling, incineration or
landfill). It is a complete cradle-to-grave analysis focusing on the environmental input (based
on ecological effects) and resource use [5]43. The input includes the resources and utilities
whereas the output is the environmental impacts as shown in Figure 13. The energy
consumption and emissions produced in the asphalt production and handling of the asphalt
mixtures and their components were considered [19]44.
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Figure 13. The asphalt pavement LCA framework showing the input-output flows in the
system [19] 45.
4.2

Environmental occurrence and exposure

No data have been located directly bearing on the ecotoxicology of bitumens. However, an
appraisal can be made based on the physicochemical properties of the constituents of bitumen.
Bitumen contains hydrocarbon compounds in the molecular weight range from 500 to 15 000.
Water solubility will be so low that significant migration of the material into water is
improbable. Concentrations acutely toxic to aquatic organisms will not occur and significant
bioaccumulation is unlikely because of the high molecular weight of the hydrocarbons.
In view of their low bioavailability, the components of bitumen are not biodegraded to any
significant extent in the environment hazards associated with bitumen derivatives must be
treated on a case by case basis [20]46.
4.2.1 Air
Releases from bitumens into the air occur in the vicinity of hot-mix asphalt plants and roadlaying operations. Bitumen-producing refineries are also a source of releases into the air. In
the production of roofing felts, emissions of particulates including bitumen fume were found
to be 1.35 mg/g bitumens for controlled and 3.15 mg/g bitumens for uncontrolled conditions.
In a bitumen-blowing operation, releases of particulates into the air ranged from 0.29 to 3.65
mg/g bitumens for well controlled and uncontrolled operations, respectively.
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Kebin reported in his study “Asphalt fractions in airbone particles from highway traffic and
the accumulation in plants” that the percentage of polar, aromatic and saturated fractions
measured in air samples collected 2–84 m from a highway in Denmark [10]47.
4.2.2 Soil and sediment
PAHs and trace elements from asphalt production were found in creek-bed sediment near a
seal-coated parking lot in Austin, Texas. In an experimental setting, parking lots and test plots
sealed with coal tar, with “bitumen”, or left unsealed, and unsealed asphalt mix pavements
were sprayed with distilled deionized water to simulate rainfall and the wash-off was
collected for analyses. The highest PAH levels were reported for effluent from pavement
sealed with coal tar emulsion, followed by bitumen sealed and unsealed pavement [10]48.
4.2.3 Water
Bitumen is not water-soluble. Nor are any substances in bitumen soluble in water. That is why
bitumen is not classified as a water-polluting material in the Official Guidelines for Waterpolluting Substances. Bitumen and asphalt have been used for decades is association with the
provision of drinking water, especially for sealing and strengthening damns [21]49.
Any potential exposure of the aquatic environment to asphalt paving emissions would occur
indirectly through surface runoff from land and fallout and rainout from the atmosphere.
Again, there are no identifiable reports that estimate the character or magnitude of any such
exposure from asphalt pavements. Groundwater and reservoir water generally contain PAH
concentrations which are lower than those in river water by a factor of ten or more. Rainwater
may contain concentrations of PAHs as high as those in some rivers and represents another
route to land and water contamination from airborne PAHs. Concentrations of PAHs in storm
water runoff have been seen to increase markedly during heavy rainfall as a result of airborne
rainout as well as runoff from road surfaces and may include some leaching of various asphalt
type pavements, but no supporting data were provided to differentiate between the
contributions from each of the sources [10]48.
4.2.4 Vegetation
Kebin reported in his study focused to analyze the asphalt fractions in airbone particles from
highway traffic and the accumulation in plants, showed that on the percentage of polar,
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aromatic and saturated fractions measured in plant samples collected at 5-10 m from a main
road in Denmark. [10] 50 . Momoh studied impact on vegetation from Hot Asphalt Mixing
Plant and concluded that the plant has no significant impact on the vegetation around it [22].

5 ONGOING HEALTH EFFECTS RESEARCHES
Health studies on humans can provide valuable information for the direct evaluation of
potential health risks in man. This section contains reviews of the identifiable literature
regarding human health effects from exposure to asphalts used in hot-mix asphalt pavement
construction. These sources include reports of health effects in individuals, occupational
cohorts, and the general public.
5.1 Biological exposure of bitumen fumes
The presence of low concentrations of polycyclic aromatic hydrocarbons in bitumen and
bitumen emissions has raised questions regarding the potential for health effects in the
workers exposed to emissions from hot bitumen. As some polycyclic aromatic hydrocarbons
are carcinogenic, a possible cancer risk has been a major focus of attention.
A lot of effort has been invested in finding relation between occupational bitumen fume
exposure and cancer risk, in particular lung cancer. The epidemiological studies were mainly
performed on road pavers and construction workers and to a lesser extent on workers from
other professions or operations.
Over recent years there have been a number of reviews undertaken of the available bitumen
health effects data [11]. In 1985 and 1987, the International Agency for Research on Cancer
(IARC) evaluated carcinogenic extracts of steam-refined and air-refined bitumen in
experimental animals. In 1993, the International Agency for Research on Cancer and the
European asphalt and bitumen/oil industry agreed to conduct an epidemiological feasibility
study on the cancer risk from bitumen-fume exposure among road pavement and asphalt
mixing workers employed by European asphalt companies. The feasibility study was
coordinated by IARC. The IARC review focused on carcinogenic hazard evaluation and look
into account published results from human and animal studies investigating the carcinogenic
properties of bitumen. For many years bodies such as the WHO International Agency on
Cancer Research together with IARC working closely with the bitumen road surfacing
industry. The study investigates the causes of mortality in over 80,000 workers and compared
the incidence of disease, with particular emphasis on cancer, in 30,000 workers exposed to
bitumen emissions relative to both the general population and construction industry workers
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who had not been exposed to bitumen emissions. The cohort of workers was drawn from 7
European and 1 non-European countries and exposure assessments were documented for
bitumen fume.

Figure 14. IARC Working group.

On 18 October 2011, an IARC Working Group (Figure 14) re-evaluated various occupations
that entail exposure to bitumens and bitumen emissions, including road paving, roofing and
the application of mastic asphalt. This group came to the following conclusions:


Occupational exposures to oxidized bitumens and their emissions during roofing are
“probably carcinogenic to humans” (Group 2A);



Occupational exposures to hard bitumens and their emissions during mastic asphalt
work are “possibly carcinogenic to humans” (Group 2B);



Occupational exposures to straight-run bitumens and their emissions during road
paving are “possibly carcinogenic to humans” (Group 2B) [10]51.

IARC has determined that fumes from road making bitumen have been classified as a Group
2B agent, that is, “possible carcinogenic to humans” [23].
The National Occupational Exposure Survey (NIOSH) report showed that at least 500,000
workers were exposed to asphalt fumes in the United States. Exposure to asphalt fumes
during road paving operations has been associated with airway irritation and airway
hyperactivity in some pavers [24].
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At present exist other studies that help to clarify possible mechanisms of toxicity. Industry in
Europe and the USA are coordinating activities, to ensure that sufficient robust scientific data
are available for the IARC review.
The Occupational Safety and Health Administration (OSHA) estimated over 300,000
construction workers were exposed primarily in road-paving and roofing operations in USA.
Exposures vary considerably between different types of asphalt work and the different worker
jobs [11].
The acute effects of exposure to asphalt fumes include headache, skin rash, fatigue, reduced
appetite, throat and eye irritation, and cough. Asphalt paving workers, for example, have
reported breathing problems, asthma, bronchitis, and skin irritation.
Human studies have reported lung, stomach, and skin cancers following chronic exposure to
asphalt fumes. However, these studies have been inconclusive, and the possible chronic
effects to workers following exposures to asphalt fumes are areas of continuing investigations.
Laboratory studies have shown chemical extracts of asphalt fumes to have cancer-causing and
mutagenic properties. For example, painting of asphalt extracts on mouse skin produces
tumors that increase with dose. Other laboratory studies show DNA changes in mouse lung
and skin cells and in human fetal cells exposed to asphalt fume extracts. Urinalysis of exposed
workers shows mutations in laboratory tests [25].
OSHA does not have a standard for asphalt fumes although it proposed a 5 mg/m3
Permissible Exposure Limit (PEL) in 1992. OSHA’s quantitative risk assessment estimated a
significant risk of lung cancer among exposed workers at levels as low as 0,2 mg/m3 [25].
Germany classified bitumen (vapor and aerosol) as a Category 2: substances that are
considered to be carcinogenic for man because sufficient data from long-term animal’s studies
or limited evidence from animal studies substantiated by evidence from epidemiological
studies indicate that they can make a significant contribution to cancer risk. Limited data from
animal studies can be supported by evidence that the substance causes cancer by a mode of
action that is relevant to man and by results of in vitro tests and short-term animal studies,
based on the presence of genotoxic PAH. Germany is the only European country that
classified bitumen as carcinogenic. [9]52. Table 4 shows the classification of bitumen fumes
from different authorities and agencies.
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Table 4. Carcinogen classification of bitumen by various agencies and authorities [8]53.
Regarding all the studies, we can consider that the main problem with the epidemiological
data was the high correlation with co-exposures to other established carcinogenic mixtures,
such as smoking, polycyclic aromatic hydrocarbons, coal tar and diesel exhaust.
5.1.1 Critical moments of IARC study about emissions from bitumen
Group 2A and 2B agents are those for which it has not been able to be proven whether they
are carcinogenic or not. Group 2A are agents for which available evidence suggest that they
are “probably carcinogenic to humans”. This may come from test results on animals or other
mechanistic studies. Group 2B agents are “possibly carcinogenic to humans” but no link has
been able to be determined. IARC has not released its report on the reasons for applying the
2B category to bitumen used in road making, but it is likely to be as a result of mechanistic
studies and the knowledge that products made at higher temperature (e.g. roof tiles) are
probably carcinogenic. Group 2B therefore applies the precautionary principal to agents for
which there is no evidence that they are carcinogenic to humans. It should be noted that IARC
does not define a category of agents that are “not carcinogenic to humans”. Instead agents in
Group 4 for which there is no evidence that they are carcinogenic are described as being
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“probably not carcinogenic”. This highlights IARC support for the precautionary principle
when classifying agents [23].
Group 2B lists 267 agents. This includes:


Acrylic fibres



Pickled vegetable (traditional in Asia)



Occupational exposures to printing processes



Radiofrequency electromagnetic fields (such as mobile phones)



Talc based body powder (perineal use of)



Occupational exposures in the textile manufacturing industry



Nickel, metallic and alloys



Occupational exposures as a fire fighter



Fuel oils, residual (heavy)



Gasoline



Diesel Fuel, Marine



Occupational exposures in Dry cleaning



Engine exhaust, gasoline



Carpentry and Joinery



Chloroform



Coconut Oil diethanolamine condensate (used in cosmetics, shampoo etc)



Coffee

For a full list refer to the IARC website http://monographs.iarc.fr
Studies that have been undertaken by IARC about bitumen emissions:
First, a sizable proportion of the excess mortality from lung cancer relative to the general
population observed during the cohort phase of the study is likely attributable to the high
consumption of tobacco experienced by these workers, and possibly to coal tar exposure,
while other occupational agents do not appear to play an important role.
Second, there was no consistent evidence of an association between indicators of inhalatory or
dermal exposure to bitumen and lung cancer risk.
In other words the slight increase in lung cancer was determined to be from the high
consumption of tobacco by workers and possibly previous exposure to tar fumes. It was not
related to exposure to bitumen fumes. This is a very significant finding particularly as modern
38

plants produce significantly less fumes than the older equipment that workers may have
previously been exposed to through the early part of their careers. Despite there being no link
between bitumen paving and cancer what is the industry doing to support safety for all
workers? Asphalt plants and paving equipment are designed to minimize emissions of fumes.
Asphalt plants in particular are clean, modern items of equipment with little or no visible
fumes. Any fumes created during the manufacturing process are captured and removed.
Workers are also kept away from areas above loading bays where some small amount of
fumes may be released. Those involved in the placement of bituminous surfaces operate in
open areas, with ample ventilation. The industry is also heavily promoting warm mix asphalt.
This is asphalt made at lower temperatures.
At present question about carcinogenetic possibility of bitumen is still open. In literature we
can find a lot of discussions about this topic. We can note that under work conditions in road
construction industry just small quantity of PAH present.
5.1.2 Overview of the mechanisms of carcinogenesis of PAHs
Cancer is believed to be a multi-stage process including an initiating event and a series of
events where the growth of the initiated cell is promoted and the cell eventually progresses to
be a rapidly growing malignant cell. While the initiation of cancer often results from a
genotoxic event, promotion and progression may include a variety of epigenetic events [26].
The toxicokinetics of PAHs have been reviewed by the Agency for Toxic Substances and
Disease Registry and the International Programme on Chemical Safety, the Joint FAO/WHO
Expert Committee on Food Additives and Xue & Warshawsky have also reviewed the
metabolism and bioactivation of PAHs. Most of the available data on toxicokinetic
parameters for PAHs are derived from studies of benzo(a)pyrene in animals [10]54.
Because of their lipophilicity, PAHs dissolve into and are transported by diffusion across
lipid/ lipoprotein membranes of mammalian cells, thus facilitating their absorption by the
respiratory tract, gastrointestinal tract and skin. PAHs with two or three rings can be absorbed
more rapidly and extensively than those with five or six rings. Once absorbed, PAHs are
widely distributed throughout the body, with some preferential distribution to or retention in
fatty tissues. They are rapidly metabolized to more soluble metabolites (epoxides, phenols,
dihydrodiols, phenol dihydrodiols, dihydrodiol epoxides, quinones and tetrols), and
conjugates of these metabolites are formed with sulfate, glutathione (GSH) or glucuronic acid.
The covalent binding of reactive PAH metabolites to form DNA adducts may represent a key
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molecular event in the development of mutations and the initiation of cancer. From the
structures of the DNA adducts that are formed, the precursor metabolites may be inferred.
PAHs are eliminated from the body principally as conjugated metabolites in the faces, via
biliary excretion, and in the urine. Most PAHs with potential biological activity range in size
from two to six fused aromatic rings. Because of this vast range in relative molecular mass,
several of the physicochemical properties that are critical due to their biological activity vary
greatly. Five properties in particular have a decisive influence on the bioavailability of PAHs:
vapor pressure; adsorption onto surfaces of solid carrier particles; absorption into liquid
carriers; lipid/aqueous partition coefficient in tissues; and limits of solubility in the lipid and
aqueous phases of tissues. These properties are intrinsically linked to the metabolic activation
of the most toxic PAHs, and an understanding of the nature of this interaction may facilitate
the interpretation of studies on their deposition and disposition that are occasionally
conflicting [10]55.
5.1.3 Assessment of occupational exposure of PAHs
Assessment of occupational exposure to PAHs frequently appearing in industrial fields is very
difficult because there are no limit values available for all individual PAH concentrations in
workplace air, also in biological material, like blood, urine etc.
Of industries associated with PAHs, it is only in Polish regulations that a Maximum
Admissible Concentration (MAC) has been established for a mixture of nine gas-phase and
particle PAHs: benzo(a)pyrene, benzo(a)anthracene, anthracene, dibenzo(a,h)antracene,
benzo(b)fluoranthene, benzo(k)fluoranthene, inden(1,2,3-c,d)pyrene, chrysene, benzo(g, h,
i)perylene. Polish MAC value of 2 μg/m3 refers to the sum of the concentration of particular
PAHs multiplied by their relative carcinogenic factors (Table 5) proposed by Niebst and
LaGoy [27]56.
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Table 5. Toxicological properties of the determinated PAHs and their carcinogenic
factors [27].
This study has concluded that benzo(a)pyrene concentration can be used to simplify the
quantification of personal exposure to a mixture of PAHs, but there may be some industrial
processes with high proportion of the gaseous phase PAHs in which this concept could be less
appropriate. The results of this study indicated that measurement of benzo(a)pyrene only for
assessment of worker exposure to PAHs is not a good indicator of occupational exposure to
carcinogenic agents in bitumen product production.
5.2

Non-carcinogenic adverse health effects

5.2.1 Dermal exposure
Bitumen condensate is a product of condensation of bitumen fume and vapor. It can be
expected to precipitate both on equipment handled by road construction workers and the
skin/clothes of these workers. There are few published data available on occupational dermal
exposure and uptake of neat bitumen. However, some laboratory work on dermal transfer of
dimethyl sulhoxide (DMSO) extracts from a range of oil products and radiolabelled
benzo(a)pyren mixed with oil products was carried out on a range of products including
bitumen. A related study looked at dermal transfer of radiolabelled benzo(a)pyren using two
different carrier liquids. The studies conclude that dermal uptake of PAH from bitumen, or
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preparations containing bitumen, are extremely low and influenced mainly by product
viscosity and the type of diluent (solvent) employed in the preparation [8]57.
A US study reported low PAH content in dermal wipe samples of hot mix asphalt plant
workers and members of road paving crews. Skin wipe samples were analyzed for 17 PAH,
though only 6 PAH were detectable in all of the analyses. Only one sample out of 25 collected
at the asphalt plant had detectable PAH (3 out of possible 17 PAH). The number of dermal
wipe samples with detectable PAH in road paving was not reported. However, a close
examination of the reported data revealed that it is not likely that more than 5 or 6 out of 30
dermal wipe samples contained any detectable PAH [28].
The Chevron Research and Technology Company (USA) has conducted a laboratory study of
chemical composition of bitumen fumes. Benzo(a)pyrene levels in asphalt fume condensate
ranged from 0.04 to 2.8 ppm. Bitumen fume condensate generated in paving asphalt mixes
had a total 3- to 7-ring PAH content ranging from 4 to 16 ppm.
According to the Centre for Research and Contract Standardization in Civil and Traffic
Engineering (CROW, the Netherlands), ‘there is a lack of information regarding skin
exposure’ to bitumen condensate. The same document speculates that ‘fumes condensed onto
tools or machine surfaces may be transferred to hands and clothes.’ There are very few studies
examining causes of skin exposure in road construction. The effect of protective clothing on
dermal PAH exposure during handling of asphalt was difficult to evaluate in one study due to
low overall levels of exposure detected by skin wipes. Not all workers were reported to wash
hands prior to lunch breaks after handling asphalt. There appears to be no correlation between
airborne asphalt fume and dermal deposition of asphalt condensate [28].
5.2.2 Other non-carcinogenic effects
Among workers exposed to bitumen fumes symptoms of nausea, stomach pain, decreased
appetite, headaches, and fatigue have been reported. However, data from the available studies
are insufficient to determine the relationship between bitumen fume exposure and these types
of symptoms. This is mainly due to restrictions in study design and confounding co-exposure.
Burstyn reported on a large historical cohort of European male road paving workers. In that
study a strong association was found between cumulative and average exposure to
benzo(a)pyrene and mortality from ischemic heart [9] 58 . The authors also discussed the
interference with possible sources of confounding and bias, but still their data suggest a
higher risk for ischemic heart disease resulting from exposure to bitumen fumes. So far, no
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human data are available which address bitumen fume exposure to neurological effects and
effects on reproduction and progeny. Concerning immunological effects, Karakaya found
changes in various immunological blood parameters in road paving workers. However, the
study is of limited value because: exposure to coal tar could not be excluded; only a small
number of workers participated in the study; and, no specific data were presented for controls
[9]59.

6

ASSESMENT OF BITUMEN EMISSIONS AND FUMES REGARDING ROAD
CONSTRUCTION INDUSTRY

Thesis is mainly focused on impact assessment of bitumen fumes and emissions on natural
environment and human health regarding road construction industry. For to analyze possible
sources of bitumen emissions and occupational exposure of them all road construction
workers are divided into three job classes: asphalt mixing, truck loading and transport to
paving site and road paving. The definition of job class is consistent with that adopted for the
IARC study of the asphalt industry. Those employees in the road construction industry whose
exposure to substances emitted in the course of actual road construction is either unlikely or
episodic were excluded from the discussion: office staff, laboratory technicians and
management. This classification can help in detail describe organization of processes,
stakeholders, sources of bitumen emissions in road construction industry.
6.1

Asphalt mixing

Asphalt mixing is a process whereby bitumen is combined with mineral aggregate to produce
asphalt. The variations in the HMA manufacturing process are primarily defined by the
following types of plants:


Batch mix plants (Figure 15);



Parallel flow and counter flow drum mix plants (Figure 16);



Mobile mix plants (Figure 17) [29]60.

In all asphalt plants, mineral aggregates are heated and dried before being mixed with
bitumen in a mixing unit. The resultant asphalt mix is either transferred directly to a transport
truck, which takes it to a paving site, or stored in silos prior to transport. In a convectional
batch plant, mineral aggregates are heated in a rotary drum dryer to a temperature between
135 °C and 180 °C. Heated and dried mineral aggregate is placed into a pug mill mixer, where
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it is coated with bitumen and mineral filler. Bitumen is pumped into a pug mill mixer in
discrete portions from bitumen storage tanks. Drum plants differ from batch plants in that the
heating and drying of the mineral aggregate as well as the addition of bitumen and filler take
place in the drum mixer continuously. A deviation from this rule is a so-called twin drum
plant in which two separate drums are used: one for drying and heating of mineral aggregates
and the other for mixing in bitumen and filler. The drum mixer is, in essence, a modified
rotary drum dryer (employed in batch plants). It is a revolving cylindrical drum with a hot gas
burner, which heats mineral aggregates delivered by hoppers and an injection system for
bitumen and filler. Most asphalt plants are stationary, but a small number of them are mobile.
Some countries, like Brazil, have many mobile plants.
In the counter flow drum mixing process, the aggregate is proportioned through a cold feed
system prior to introduction to the drying process. As opposed to the parallel flow drum
mixing, process though, the aggregate moves opposite to the flow of the exhaust gases. After
drying and heating take place, the aggregate is transferred to a part of the drum that is not
exposed to the exhaust gas and coated with asphalt cement. This process prevents stripping of
the asphalt by the hot exhaust gas. If reclaimed asphalt pavement (RAP) is used, it is usually
introduced into the coating chamber [29]61.
There is also a limited number of driving asphalt plants that can mix and lay asphalt in a
continuous process at the paving site.

Figure 15. Batch Asphalt Mixing Plant. SpeedyBatch, Turkey 2011 [30].
61

p. 13
44

Figure 16. Drum Asphalt Mixing Plant. India.

Figure 17. Mobile Asphalt Mixing Plant. EasyBatch, Cina [30].

6.1.1 Plant workers and bitumen fume exposure potential
Typically, a small crew controls the entire asphalt plant mixing process. The plant operator
(Figure 18) sits in a climate controlled operations center. Typically, the other personnel on
site are an aggregate loader operator and a maintenance person. These workers tend to be very
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mobile. Ground-level emissions are sporadic and of short duration, and are typically
associated with truck loading. Since the number of workers is small and the persons on site
are not in direct contact with a sustained fume environment, it is evident that the possibility
for workers to be exposed to bitumen fume at the plant site is limited [8]62.

Figure 18. Asphalt Plant Operator. Hybrid APRR Rotterdam - 2003 Systems [30].

6.1.2 Possible sources of bitumen fumes in Asphalt Mixing Plant
When preparing the mix asphalt, gaseous organic and inorganic substances are also emitted
besides dust materials due to the used fuels and other materials.
The emission behavior of the asphalt mixing plant is influenced by the fuels, the mineral input
materials, granulated reclaimed asphalt and bitumen used [31]63.
At the plant scale, these fumes come from different origins: the burner combustion used to
heat the aggregates and the bituminous mixture itself. It is not easy to allocate the contribution
from each origin to the total amount of airborne emissions [14]64. The emission sources and
the process flow in asphalt production are shown in Figure 19.
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Figure 19. Emission sources in asphalt mixing plants, red marked are sources of
bitumen fumes [31]65.
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Figure 20. Source of bitumen emissions, evaporation from mixed materials. Global 160,
Russia, Petersburg Systems, Asphalt Plant, Global 160, Russia, Petersburg [30].
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Figure 21. Source of bitumen emissions, evaporation from mixed materials. Asphalt
plant, Germany, Gardelegen, Universal NG, RA100 [30].
6.2

Truck loading and transport to paving site

After the aggregates have been dried and thoroughly mixed with the bitumen at the required
temperature, the asphalt pavement material may either be temporarily stored in silos on the
plant site or discharged directly into a truck for transport to the paving site. The asphalt mix is
transported from the plant site to the paving site in trucks. Transport distances vary, but are
normally on the order of up to 30-80 km [28]. The distance of transport is limited, as asphalt
must be delivered to the paving site while it is still warm enough to be placed and compacted
on the road.
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Boogaard reported the exposure of process operators at a refinery producing bitumen
monitored in three separate surveys. The arithmetic mean urinary concentrations of 1-OHP of
the operators were relatively low and varied between 0.12 and 0.17 μmol/mol creatinine. A
recent study from France focusing on workers transporting bitumen showed (model based on
task-based measurements of exposure during loadings) average concentrations in fumes as
follows: total PAHs, 3.51 ng/m3; benzo(a)pyrene, 2.3 ng/m3; and pyrene, 5.7 ng/m3 [10]66.
6.3 Paving
This broad job class encompasses work involved in different types of road paving, surface
dressing. In this section, we present a general description of these activities and most common
terminology used to describe them.
6.3.1 Asphalt placement and roller compaction
In the beginning of the 20th century, hot asphalt mixtures were spread manually by hand and
shovel. Later, asphalt paving machines (mechanical spreaders) were introduced. Beginning in
the late 1930s, these paving machines were provided with floating screeds for better leveling
and pre-compacted of the asphalt paving mixture The earliest ones were mechanical; they
were followed by hydraulic, and later electronic, leveling controls and vibratory screeds.
Today, paving machines incorporate the latest technology. Trucks discharge the hot asphalt
mix into a hopper on the paving machine. The material then is conveyed through the paving
machine where it is spread across the width of the machine by an auger at the rear of the
machine. As the auger distributes the material along the screed, the paver continues to move
forward, so that the screed keeps the paving mat level and smooth. The asphalt mix cools
throughout this process and must be quickly compacted by a roller to the required pavement
density and smoothness by one or more rollers following the paving machine. A paving crew
typically consists of one or two paver operators, one or two screed operators, and two or three
laborers with rakes and lutes. Each roller has its own operator [28].
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Figure 22. Evolution of typical job composition of a road paving crew.

Figure 23. Roller and roller driver. AV110X Articulated Tandem Roller AV110X [30].
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Roller drivers (Figure 23) who in modern European operations typically are seated in the
cabin, operate the roller compactor. However, older rollers that may still be used were
commonly not equipped with cabins.

Figure 24. Resurfacing operation.
Recycling\resurfacing operations often are combined with road paving (Figure 24). The old
layer of asphalt is stripped and mixed with new asphalt, either at the asphalt plant or at the
paving site, and reapplied to the road surface. Heating the old asphalt with propane burners
can facilitate resurfacing (hot repaving). Cold repaving can also be performed. Repaving
performed at the road construction site in conjunction with paving of a new road surface is
known as in situ repaving.
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Figure 25. Paving placement workers [30].

Figure 26. Paver and paver driver [30].
During surface dressing (Figure 25), spray bar operators (sprinklers or fantail operators)
control discharge of the surface dressing material onto the existing road surface. The spray bar
operator stands at the back of the truck containing the application mixture and regulates the
density and width of spray via a control panel. If necessary, spraying is done manually via
hoses. Chipping is spread on top of the sprayed material from a separate truck, which follows
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the truck from which binder is sprayed. A chipping sprayer controls this process. The
chipping truck is followed by raker men, who further flatten the chipping with rakes. Rollers
finish the process by pressing the chipping into the layer of binder [32].
6.3.2 Placement and compaction workers and potential for bitumen fume exposure
In comparison to plant workers, placement and compaction workers have higher potential for
exposure to bitumen fume. These include the paver operators (pavers), screed operator (screed
men), the laborers/rakers, and the roller operator (rollers). Substantial industrial hygiene data
has been collected in relation to these tasks. The data presented below substantiate that
exposure levels in all tasks are today typically below recommended exposure limits
established by the National Institute for Occupational Safety and Health in the U.S. (NIOSH)
and the American Conference of Governmental Industrial Hygienists (ACGIH). Following is
a description of the tasks as referenced in exposure assessment data [11].
Tasks performed by road paving workers also appear to be related to exposure levels. The
operator of the paving machine is usually more highly exposed to PAH and inhalable dust
than other personnel. High exposures among foremen where also observed. Screed men were
the most highly exposed (for all agents monitored) members of road paving crews according
to recent investigation of US industry. Exposures among roller drivers were reported to be 4
times lower than for other members of a road paving crew. In surface dressing operations, it
was reported that fantail operators where more highly exposed then raker men. There are also
some indications that the distance between the raker man and the paver is an important factor
in determining the exposure levels of these individuals: an increase in that distance appeared
to reduce personal inhalable dust exposure by a half. The actual difference in the distance was
not mentioned [28]67.
6.4

Emission reduction of bitumen fumes, regarding road construction industry

Even though exposure to bitumen emissions is not considered to present a significant risk to
worker health it is always good practice to minimize exposure to emissions from hot bitumen.
There are a number of strategies that can be used to successfully reduce worker exposure to
emissions from hot bitumen. As discussed above, the amount and to a certain extent the
composition, of emissions to which workers are exposed during hot bitumen work is highly
dependent on temperature.
Advice on maximum safe working temperatures should be available from bitumen suppliers.
As a general rule the maximum temperature should be kept as low as possible for each grade.
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In most situations the temperature should remain below 200 °C and never exceed either
230 °C or 30 °C below the flash point, whichever is the lower value [13]68.
In Europe the bitumen industry is promoting the adoption of good temperature control by
users. Industry and individual company initiatives are in progress including improved safety
data sheet advice and the generation of industry wide advice on exposure reduction.
Reducing the application temperature of bitumen is also an effective way to reduce emissions.
Lower temperature binders can be achieved in a variety of ways. The industry in Germany,
and also individual companies have been active in research in this area in recent years. The
Asphalt Institute and Eurobitume have observed: “During handling of bitumen, or bitumencontaining materials at elevated temperatures, small quantities of hydrocarbon emission are
given off. In a laboratory study, in the temperature range relevant for paving applications...the
Benzene Soluble Fraction emission rate increases by a factor of 2 about every 11-12.5 °C (2022 F) temperature increase” [8]69.
It has been reported that the use of some paving machines can reduce exposure levels by up to
60%. Features of this ‘environmental paver’, presumably responsible for reduction in
exposure levels, included cabins with doors and windows that can be locked, as well as partial
enclosure and ventilation of the screed. The importance of closing doors and windows of
cabins installed on paving machines was emphasized, since leaving them open resulted in
entrapment of asphalt fumes inside the cabins. The authors of the report also recommend use
of special carrying baskets (not described) which would isolate foremen from the source of
exposure. NIOSH has published guidelines for design of ventilation exhaust system for screed
of the paving machines and subsequently evaluated performance of this control measures
under laboratory and field conditions, resulting in its further refinement.
Possible emission reduction of bitumen fumes regarding Asphalt Mixing Plant:


lowering of the processing temperature of bitumen, mineral materials and granulated
reclaimed asphalt;



collection and introduction of the displaced air containing vapors from bitumen from
the mixer into the fabric filter, the main dust collector facility, front-end of the drum
or suitable burners;



slow heating and not a very high granulated reclaimed asphalt temperature of < 130 °C
when using reclaimed asphalt;
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automatically closing doors on the charging ports of the storage bin;



immediate covering of the mixed materials after loading onto truck;

gas exchange method at bitumen storage tanks [31]70.

6.5 Environmental and economic analysis
In reference of analysis done we can see the evidence that temperature is a significant factor
of emissions from heated bitumen, regarding road construction industry. How that rule applies
in situ? As we reported above the traditional process for mixing, hauling, placing, and
compacting asphalt mixtures uses Hot Mix Asphalt (HMA). HMA is manufactured in a
central mixing facility (typically called a hot mix plant) and consists of high quality aggregate
and asphalt cement. The two are heated and mixed while hot to completely coat the aggregate
with asphalt cement. The aggregates and asphalt cement are heated above 300 °C during
mixing and kept hot during transport by truck, placement (where it is spread on the roadway
by an asphalt paving machine), and compaction (where it is compacted by a series of asphalt
roller machines) of the asphalt mixture. The mixture cools after compaction to form the
asphalt pavement. Warm Mix Asphalt (WMA) is a technology that allows significant
lowering of the production and paving temperature of conventional HMA. By reducing the
viscosity of bitumen and/or increasing the workability of mixture, some WMA technologies
can reduce the temperature to 100 °C and even lower without compromising the performance
of asphalt. This promises various benefits over HMA, e.g. lowering the greenhouse gas
emissions, lowering energy consumption, improved working conditions, better workability
and compaction, etc. This thesis provides detailed review of these benefits and the possible
specializations for implementation of WMA.
The use of Warm Mix Asphalt has received considerable attention in recent years to reduce
energy consumption and air emissions. Despite these promising benefits, the promotion of WMA
based on a single factor such as reduced energy consumption or reduced emissions does not
provide a complete evaluation of this technology and may omit critical environmental factors that
should be considered in the decision-making process. The objective of this section was to
compared of WMA technology a HMA and analyse economic and environmental aspects both
them.
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6.5.1

Comparison of WMA and HMA
WMA and HMA can, and have been, compared to evaluate similarities and differences in
three main areas: materials and production costs (economic analysis); emissions
(environmental analysis); field performance.
A report published by Ball as a part of New Zealand Transport Agency Research compiled
the environmental and financial benefits and disadvantages of different WMA manufacture
methodologies. According to the findings from the report, pre-existing publications have
indicated that 44% of the total energy needed for constructing an HMA

pavement is

consumed by fuel and electricity expended in heating the aggregate and bitumen
(approximately 277MJ/ton of mix) [33]. This study concludes that currently, the balance of
savings and costs of manufacturing WMA using available technologies results in warm mixes
being more expensive than the equivalent standard hot mixes. Warm mix asphalt has an initial
cost higher than traditional hot mix asphalt. As an average, warm mix asphalt could cost
between $3 and $5 more per ton than hot mix asphalt, because the additives that need to be
added [34]. However, warm mix asphalt uses less fuel than hot mix asphalt and could be
placed faster than HMA.
Regards environmental aspects, field demonstrations of WMA have shown noticeable
reduction in dust, odor and blue smoke, compared HMA. Expected reductions in specific
emissions are:
•Carbon dioxide (CO2): 15 – 40 %; Sulfur dioxide (SO2): 18 - 35 % ; Volatile Organic
Compound (VOC): 19 - 50 % ; Carbon Monoxide (CO): 10 – 30 % ; Nitrogen Oxides (NOX):
18– 70 % ; Dust: 25 - 55 %
•The reduction of the production temperature in the WMA process do lead to significant
reductions of stack emissions;
• The reduced fuel and energy usage gives a reduction of the production of greenhouse gases
and reduces the CO2 / Carbon footprint;
• The lower mixing and paving temperatures help to minimise fumes, emissions, and odours
and a subsequent reduction of workers’ potential for exposure to fugitive emissions from the
plant [34].
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With reduced air pollution, working conditions for the plant/paving crew are improved and
the industry can garner support from the ecologically-conscious citizens of today. To show an
evidence of benefits and disadvantages of both technologies the Table 6 was developed.
Based on this analysis, it was determined that WMA provides a reduction on the air pollution
impact of HMA and a reduction on the fossil fuel consumption. Overall, the use of WMA is
estimated to provide a reduction of environment impacts on the hot mix asphalt. While WMA
is expected to improve the hot mix asphalt production category, it will not have a direct
impact on the other three main processes taking place during production of hot mix asphalt:
aggregate production, asphalt binder refinery, and transportation and construction processes.
In order to achieve further improvement of the sustainability of HMA production and
construction activities, it will be necessary to consider additional technologies such as lowemission and fuel-efficient construction equipments and use of reclaimed asphalt pavement.
Even though the potential benefits of WMA are numerous, they are accompanied by questions
on material performance. The balance of savings and costs of manufacturing WMA using
available technologies results in warm mixes being more expensive than the equivalent
standard hot mixes. The study emphasized the need for further research to lower the
production costs of WMA.
It is only about 3 to 8 years (depending on method) since the earliest WMA field tests were
started and therefore its long-term performance is still unproven.
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HMA
Production T: 200 - 230°C
Compaction T: 130 – 180°C

Type of
technology

Production
Benefits:
-Ability to be completely
recycled material.
-Low cost.

Compaction
Disadvantages:

Benefits:

Disadvantages:

Benefits:

-High level
of air emissions,
odors and
noises.

After placement,
traffic can use th
e pavement
almost
immediately.

High temperature
of compaction
site has influence
on work
environment.

Asphalt pavements
offer high skid
resistance values.

Minimise fumes,
emissions, and
odours and a
subsequent
reduction of
workers’
potential for
exposure.

Incomplete drying The improvement
of
of asphalt laying
the aggregates
conditions.
and the resulting
trapped water in
the coated
aggregates may
cause moisture
damage.

Disadvantages:

Not found.

-Use more fuel.

Cost increases
may arise from:
- of the plant
Cost reductions:
modification.
- less fuel is needed to dry
- of the additives
and heat the aggregate.
(if additives are
- less wear of the asphalt
used).
plant.
-technology
licensing costs.
Reduction of air emissions.

WMA
Production T: 135 - 180°C
Compaction T: 60 – 100°C

Field performance

It is only about 3 to 8
years (depending on
method) since the
earliest WMA field
tests were started and
therefore its long-term
performance is still
unproven.

The prolongation
of asphalt mixing
cycle due to
addition of
additives.

Table 6. Comparison WMA and HMA.
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7
7.1

BITUMEN FUME SAMPLING AND ANALYTICAL METHODS
Factors affecting exposure assessment

Various methods are used to monitor bitumen-derived vapors, aerosols and fumes. There is a
difference between bitumen fume and bitumen vapor. When bitumen is heated a vapor and an
aerosol phase are emitted; together, these two phases are collectively known as "fumes from
bitumen." The vapor phase is sometimes called semi-volatiles and the aerosol phase is called
bitumen fume. It can also be referred to as blue smoke. The bitumen fume has a higher boiling
point distribution than the semi-volatile fraction [8]71.
The more conventional methods are Total Particulate Matter (TPM) or solvent soluble/organic
particulate matter (e.g., Benzene-Soluble Matter (BSM)). Recently more often the amount of
total organic matter (TOM) in both aerosol and vapor is determined. No methods exist that
specifically characterise the vapors and aerosols released from hot bitumens. Internal exposure to
polycyclic hydrocarbons from bitumens is frequently monitored by determination of urinary 1hydroxypyrene. However, this biomarker is not specific for bitumen exposure and may easily be
confounded by other sources of polycyclic aromatic hydrocarbons in the working place [9]72.
Occupational exposure to bitumen fume is measured using a personal monitoring sampler. The
type of sampler used and the method by which it is analyzed can lead to substantial differences
between measured values. When comparing results of personal exposure monitoring surveys it is
important to take into account the method used and the metric being evaluated.
Table 7 gives an overview of some important factors influencing the outcome of exposure
monitoring.
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Table 7. Important factors influencing the outcome of exposure monitoring [12]73.
Exposure sampling and analytic methods for bitumen fume generally fall into three main
categories that measure the following in the next characters [12]74:
7.1.1 Particulate matter
Total Particulate Matter (TPM): this includes aerosol matter from the bitumen and inorganic
material such as dust, rock fines, filler, etc. Because TPM methods collect material from nonbitumen sources the resulting values can suggest artificially high exposure values, especially in
dusty environments.
7.1.2 Solvent soluble fraction of particulate matter
Benzene Soluble Matter/Fraction (BSM/BSF) or Cyclohexane Soluble Matter/Fraction (CSM/
CSF): these methods rely on collection of the particulate fraction as described above. However,
in order to reduce the confounding exposure to inorganic particulate matter a solvent is used to
extract only the organic fraction of the particulates. Such methods more accurately define the
exposure to the agent of interest (bitumen fume). A sub-set of such methods uses a special
monitoring cassette to collect only a specific fraction of the particulate matter, e.g. the respirable,
thoracic fractions or inhalable fraction.
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7.1.3 Organic matter
Total Organic Matter/Total Hydrocarbon (TOM/THC): the sum of the organic part of the
particulate fraction plus organic vapour phase collected using a back-up absorbent. Total Organic
Carbon (TOC): organic part that is generated under laboratory conditions [14]75.
7.2

Analysis of PAHs

Due to the existence of numerous structural isomers of the PAHs, chromatographic separation
either by Gas Chromatography (GC) coupled with universal Flame Ionization Detection (FID),
Mass Spectrometry (MS) or High-Performance Liquid Chromatography (HPLC) coupled with
ultraviolet or Fluorescence Detection (FD) is generally employed for isomer-specific
identification and quantification. Different official methods for PAH analysis have been
proposed: National Institute for Occupational Safety and Health (NIOSH) Method 5506 for
PAHs by HPLCFD; NIOSH Method 5515 for PAHs by GC-FID; and Method 5800 for PAHs by
HPLC-FD with supplementary clean-up [10]76. However, these methods present a poor clean-up
scheme, limited theoretical plate separation power and weak selectivity of FID to achieve the
reliable determination of PAHs in such complex matrices. HPLC provides a useful fractionation
technique for isolating PAHs from complex sample mixtures and allows quantification with
selective detectors after further separation, for example, by GC-MS. Individual PAHs in bitumen
emissions may be analyzed using intensive clean-up procedures followed by GC-ion trap MS.
The development of standard reference materials with certified values for PAHs in complex
environmental matrices allows evaluation of new analytical techniques. Intensive cleanup
procedures followed by GC-MS analytical methods were proposed to overcome the difficulties
of quantification of PAHs in bitumens. Sulfur-containing PAHs were also identified and
quantified by such methods [10]75.
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8
8.1

REGULATIONS AND GUIDELINES
Limits for occupational exposure

Limits for occupational exposure to bitumen emissions have been set in more than 50 countries
or regions (Table 8), although many countries do not have limits. The legal status of such limits
varies between binding regulatory limits and voluntary guidelines. They are based on different
analytical metrics and measurement methods. More than half of the regulated countries use a
limit of 5 mg/m3 for the 8-hour time-weighted average (TWA) concentration, typically as Total
Particulate Matter (TPM). Slightly fewer than half use a TWA limit concentration of 0.5 mg/m3,
measured typically as Benzene Soluble Fraction (BSF) of the inhalable fraction of bitumen fume.
Ten countries have set a limit for short-term exposure in addition to the TWA-based limit. Limits
for occupational exposure have also been set in many countries for some agents that may occur
in fume or vapours emitted from hot bitumens. Such agents include PAHs, naphthalene,
benzo(a)pyrene and aldehydes. No regulations or guidelines specifically concerning bitumens or
bitumen emissions in ambient air, drinking-water or food were available to the Working IARC
Group [10]77.

Table 8. National occupational exposure limits (OELs) for bitumen emissions [10]78.
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The recommendation of the committee on the health-based occupational exposure limit of
bitumen (vapor and aerosol) is based on scientific data, which are publicly available. Numerous
studies have been published on the monitoring techniques, exposure, and adverse health effects
of bitumen fumes. Also other international authorities and reviewers published evaluations and
reviews. It was beyond the scope of this document to evaluate the complete database. Therefore,
the committee restricted its search to the more recently published studies and mainly based this
document on the hazard review document by NIOSH [11]:
• National Institute for Occupational Safety and Health (NIOSH). Hazard Review: Health
effects of occupational exposure to asphalt. December 2000, Centers for Disease Control
and Prevention. In addition, the committee consulted other evaluations and reviews, such
as:
• Deutsche Forschungsgemeinschaft (DFG). Bitumen (vapour and aerosol). In
Occupational toxicants: Critical data evaluation for MAK values and classification of
carcinogens, Volume 17; H Greim, ed., Wiley-VCH Verlag GmbH, Weinheim, Germany,
2002;
• International Programme on Chemical Safety (WHO, IPCS). Concise international
chemical assessment document 59: Asphalt (bitumen). World Health Organization,
Geneva, Switzerland, 2004 [9]79.
Under normal working conditions worker exposures to bitumen emissions during bitumen
paving operations are well below current occupational exposure limits. Higher exposures can
occur however during some job tasks, particularly those involving higher temperature and indoor
working. Examples of personal exposure measurements are shown in Table 9 [13]80.

Table 9. Personal exposures to bitumen emissions during various tasks [13]78.
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At present, no international standard for the assessment of exposure to bitumen fume exists. As a
result, reported values of exposures over time, between studies within the same country, and
between the various countries vary significantly and must be considered carefully as to the
intended use [8] 81 . Occupational assessment of bitumen fume exposures is susceptible to
significant variability in magnitude and constituent from a variety of influencing factors. More
research is needed to develop a universally valid, reliable, and easy method of assessing
exposures to bitumen fume. Sampling and analytical protocols for assessment of exposure to
bitumen fume vary significantly from country to country.
8.2

Regulation and policies for reclaimed asphalt pavement

8.2.1 France
A threshold for PAHs in reclaimed asphalt material containing coal tar has been set at 50 mg/kg
[35].
8.2.2 Sweden
The Swedish Road Administration has developed guidelines on how to handle recycling of
asphalt containing tar [36]. The asphalt is chemically identified as “containing coal tar” when the
concentration of the 16 EPA-priority PAHs is > 70 mg/kg of solid matter.
8.2.3 Switzerland
Coal tar was used for paving in Switzerland until 1991. Regulations have limited the use of
materials containing coal tar [37]. Reclaimed asphalt material containing PAHs at concentrations
< 5000 mg/kg can be recycled into both hot (asphalt plant) or cold (in situ) applications, as well
as in unbound form, storable in landfill for inert waste. It is also possible to recycle asphalt crust
containing PAHs at concentrations of up to 20 000 mg/kg, but only for cold applications. At
concentrations above 20 000 mg/kg, the waste is directed to a landfill.
8.2.4 The Netherlands
If intended for recycling, reclaimed asphalt material containing coal tar should not contain 10
specified PAHs (anthracene, benzo(a)anthracene, benzo(a)fluoranthene, benzo(g,h,i)perylene,
benzo(k)fluoranthene, chrysene, fluoranthene, indeno(1,2,3-c,d)pyrene, naphthalene and
phenanthrene) in excess of a concentration of 75 mg/kg [38].
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8.2.5 USA
In the USA there are no regulations for reclaimed asphalt pavement (RAP) at the federal level,
and specifications vary by state. Currently, most state departments of transportation limit the
percentage of RAP allowed in the mix; maxima range between 10% (e.g. Iowa, Washington) and
30% (e.g. Florida, Pennsylvania), with 20% most commonly reported. In some states, the amount
of RAP used in the mix has decreased over time (e.g. Kansas, Ohio, and Washington),
Pennsylvania). Restrictions for RAP use include: no RAP in rubber asphalt (Florida); no
recycling of pavements containing coal tar (Minnesota); no poor quality or “dirty” RAP (Texas
and Virginia); and RAP to be used only from known sources (Washington). Six states (Kansas,
New York, Ohio, Pennsylvania, California, and Utah) specifically reported no current
restrictions on use of RAP [10]82.

9 SUMMARY
Bitumen is a complex mixture of organic compounds, primarily composed of high boiling point
and high molecular weight hydrocarbons, whose molecules are combinations of the familiar
petroleum structural building units. Its physical behavior can be explained by considering it a
colloidal system whose properties are influenced by the interactions of various empirically
defined generic compound classes.
Bitumen overall composition depends on the composition of the crude petroleum oil from which
it is obtained, as well as the techniques used to refine and process it. Atmospheric, vacuum, and
stem distillation removes the lower molecular weight hydrocarbons from the crude oil, leaving
the heavier compounds as an asphaltic residue. Solvent precipitation removes some saturated
compounds while leaving aromatic ring structures. Air-blowing transforms saturates into cyclics
and cyclics into asphaltenes. Through the various refining and processing techniques, a class of
compounds called, PAHs, generally are reduced in asphalts to lesser quantities than are present
in the petroleum crude.
Bitumens are used to form produce for many applications, including the use of hot-mix, warm
mix, reclaimed asphalt mixing in road construction and maintenance.
Bitumen does not present any health or environmental hazards at ambient temperatures and
results of existing studies on bitumen emissions arising from heating have so far showed that the
82
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risk of health effects in exposed workers is extremely low. Bitumen remains a focus for health
effects research however, primarily due to the presence of very small amounts of polycyclic
aromatic hydrocarbons in the product and uncertainty about the associated health risks from
exposure to emissions from hot bitumen. The bitumen industry is working closely with
regulatory and scientific bodies to resolve remaining questions. Further studies are in progress,
employing state of the art techniques, which should resolve finally the question whether
exposure to bitumen emissions presents a cancer risk. In addition to the health effects research
discussed, industry has been active in promoting strategies to reduce worker exposure to
emissions from hot bitumen work.
Workers in road construction industry include asphalt plant workers, ground construction
workers and road paving workers. These individuals can be exposed to a wide range of
potentially hazardous substances emitted from hot bitumen. Modern road paving workers are
typically exposed to 0.1 to 2 mg/m3 of bitumen fume which includes 10 to 200 ng/m3 of
benzo(a)pyrene. Information on determinants of other exposures in road construction is either
absent or limited.
International Agency for Research on Cancer (IARC) historical cohort study of asphalt industry
since 1993, evaluated bitumen emissions in 2011 in group as possible carcinogenic to humans
during road paving. Bitumen fume exposures at asphalt plants and outdoor hot mix paving and
surface dressing can be expected to be similar. This comparison can be confounded by presence
on organic matter of non-bitumen origin. Exposure to PAH can be anticipated to be elevated,
when coal tar is added to paving mixtures. There is also some evidence that the exposures have
been higher in the past. However, misclassification of exposure in such grouping can be expected
to be substantial and its magnitude and direction would be impossible to quantify. Assembling
industrial hygiene measurements from various studies into a single database and obtaining access
to unpublished data may help refine exposure assessment in road construction industry.
Very little information is available regarding environmental exposure to asphalt emissions.
Results from direct human exposure monitoring indicate that the physical character of asphalt
emissions released to the atmosphere during paving operations is composed of mineral
particulate matter and hydrocarbons, including higher molecular weight PAHs. Estimates of total
atmospheric PAH emissions suggest that the contributions from the paving industry are very
small. The PAHs that are released will primarily adsorb to airborne particulate matter. Some of
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these PAHs will be deposited in a few days, while some may remain in the atmosphere for
several weeks. No information is available concerning the deposition of airborne asphalt
emissions onto land.
Various methods are used to monitor bitumen-derived vapors, aerosols and fumes. The more
conventional methods are Total Particulate Matter (TPM) or solvent soluble/organic particulate
matter (e.g., Benzene-Soluble Matter (BSM)). Recently more often the amount of total organic
matter (TOM) in both aerosol and vapor is determined. Different official methods for PAH
analysis in bitumen fumes have been propose. Due to the existence of numerous structural
isomers of the PAHs, chromatographic separation either by Gas Chromatography (GC) coupled
with universal Flame Ionization Detection (FID), Mass Spectrometry (MS) or High-Performance
Liquid Chromatography (HPLC) coupled with ultraviolet or Fluorescence Detection (FD) is
generally employed for isomer-specific identification and quantification.
At present, no international standard for the assessment of exposure to bitumen fume exists. As a
result, reported values of exposures over time, between studies within the same country, and
between the various countries vary significantly and must be considered carefully as to the
intended use.
This study would be helpful to monitor health impacts of workers involved in road construction
industry.
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10 EXPERIMENTAL SECTION
10.1 Introduction
Bituminous mixture manufacturing generates emissions that are composed of mineral particles
and gas. It contains aliphatic, polycyclic aromatic hydrocarbons, heterocyclic compounds, and
some nitrogen-, oxygen-, and sulfur containing compounds. These persistent organic compounds
are very nonpolar and exhibit a high accumulation potential in living systems. The highly
lipophilic PAH chemicals constitute an extraordinarily large and diverse class of organic
molecules and represent components with a wide range of molecular sizes and structural types. It
has been estimated that crude bitumen contains the most widely distributed class of potent
carcinogens present in the human environment. Moreover, hundreds of different PAHs have
numerous isomers, and the number of isomers increases almost exponentially with molecular
weight, which makes chemical analysis of these compounds a significant challenge. Research on
bitumen fume exposure has been carried out for many years. A major health concern from
bitumen fume exposure is the potential exposure to carcinogens.
Chemical characterization of bitumen fumes is important to elucidate toxic mechanisms initiated
by bitumen fume exposure.
In the nowadays trend to reduce pollutant emissions as well as energy consumption, road
construction industry also follows the path of sustainable development. In this context, most of
the studies especially focused on polycyclic aromatic hydrocarbons due to the carcinogenic
properties of compounds such as benzo(a)pyrene and dibenzo(a,h)anthracene, have been
undertaken on fumes produced by heating bitumen at the laboratory scale by bituminous mix on
production/implantation site. The research activities of most of the studies, regarding emissions
from heated bitumen, highlighted the influence of temperature. An efficient laboratory tool to
study and forecast bituminous mixture fumes is required but unfortunately no bibliographic data
available regarding fume emissions during bituminous mixtures manufacturing process in
laboratory.
10.1.1 Objectives of the study
It is known that the organic part of fumes comes from the bitumen and contains organic aerosols
and volatile and semi volatile compounds. The organic part that generated under laboratory
conditions is called Total Organic Compounds (TOC). It designates all the compounds emitted
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by the bitumen which contain carbon and one of the following elements: hydrogen, halogen,
oxygen, sulphur, phosphor, silicon or nitrogen, expect carbonic oxides and inorganic carbonates
and inorganic bicarbonates.
The first objective of this study is focused on the evaluation of the polycyclic aromatic
hydrocarbons and aromatic heterocyclic compounds in the laboratory-generated bitumen fumes
as potential source-specific indicators of carcinogenic exposure. Temperature, different types of
RAP are two parameters that have been studied. In the frame of sustainable development context,
the study of the generated fumes has been focused on the Volatile Organic Compounds (VOC)
generated in dryer.
The second objective of this study was to evaluate the Relative Carcinogenic Factor (RCF),
proposed by Nisbet-LaGoy, for different types of RAP and for different temperature.
10.2 Fume generation and collecting system
A laboratory fume generation system was created to provide bitumen fumes for 300 °C and
500 °C. The system is shown in Figure 27.

Cooler

Ceramic tube

Vials

Oven

Pump aspiration system

Figure 27. Bitumen laboratory fume generation and sampling devices.
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For a given experiment the oven was heated up for two levels of temperatures 300 °C and 500 °C.
The referred temperatures are temperatures during asphalt drying processing. The oven was
hermetically closed during testing. The bitumen fumes across ceramic tube, it releases fumes
which are capturing by incoming air and carried to adsorbent tubes for collection. Fumes were
collected on XAD-2, a hydrophobic adsorbent material. All extracts were analyzed by GC/MSSelected Ion-Monitoring mode (SIM) for volatile and semi-volatile organic compounds (VOC
and SVOC). The mass spectrometer is a highly sensitive analyzer applicable for the detection of
trace level analytes in a complex mixture. Combining gas chromatography with MS offers the
possibility of taking advantage of both chromatography as a highly resolving separation
technique and MS as a powerful and sensitive detection and identification technique. Selected
ion monitoring allows the mass spectrometer to detect specific compounds with high sensitivity.
In SIM mode, only a few interesting masses are monitored with the attendant increase in
sensitivity.
10.3 Methods and materials
10.3.1 Description of experimental study
This type of study is quite new. Because IARC evaluated bitumen emissions as possible
carcinogenic to humans in 2011 and at present is not enough studies, research projects, sampling
methods and experiments done about this topic.
Analysis of bitumen fumes of asphalt mixtures containing RAP was conducted in the
Polytechnic University of Milan by Ammann S.p.a. Italy. Bitumen emissions were produced by a
laboratory fume generator. Characterization of the bitumen fume included the following:


determination of the consistency of the bitumen aerosol composition within the
generation system;



quantification of volatile compounds of the bitumen fume by electron impact ionization
of isotope dilution gas chromatography/mass spectrometry;



identification of individual priority polycyclic aromatic hydrocarbons (PAHs) in bitumen
fume by selected ion monitoring.

Bitumen exposure assessment is complicated by the following:


the complex and variable nature of bitumen;
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the lack of a single chemical substance representative of bitumen fume exposure;



the fact that no single sampling and analytical procedure is capable of covering all
components required for assessment.

Therefore, the successful characterization of bitumen fume exposure depends on the proper
development of analytical methodologies. In this study advanced mass spectrometric techniques,
including GC/MS.
The ten types of heterocyclic aromatic hydrocarbons and seventeen types of PAHs were
identified and analyzed in this study. The compounds monitored are listed in Table 10 and Table
11.
10.3.2 Materials
Materials used were Reclaimed Asphalt Pavements (RAPs): as Sample 1, Sample 2 and Sample
3. Reclaimed asphalt pavement (RAP) is the term given to removed and/or reprocessed pavement
materials containing asphalt and aggregates. These materials are generated when asphalt
pavements are removed for reconstruction, resurfacing, or to obtain access to buried utilities.
When properly crushed and screened, RAP consists of high-quality, well-graded aggregates
coated by asphalt cement. Recycling of asphalt pavements is a valuable approach for technical,
economical, and environmental reasons. The use of RAP also decreases the amount of waste
produced and helps to resolve the disposal problems of highway construction materials.
Aromatic hydrocarbon
Emissions (mg/kg)
Benzene
Toluol
Ethylbenzene
m+p-Xylene
o-Xylene
Styrene
Cumene
Propylbenzene
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
Total

Sample 1
17
23
19
10
5.9
14
4.1
2.1
1.3
3.6
100.83

T=500 C
Sample 2
10
13
13
4.5
2.8
9.5
3.3
1
0.67
1.8
59.68

Sample 3
28
21
4.5
7.4
4.4
4.5
0.79
1.5
1
2.6
75.17

Sample 1
0.66
0.44
0.11
0.26
0.081
0.056
0.01
0.055
0.018
0.068
1.75

T=300 C
Sample 2
0.34
0.17
0.052
0.094
0.029
0.042
0
0.02
0.006
0.25
0.78

Sample 3
0.83
0.62
0.14
0.37
0.109
0.075
0.014
0.085
0.026
0.106
2.38

Table 10. Emissions from Heterocyclic Aromatic Hydrocarbons. Valor in Bold means toxic
compounds, regarding LD 152/2006.
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Composition of PAHs in
samples, mg/kg
2-rings PAH
Naphthalene
1-me Naphthalene
2-me Naphthalene
3-rings PAH
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
4-rings PAH
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
5-rings PAH
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Dibenzo(a,h)anthracene
6-rings PAH
Indeo(1,2,3-cd)pyrene
Benzo(g, h, i)perylene
Total:

Table 11.

Sample 1

T=500 C
Sample 2

Sample 3

Sample 1

T=300 C
Sample 2

Sample 3

0.11
0.147
0.083

0.19
0.184
0.134

BDL
BDL
BDL

0.014
0.017
0.012

0.012
0.012
0.004

BDL
BDL
BDL

0.051
0.031
0.049
0.37
0.094

0.067
0.04
0.077
0.38
0.11

BDL
BDL
BDL
0.015
BDL

0.019
0.013
0.016
0.032
0.007

BDL
0.012
0.015
0.047
0.006

BDL
BDL
BDL
BDL
BDL

0.234
0.368
0.018
0.025

0.23
0.376
0.015
0.023

0.004
BDL
0.009
0.0003

0.025
0.063
0.006
0.014

0.032
0.042
0.003
0.006

BDL
BDL
BDL
BDL

0.075
0.006
0.084
BDL

0.062
0.006
0.073
BDL

0.0006
BDL
BDL
BDL

0.033
0.003
0.032
0.005

0.024
0.002
BDL
BDL

BDL
BDL
BDL
BDL

BDL
0.09
1.835

BDL
0.077
2.044

BDL
BDL
0.0289

0.007
0.069
0.387

BDL
0.023
0.24

BDL
BDL
0

Emissions of Aromatic Polycyclic Hydrocarbons of heated bitumen from

different types of RAP. Valors in Bold mean toxic compounds, regarding LD 152/2006.
*BDL - below detected limit
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10.4 RESULTS AND DISCUSSION
10.4.1 Heterocyclic aromatic compounds measurement
Ten individual heterocyclic aromatic compounds, which included benzene, toluol, ethylbenzene,
m+p - xylene, o - xylene, styrene, cumene, propylbenzene, 1, 2, 4-trimethylbenzene and 1, 3, 5trimethylbenzene, were monitored and identified at trace levels in the simulated bitumen samples.
Regarding all measured heterocyclic aromatic hydrocarbons most interest for our study was to
analyze emissions of benzene, because this substance has toxic and carcinogenic effect
(evaluated by IARC). Regarding Italian Legislative Decree 152/2006 it is a part of Class 3.

Figure 28. Total Aromatic Hydrocarbons and fraction of Benzene.

Figure 28 shows the fraction of benzene emissions regarding total heterocyclic aromatic
compounds. We can see that temperature of heating bitumen is a significant parameter for the
emissions. With decreasing temperature to 300 °C, benzene emissions were reduced: in Sample 1
- 96%; in Sample 2 - 97%; in Sample 3 - 97%.
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Figure 29. Percent of Benzene Emissions regarding Total Heterocyclic Aromatic Emissions.

When we look at percent of benzene fraction of the total emissions (Figure 29) we can note that
to 300 °C percent of benzene fraction is higher than for 500 °C. In case of Sample 1 and Sample
2 quantity of emissions increase by 28% and 18%. Regarding Sample 3 we can note that benzene
emissions decrease by 2%.
10.4.2 Polycyclic aromatic hydrocarbons measurement
One of the objectives of this study was to identify and quantify individual priority PAHs in the
laboratory-generated bitumen fume as potential source-specific indicators of carcinogenic
exposure. From literature sources we know that toxic and carcinogenic effect have 5 and 6-ring
PAHs. We have interest to analyze the samples of their PAHs composition based on different
number ring for two temperature regimes 300 °C and 500 °C, in particular the distribution of 5
and 6-ring PAHs.
Seventeen individual priority PAHs, which included naphthalene, 1-menaphthalene, 2-me
naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene,
pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(a)pyrene, indeno(123cd)pyrene, dibenzo(a,h)anthracene and benzo(g,h,i)perylene, were monitored and identified at
trace levels in the simulated bitumen samples. All the PAHs were divided depends of the ring
numbers.
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In the Sample 1 at the higher regime temperature of 500 °C, emissions are dominated by 3-ring
and 4–ring PAHs with phenanthrene and pyrene present in the highest concentrations. When the
temperature of the heating in Sample 1 was decreased by 300 °C there was a consistent
significant increase in the concentration of the 5-ring and 6-ring PAHs and decrease in the
concentration of 2, 3 and 4-rings PAHs (Figure 30).
Sample 1, T=500 C, PAH %
5-ringPAH; 9%

6-ringPAH; 5%

2-ringPAH; 19%

Sample 1, T=300 C, PAH %
6-ringPAH; 20%

2-ringPAH; 11%

3-ringPAH; 22%
4-ringPAH; 35%

5-ringPAH; 19%
3-ringPAH; 32%

4-ringPAH; 28%

Figure 30. PAH composition of Sample 1 for 500 °C and 300 °C.

This result shows that temperature regime was a significant predictor for each of the PAHs
emission concentrations. As compared to regime 500 °C and regime 300 °C there was a
significant increase in emission of 5–ring and 6-ring concentration for all PAHs that have toxic
and carcinogenic effect, regarding low temperature (Figure 31).
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40%
T=500 C, PAH %

35%

35%
32%

T=300 C, PAH %

30%

28%

25%
20%

22%
20%

19%

19%

15%
11%
9%

10%

5%

5%
0%
2-ring-PAH

3-ring-PAH

4-ring-PAH

5-ring-PAH

6-ring-PAH

Figure 31. Composition of PAHs depends on temperature in Sample 1.

In the Sample 2 at the higher regime temperature of 500 °C, emissions are dominated by 3-ring
and 4–ring PAHs with phenanthrene and pyrene present in the highest concentrations. When the
temperature of the heating in Sample 2 was decreased by 300 °C there was a consistent increase
in the concentration of the 5-ring and 6-ring PAHs and decrease in the concentration of 2, 3 and
4-rings PAHs.

Sample 2, T=500 C, PAH%
5-ringPAH; 7%

Sample 2, T=300 C, PAH%

6-ringPAH; 4%

6-ringPAH; 10%

2-ringPAH; 12%

2-ringPAH; 25%
5-ringPAH; 11%
3-ringPAH; 33%
4-ringPAH; 32%

3-ringPAH; 33%

4-ringPAH; 35%

Figure 32. PAH composition of Sample 2 for 500 °C and 300 °C.
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Figure 33 presents the perceptual difference of the numbers of rings PAHs, regarding two
temperature regimes: 500 °C and 300 °C. The comparison between emissions shows that at
300 °C concentration of 2-rings PAHs decreases, no difference for 3 ring-PAHs emissions and
increase of 4, 5 and 6-rings PAHs.
40%
35%

33%

33%

35%

T=500 C, PAH%

32%

T=300 C, PAH%

30%
25%

25%
20%

15%

12%

11%

10%

10%

7%
4%

5%
0%
2-ring-PAH

3-ring-PAH

4-ring-PAH

5-ring-PAH

6-ring-PAH

Figure 33. Composition of PAHs depends on temperature in Sample 2.

Experiment shows that at 300 °C quantity of hazardous 5 and 6-rings PAHs is increase. The
same result we have seen in the Sample 2 as well.
Experiment performed with Sample 3 shows that at 500 °C the sum of 3 and 4-ring-PAHs
dominate. Small fraction of 5-ring PAHs (2%) exists at the same temperature (Figure 34). By
300 °C no measured emissions in the Sample 3.
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Sample 3, T=500 C, PAH %
5-ring-PAH;
2%

4-ring-PAH;
46%

3-ring-PAH;
52%

Figure 34. PAH composition of Sample 3 for 500 °C.

In general, experiment shows that the sum of the PAHs, in the RAP materials, by the 4-ringsPAHs and 3-rings-PAHs are dominate. We observed that the percent of 5-to 6-ring PAHs were
consistently higher by 300 °C for Sample 1 and Sample 2. We can make conclusion that
composition of PAHs based on the numbers of rings in RAP varies and depends on the
temperature.
Next step was to analyze the fraction of carcinogenic emissions of total PAHs emissions,
regarding two regime of temperature and different types of RAPs. Carcinogenic PAHs present in
sample

are:

benzo(a)antracene

(4-ring-PAH);

benzo(b)fluoranthene

(5-ring-PAH)

benzo(k)fluoranthene (5-ring-PAH), benzo(a)pyrene (5-ring-PAH), dibenzo(a,h)anthracene – (5ring-PAH), indeno(1,2,3-cd)pyrene (6-ring-PAH).
Figure 35 clearly shows that the intensity of the PAHs emissions and carcinogenic PAHs fraction
depends upon the temperature. Temperature has strong influence on PAHs emissions. We can
note that total PAHs emissions decrease from 500 °C to 300 °C. In case of Sample 1 and Sample
2 quantity of emission reduce by 78 % and 88 %. By 300 °C no measured total PAHs emissions
in Sample 3.
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Figure 35. Fraction of Carcinogenic PAHs of Total Polycyclic Aromatic Hydrocarbons.

Observation of carcinogenic PAHs preset in samples (Figure 36) show that percent of
carcinogenic PAHs increase by 300 °C in Sample 1 on 12 % and Sample 2 on 4 %. By 300 °C
are no measurable emissions in Sample 3.

Figure 36. Percent of carcinogenic PAHs emissions, regarding total PAHs emissions.

From these results, it can be shown that PAHs emissions quantity depends on temperature. Low
temperature produces low emissions, but with higher fraction of carcinogenic PAHs.
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10.4.3 Measurement of benzo(a)pyrene and dibenzo(a,h)anthracene
Due to the high carcinogenic potency of benzo(a)pyrene (BaP) and dibenzo(a,h)anthracene are
often used as a leading compounds for the indicative determination of PAH exposure.
Regarding Italian Legislative Decree 152/2006 they are part of Class 1. It was interesting to
analyze the distribution of this hazardous substance in our samples.
50
45
40
35
30
Benzo(a)pyrene

20

Dibenzo(a,h)anthracene

%

25

15

?

10
5
0
1, T=500 C

1, T=300 C

2, T=500 C

Figure 37. Percent of benzo(a)pyrene and dibenzo(a,h)anthracene of total carcinogenic
PAH.
Regarding our experiment, benzo(a)pyrene was present in fraction of Sample 1 for 300 °C and
500 °C temperature, for temperature 500 °C in Sample 3.
Dibenzo(a,h)antracene was just present for temperature 300 °C in Sample 1. In our opinion it is
happen by incident. This opinion could be interpreted in the light of the chemical nature of
substance. Dibenzo(a,h)anthracene has high boiling point (524 °C) and higher mixing
temperature (500 °C, regarding our experiment) should leads to the vaporization. It means that
dibenzo(a,h)anthracene should be present for 500 °C in Sample 1 as well. But this substance
was measured only by 300 °C, this result seems to be not clear.
Regarding Sample 1 we can noted that benzo(a)pyrene emissions decrease with decreasing
temperature, by 9%. If we compare the emission in Sample 1 for two experimental thermal
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conditions: 573.15 K (300 °C), 773.15 K (500 °C), and make the prediction for temperature
373.15 K (100 °C) and 443.15 K (190 °C) (temperature of compaction and production), our
results signal that the benzene emission reduce in function of the decreasing bitumen temperature
(Figure 38).
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Figure 38. Prediction of Benzo(a)Pyrene emissions RAP for temperature 100 °C (373.15 K)
and 190 °C (443.15 K) in Sample 1.
Interest to take in consideration 100 °C and 190 °C was added because under this temperature
regime is a contact of workers with bitumen fumes during compaction and production. And with
our results we can noted that for 100 °C and 190 °C benzo(a)pyrene will still present in Sample 1
and could be exposed the cancer risk among asphalt workers.
10.4.4 Evaluation of relative carcinogenic factor
A common mechanism of toxicity is considered to operate for carcinogenic PAH compounds,
and an additive approach should therefore be considered when assessing the toxicity of PAH
mixtures for different samples. At present no guidance available on how to undertake such an
assessment, though a pragmatic approach could involve summing all the ratios of the
carcinogenic PAH compounds to their individual assessment criteria, as relative carcinogenic
factor (RCF), proposed by Nisbet and LaGoy.
RCF was adopted in our study, as a better reflection of the actual state of knowledge on the toxic
potency of each individual PAH compounds and toxicity of different samples. The carcinogenic
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potency of the total PAHs in sample was estimated as the multiplication of individual
carcinogenic factor on the value of an individual PAH and then the sum of them for every
sample.
Concentrations of individual compounds along with calculations of RCF, potential carcinogenic
potencies of total carcinogenic PAHs in different RAP are presented in Table 12.
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Relative
Composition of PAHs in
Carcinogenic
samples, mg/kg
Sample 1
Factor, RCF
Naphthalene
0.001
0.11
1-me Naphthalene
0.001
0.147
2-me Naphthalene
0.001
0.083
Acenaphthylene
0.001
0.051
Acenaphthene
0.001
0.031
Fluorene
0.001
0.049
Phenanthrene
0.001
0.37
Anthracene
0.01
0.094
Fluoranthene
0.001
0.234
Pyrene
0.001
0.368
Benzo(a)anthracene
0.1
0.018
Chrysene
0.01
0.025
Benzo(b)fluoranthene
0.1
0.075
Benzo(k)fluoranthene
0.1
0.006
Benzo(a)pyrene
1
0.084
Indeno(1, 2, 3-cd)pyrene
0.1
0
Dibenzo(a,h)anthracene
5
0
Benzo(g, h, i)perylene
0.01
0.09
Total:
1.835

T=500 C
RCF
RCF
Sample 2
Sample 3
Sample 1
Sample 2
0.00011
0.19
0.00019
0
0.000147
0.184
0.000184
0
0.000083
0.134
0.000134
0
0.000051
0.067
0.000067
0
0.000031
0.04
0.00004
0
0.000049
0.077
0.000077
0
0.00037
0.38
0.00038
0.015
0.00094
0.11
0.0011
0
0.000234
0.23
0.00023
0.004
0.000368
0.376
0.000376
0
0.0018
0.015
0.0015
0.009
0.00025
0.023
0.00023
0.0003
0.0075
0.062
0.0062
0.0006
0.0006
0.006
0.0006
0
0.084
0.073
0.073
0
0.00E+00
0
0.00E+00
0
0.00E+00
0
0.00E+00
0
0.0009
0.077
0.00077
0
0.097433 2.044
0.085078 0.0289

RCF
Sample 1
Sample 3
0.00E+00
0.014
0.00E+00
0.017
0.00E+00
0.012
0.00E+00
0.019
0.00E+00
0.013
0.00E+00
0.016
0.000015
0.032
0.00E+00
0.007
0.000004
0.025
0.00E+00
0.063
0.0009
0.006
0.000003
0.014
0.00006
0.033
0.00E+00 0.003
0.00E+00 0.032
0.00E+00
0.007
0.00E+00 0.005
0.00E+00
0.069
0.000982
0.387

T=300 C
RCF
RCF
Sample 2
Sample 3
Sample 1
Sample 2
0.000014 0.012
0.000012
0
0.000017 0.012
0.000012
0
0.000012 0.004
0.000004
0
0.000019
0
0.00E+00
0
0.000013 0.012
0.000012
0
0.000016 0.015
0.000015
0
0.000032 0.047
0.000047
0
0.00007
0.006
0.00006
0
0.000025 0.032
0.000032
0
0.000063 0.042
0.000042
0
0.0006
0.003
0.0003
0
0.00014
0.006
0.00006
0
0.0033
0.024
0.0024
0
0.0003
0.002
0.0002
0
0.032
0
0.00E+00
0
0.0007
0
0.00E+00
0
0.025
0
0.00E+00
0
0.00069
0.023
0.00023
0
0.063011
0.24
0.003426
0

RCF
Sample 3
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

Table 12. PAHs and RCFs in bitumen fumes from different RAP. Valors in Bold are mean toxic compounds, regarding LD
152/2006.
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Figure 39 shows correlation between RCF and temperature, more expressed this interaction in
Sample 2. In Sample 3 by 300 °C, RCF has value 0, because measured PAHs emissions was
below detected limit. In Sample 3 is no significant effect on RCF of reducing temperature below
300 °C.
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Figure 39. RCF depends of Temperature and type of RAPs.
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Figure 40. Prediction of RCF in Sample 1.
For Sample 1, we made the prediction of RCF, regarding temperature 373.15 K (100 °C) and
443.15 K (190 °C) (temperature of compaction and production), our results signal that RCF in
Sample 1 reduces in function of the decreasing bitumen temperature (Figure 40).
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10.5 CONCLUSIONS
In order to study of bitumen emissions, a special fume generation system has been developed to
identify the Polycyclic Aromatic Hydrocarbons (PAH) and heterocyclic aromatic compounds,
emitted from different types of RAP regarding 300 °C and 500 °C. The ten types of heterocyclic
aromatic hydrocarbons and seventeen types of PAHs were identified and analyzed in this
experiment.
This study shows that increasing temperature leads to an increase of PAHs and heterocyclic
aromatic compound emissions. Regarding the assessment of bitumen emissions as possible
indicator of carcinogenic exposure, bitumen fumes generated at high temperatures (for 500 °C in
our experiment) are more likely to generate polycyclic aromatic hydrocarbons, carcinogenic
PAHs, Heterocyclic Aromatic Hydrocarbons than fumes generated at lower temperatures (for
300 °C in our experiment). However, from our results we can note that low temperature produces
low emissions, but with higher percent of carcinogenic PAHs and benzene emissions of total
emissions. This result seems quite surprising for us.
The obtained results of Relative Carcinogenic Factor (RCF) show that decreasing of temperature
leads to a decrease of RCF.
Several studies have dealt with fumes from bitumen emissions, there was report that chemical
composition of bitumen fumes varies and depends on crude petroleum sources, type of asphalt,
temperature and mixing during the manufacturing process, unfortunately, we do not know the
composition of Reclaimed Asphalt Pavement (RAP) in this experiment, in that case we cannot
give more well interpretation of fumes emitted from bitumen. We can just highlight that the
temperature of heated bitumen is the key parameter in order to control the emission, and low
temperature reduce the possible carcinogenic effect of heated bitumen.
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11 GLOSSARY AND DEFINITIONS
The terms and expressions employed in this thesis are defined in this section.
Terms Definition
Asphalt: usually known as asphalt concrete. It is a mixture of bitumen and mineral materials.
Asphalt concrete: is often an upper pavement layer in a flexible pavement. It can comes
different production techniques such as hot mix asphalt, warm mix asphalt or cold mix asphalt.
Usually, it contains 95% of gravel and sand and 5% of bitumen (in mass).
Bitumen: it is the residuum obtained from the distillation of suitable crude oils. It is used as a
binder for aggregates in asphalt concrete.
Bitumen Fume: the gases and vapours emitted from heated bitumen, and the aerosols and mists
resulting from the condensation of vapours after volatilisation from heated bitumen.
Coal Tar: a dark brown to black, highly aromatic material manufactured during the hightemperature carbonization of bituminous coals which differs from bitumen substantially in
composition and physical characteristics. It has previously been used in the roofing and paving
industries as an alternative to bitumen.
Flash point: the temperature at which a combustible vapor forms above the surface of bitumen
in a specific test method.
Hot Mix Asphalt (HMA): a mixture of bitumen and mineral materials used as a paving material
that is typically produced at temperature in the range 140-180 °C.
Life Cycle Assessment (LCA): it is a technique to assess environmental impacts of a product,
“from cradle to grave”, i.e. from raw material extraction, through its production, transportation to
its use and end-of-life. Maintenance This term gathers all the methods and techniques used to
extend the life of a pavement by slowing down its deterioration rate.
Mineral aggregate: a combination of stone fractions and filler. They are used in all kinds of
concrete, mortar, road stone or in the railway construction.
Polycyclic Aromatic Hydrocarbons (PAH): This is a large group of chemicals that have a
structure containing at least two fused aromatic rings. PAH are toxic for people, they are
carcinogenic and mutagenic.
Reclaimed asphalt pavement (RAP): is a granular material coming from the milling or the
destruction of asphalt concrete roads and the surplus of asphalt mixing plants.
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Viscosity: resistance to flow of a substance when a shearing stress is imposed on the substance.
For bitumen products, test methods include vacuum-capillary, cone and plate, orifice-type and
rotational viscometers. Measurements of viscosity at varying temperatures are used by
technologist in all industry segments that utilize bitumen materials.
Volatile Organic Compounds (VOC): they refer to the organic chemical compounds which are
gases and can affect the environment and human health.
Warm Mix Asphalt (WMA): asphalt mixture produced at lower temperatures as compared to
those typically associated with rolled asphalt pavement. Warm-mix asphalts are produced and
placed at temperatures typically 10-40 °C lower that conventional rolled asphalt.
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