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Executive summary
To improve the environmental characterization of reclaimed asphalt (RA), there is a
need for laboratory test methods and test scenarios that can support practitioners in
assessing emissions due to release of particles, vapours/fumes and leachates,
respectively. This report focuses on methods intended for quantification of water- and
airborne emissions. In addition, characterization tests that can support the
environmental assessment of RA, such as ecotoxicological and bioavailability tests,
have also been included.
The number of candidate contaminants that can be analysed through environmental
testing is vast. Effective characterization of RA requires that potentially hazardous
compounds susceptible to leaching from RA are identified. To provide this
information a literature review and a screening analysis were performed. The
literature review focused on metals while the laboratory study (qualitative and semiquantitative screening analysis) aimed to identify organic compounds. The main aim
of this task was to provide a good basis on which the decision of target compounds,
to include in the following analysis, could be made. The main conclusion from this
preliminary screening analysis is that:


For the inorganic compounds it was decided to analyse leachates for the
following elements: barium (Ba), cadmium (Cd), cobalt (Co), chromium
(Cr), cupper (Cu), manganese (Mn), magnesium (Mg), nickel (Ni), lead
(Pb), antimony (Sb), vanadium (V) and zinc (Zn).



For the organic substances, polycyclic aromatic hydrocarbons (PAHs) and
benzothiazole (if the tested material contains rubber-asphalt) were
identified as the most important organic compounds to collect data for.
Alkanes, adipates and phthalates were rejected due to a combination of
low concentrations and low toxicity levels.

As PAH was identified as an important group of hazardous organic compounds
existing in emissions that arise at different life-cycle stages of RA, it was also decided
to quantify the total amount of PAHs in the studied solid RA materials in order to
relate the obtained emissions released to the amount in the solid material. At present
there are several methodologies available, using different pre-treatment and
analytical quantification methods, leading to variation in results obtained depending
on the selection of methodology. The key point is that the choice of sample
preparation can have a major impact on quantifying PAHs. The results of the here
tested RA samples, according to three different experimental methodologies,
confirmed that the choices of sample preparation can have a major effect on PAH
content and PAH compound distribution. The study also showed that different particle
fractions of a RA material can have major differences in their PAH-content.
Three different leaching methods (a percolation test, a batch test and a recirculated
column test), were selected for evaluation and applied on a reference material
(“Contaminated-RA”) to assess the repeatability of the various methods. Although
Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 3 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

based on a very limited number of samples the conclusion is that all the tests had a
sufficient repeatability for use on RA with a high level of contaminants. The results
from a “minor inter-laboratory study” (only two participating laboratories) on the
percolation test showed that the experimental design can have a high impact on the
leaching results of both HOCs and inorganic compounds. It was also found that the
development of a test for simultaneous assessment of both inorganic and organic
compounds is very difficult.
Furthermore, in comparison to the other test methods the batch test does not seem
suitable for assessing highly hydrophobic organic compounds. The batch test could
possibly be used as compliance test to the percolation method when studying PAHs
with low- and medium molecular weight (PAH-L and PAH-M), but will overestimate
the leaching of PAH with high molecular weight (PAH-H). For this purpose the
recirculated column test may be a better choice.
In order to assess and compare different RA-material’s ecotoxicity, the batch test
was also used to produce leachates for subsequent ecotoxicity testing; this also
included an assessment of the leachates chemical characteristics (mainly the
leachates’ content of PAHs and inorganic elements). The release of metals from the
tested RA materials to water occurred in relatively small quantities and levels of
pollution among leachates were generally low. Differences between the materials
leachates (except leachate from the highly contaminated reference material) were
small and total PAH concentrations in these leachates were nearly similar.
Ecotoxicity tests can, however, bring additional important information. It has been
demonstrated in this study that material leachates with the lowest concentrations of
metals and PAH may not represent the lowest risk for water ecosystem. The leachate
could contain some “unknown” toxic substances that were not analysed. Therefore
this study has demonstrated the value of ecotoxicity tests for evaluation of
hazardousness of the materials.
Another sub-task of this study was to identify and test a method for the assessment
of the bioavailable fraction of organic pollutants in an asphalt material, i.e. the
quantity of the substance that can be mobilised from the RA and become available
for bio-uptake or biodegradation. Thus, the use of cyclodextrin extraction as a
predictor for microbial degradation of PAHs was investigated on two RA samples.
However, none of the studied asphalt materials showed true bi-phasic behaviour with
high residual amounts of PAH. On the contrary, the results indicated that most of the
PAHs are rather easily desorbed with this extraction method and for several
compounds the whole fraction of the contaminant was available, i.e. the extracted
accumulated amounts with cyclodextrin were equal to the amounts received with
conventional exhausted extraction methods. However, it must be noted though, that
no correlation of these results with any biological test methods (uptake to
earthworms, microbial degradation etc) has been performed, and hence it is not
possible to conclude that the accessible fraction reported here would be equal to the
true bioavailable fraction.
Finally, the airborne emissions arising in mixing conditions at manufacturing
temperature has been assessed thanks to a new fume generation system in
laboratory. Different indicators (namely total organic compounds emitted (TOCe),
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semi volatile organic compounds (SVOC), benzene soluble matter (BSM) and PAH
concentration in fumes) have been used to quantify and rank emissions generated
from bituminous mix during mixing at manufacturing temperature. The influence of
parameters (RA origin, RA content and binder type) on fume emissions have been
assessed. Results show an effect of the binder nature on organic emissions. At a
same manufacturing temperature (145°C), the use of adding modified binder
increases emission level on all studied indicators. For some mixes this effect was
found to be lower than the effect of RA origin (and composition). For example, mixes
which are composed of the reference material (namely “contaminated-RA”) are
particularly emissive and generate a high amount of organic compounds compared to
the others mixed studied. This laboratory study shows a strong link between
bituminous material composition and their emissive potential reported on the three
organic parameters studied.
The various test methods described above provide significant insight into the options
available in assessing potential environmental impact arising from the use of RA in
pavement surface layers. However, for this information to be truly useful for road
engineers, it is important that context be provided to the process. This is achieved by
combining the results of the various tests with information describing the road
construction and the likely pathway that will be taken by contaminants. This will allow
engineers to conduct a detailed Risk Assessment of the impact associated with the
use of RA in pavement surface courses and to make informed decisions on the best
use of this material resource.

Anja Enell (task 1.3 leader)
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Roman Ličbinský
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High Performance Liquid Chromatography

ICP-AES

Inductively Coupled Plasma Atomic Emission Spectrometry

ICP-MS

Inductively Coupled Plasma Mass Spectrometry

ICP-OES

Inductively Coupled Plasma Optical Emission Spectrometry

ICP-SFMS

Inductively Coupled Plasma Sector Field Mass

column

test

for

Hydrophobic

organic

Spectrometry
ISO

International Organization for Standardization

LFA

Lateral Flow Assay

L/S

Liquid to Solid ratio

NTU

Nephelometric Turbidity Unit

PAH

Polycyclic Aromatic Hydrocarbons

PAH-16

naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene,
benzo(k)fluoranthene,
benzo(a)pyrene
dibenzo(ah)anthracene benzo(ghi)perylene and indeno(123cd)pyrene

PAH-L

Polycyclic Aromatic Hydrocarbons with low molecular
(naphthalene, acenaphthylene and acenaphthene).
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PAH-M

Polycyclic Aromatic Hydrocarbons with medium molecular weight
(fluorene, phenanthrene, anthracene, fluoranthene, pyrene).

PAH-H

Polycyclic Aromatic Hydrocarbons with high molecular weight
(benzo(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene dibenzo(ah)anthracene
benzo(ghi)perylene and indeno(123cd)pyrene).

PTFE

Polytetrafluoroethylene (Teflon)

RA

Reclaimed Asphalt pavement

RSD

Relative standard deviation

SMA

Stone Mastic Asphalt

SPE

Solid Phase Extraction

SVOC

Semi Volatile Organic Compounds

TC

Technical Committee

TDI

Tolerable Daily Intake

TOC

Total Organic Carbon

TOCe

Total Organic Compounds emitted

VOC

Volatile Organic Compounds

WP

Work package

WG

Workgroup
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1 Introduction
Large scale recycling of reclaimed asphalt (RA) has been commonly practiced in
Europe for some time now. Typically the RA is obtained by milling asphalt road
layers; by crushing plates torn from asphalt pavements or by reusing asphalt from
surplus production. Due to pressure on aggregate reserves, the partial replacement
of virgin materials for hot-mix asphalt with RA has been increasing internationally.
The potential for the use of RA is very clear, as by definition, they are composed of
the same materials that are traditionally used in road construction. However, older
construction practices have resulted in the use of materials that would be prohibited
from use today. An example for this is coal tar which has been identified as being
used in road construction across Europe for a considerable period of time.

1.1 Coal tar
Coal tar is a complex liquid mixture of hydrocarbon compounds that is derived, along
with coke, from the destructive distillation of coal in cooking ovens. The hazards of
coal tar are now well documented and relate to its constituent components. Coal tar
consists of a mixture of many organic compounds including benzene, toluene,
phenol, naphthalene, anthracene and more hydrophobic polycyclic aromatic
hydrocarbons (PAHs). It is the aromatics that pose the most danger to both humans
and wildlife. Chronic effects of some of the constituents in coal tar include changes in
the liver and harmful effects on the kidneys, heart, lungs and nervous system.
The PAHs that are found in coal tar at high levels (from 20 % to 50 %) are often
carcinogenic and possibly phototoxic. They consist of condensed aromatic rings and
constitute a group of several hundred compounds, differing in chemical/physical
properties and toxicity. There is not only a difference in toxicity between kinds of
PAHs, but also between exposed types of organism. One of the best known PAHs is
benzo(a)pyrene (BaP), which is an established human carcinogen. In coal tar pitch,
the BaP content is 1000 to 10 000 times higher than in bitumen (which typically is
below 2 mg/kg in bitumen).
1.1.1 Practice in Europe with respect to reuse of potential hazardous RA materials
The practice across Europe with respect to reuse of materials containing tar, or other
hazardous substances such as asbestos, in new road constructions, varies quite
widely and was covered in depth in the DIRECT_MAT project (http://directmat.fehrl.org). Under current practice the potential presence of coal tar in RA
regulates the re-use in many countries. Some countries (e.g. Ireland and the
Netherlands) consider coal tar as a hazardous material and do not allow its use in
road construction under any circumstances. Other countries have a more expansive
approach. Examples of the practice in France, the Czech Republic and Sweden are
given in Appendix 1 of this report.
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1.2 Prevalence of unknown hazardous substances in RA
The presence of potential hazardous substances in RA can besides the initial
composition (e.g. the existence of tar), also originate from automotive exhaust or
particles from wearing of tires. New formulas with additives such as polymer modified
bitumen and special elements such as fibres or rubber may also contain or form
hazardous compounds when introduced to the asphalt mix.

1.3 Emissions of hazardous substances
Emissions associated with the production and use of RA may differ from those
arising from the use of virgin resources. Additives that are specifically associated with
the use of RA in asphalt can lead to the release of “new” substances, which may be
of importance for the risk assessment. In addition, the RA handling can lead to new
types of emission (such as leaching from stockpiles of RA).
The emissions considered here can be divided into two categories due to their nature
(i.e. release via a gaseous or liquid phase):


Airborne emissions (released through fumes and vapours when RA is heated
in the production and paving process, or when warmed and downsized during
milling and crushing of RA.



Waterborne emissions (release through leaching of RA Emissions of
substances due to leaching are important to assess when RA is in use in a
road construction or stored in stockpiles.

1.4 Need for laboratory methods intended for environmental
characterization of RA
For recycled asphalt to be successfully reused in high value recycling applications,
such as the reuse of asphalt surfacing back into a new surface, which is the focus of
the Re-road project, it is necessary to ensure that the environmental characteristics
of the material are fully understood. Poor understanding will constrain the reuse of
RA as highway authorities will control environmental risks by limiting use.
To gain this understanding will involve conducting both risk assessment and life cycle
analysis (LCA) of the various stages of the recycling process. However, this implies
of course, that the environmental assessment is based on relevant and valid data. An
important task of this work is thus to search for and generate the best possible data
and confirm its relevance, i.e. to verify that the data is obtained by the use of valid
methods on representative samples of RA, which has been the scope of this
deliverable.

1.5 Aim and objectives of this deliverable
The overall aim with this deliverable was to provide guidance on the selection of
appropriate test methods for the environmental characterization of air- and waterborne emissions arising from the use of RA. Within this scope an important task was
also to generate relevant and valid data required for the risk assessment and LCA
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conducted within WP3 of Re-Road. Towards this end a number of specific objectives
were identified. These include:
1. Identification of potentially hazardous organic compounds susceptible to
leaching from RA
2. Evaluation of methods suitable for assessing the potential for leaching of
hazardous compounds from RA
3. Further characterization of this leaching behaviour through appropriate
ecotoxicity testing
4. Evaluation of a test method for assessment of the bioavailability of organic
constituents associated with RA
5. Evaluation of an appropriate test method for airborne emissions arising in
mixing conditions at manufacturing temperature.

1.6 Outline of this report
This report deals with evaluation of test methods for environmental characterization
of RA. Four partners of Re-Road (SGI, UCD, CDV and IFSTTAR) have taken part of
this study, which has been conducted within work package 1 of Re-Road.
The report has the following outline:
 The methodology of the research task is explained in Section 2.
 Section 3 presents the studied RA materials and an overview of the chosen
laboratory methods for evaluation is given. Details of the experimental set-up
and the specific design of each laboratory study and its aims are, however,
given under the related section of the specific sub-task.
 Information on the selection of target compounds to be studied in the
characterizations tests is provided under Section 5 “Identification of potential
hazardous compounds”. In addition, the results of a gas chromatography
mass spectrometry (GC-MS) screening analysis of three asphalt materials to
identify hazardous organic compounds susceptible to leach are being
presented.
 Under Section 4 we give examples of three methodologies that can be used to
quantify the concentration of PAHs in RA. Examples of the variation in results
obtained depending on the selection of methodology are given.
 Section 6 focuses on methods for assessment of leaching. Three different
leaching methods; a percolation test, a batch test and a recirculated column
test, were applied on a reference material to assess the methods repeatability.
Results and conclusions from a small inter-laboratory study (only two
laboratories taking part) are also given. In addition, a robustness test was
conducted on the batch test, where the effect of increased contact time, or the
size of the RA aggregates undergoing leaching, was studied.
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 A batch leaching test was also applied on a range of different RA materials to
produce leachates for further evaluation with four different ecotoxicological
test methods. The chemical characterization of these leachates (content of
metals and PAHs) and their ecotoxicological effects on the tested organisms
are being presented under Section 7.
 Under Section 8 we present the results and conclusions from a study of a so
called bioaccessibility method. The chosen method for evaluation (an
extraction method using cyclodextrin) has previously been identified as a
suitable method for the assessment of the bioaccessible fraction of organic
pollutants in contaminated soil. Here it was applied to two different RA
materials.


Section 9 describes the results and conclusions from a study on airborne
emissions. Different indicators have been used to quantified and ranked
emissions generated from bituminous mix during mixing at hot mix asphalt
(HMA) manufacturing temperature. The influence of parameters (RA origin,
RA content and binder type) on fume emissions have been assessed.

 Finally, the main conclusions of the various studies are summarised in Section
10. Guidance on the selection of appropriate test methods can be found in
Section 11.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 20 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

2 Methodology
In order to achieve the objectives related to evaluation of test methods, and on the
same time ensure the generation of relevant and sufficient data for the risk
assessment and the LCA, taking place within WP3 of Re-road, this research task had
to be co-ordinated with the other WPs of Re-Road.
The choice of test methods for evaluation was worked out in close co-operation with
WP3 and has already been described in the Re-road deliverable D3.2 Guide on
Testing Methods for Environmental Characterisation [1]. Moreover, the choices of RA
materials to include in the different tests were based on discussions with the WPleaders of all WPs of Re-Road.
The experimental program was organized as six separate sub-tasks (which each
addressed the objectives stated above):
1. Identification of potential hazardous substances and choice of target
substances.
2. Evaluation of three leaching methods
3. Further characterization of leachates with ecotoxicological test methods
4. Identification and evaluation of bioavailability test
5. Identification and evaluation of test method for airborne emission
6. Comparison of methods for quantification of polycyclic aromatic hydrocarbons
in solid RA samples.
An overview of the experimental program is presented in Figure 2-1 and the link
between the objectives and the experimental program of each subtask are further
described below.
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Figure 2-1 Overview of the methodology used; experimental program and its
subtasks.

2.1 Subtask 1: Identification of potential hazardous substances
and choice of target substances.
The presence of pollutants in RA can be hazardous substances present in its initial
composition (e.g. tar), but can also originate from automotive exhaust and particles
from wearing of tires. New formulas with additives such as polymer modified bitumen
and special elements such as fibres or rubber may also contain or form hazardous
compounds when introduced to the asphalt mix. All together this means that the
emissions arising from RA may contain an abundance of both well known and
unknown hazardous substances. To cover them all in an environmental
characterization would be too time-consuming and a very expensive process. In
practice this problem is solved by defining target substances (or groups of
substances) that can be analysed for in the different test procedures.
In order to identify potential hazardous compounds in different types of RA (and to
define appropriate target substances to analyse for in the other sub-tasks) a literature
search (focusing on inorganic substances) and a screening analysis of organic
substances were performed. It was decided to perform the screening on leachates
from different types of asphalt materials to cover a variety of different types of
Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 22 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

1.0

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

PP

substances (origin from traffic, modified bitumen etc.) and the choice of materials for
investigation was based on discussions with the other work-packages of Re-Road.

2.2 Subtask 2: Evaluation of Leaching methods
The main aim of this subtask was to perform an evaluation and a minor validation of
the three methods chosen for evaluation; a percolation test [2], a batch test [3]) and a
coloumn test with re-circulation (the ER-H test) [8]. The choices of leaching tests to
include in the study were preceded by a literature review (more details about this can
be found in the Re-Road deliverables 1.1 [4] and 3.2 [1].
The experimental program of the evaluation/validation included:
 Assessment of the methods’ repeatability (intralaboratory testing to determine
the precision of the methods).
 Compliance testing (comparison of test results obtained with the ER-H and the
batch-test with the result of the percolation test).
 Robustness testing of the batch test, where the effect of the duration time of
the test and the size of RA aggregate on the released amount of target
compounds was studied.
 Minor interlaboratory study (only two laboratories taking part) on the
percolation test to compare test results obtained by the two laboratories, UCD
and SGI, using different experimental designs of the test.
A well homogenised RA-material, containing high amounts of PAH, was chosen as
reference material (here denoted as Contaminated-RA) for these tests. This material
was chosen in order to be well above the detection limit of the analyses, but also in
order to provide data that could serve as a worst case scenario in the risk
assessment.
Another objective was to apply the percolation test on different types of RA to:
 investigate differences in leaching behaviour and to
 generate data to the risk assessment task of Re-Road.
This study was performed by the UCD-laboratory on the reference material and on
an RA sampled from a mixed source stockpile (here denoted as Irish-RA).

2.3 Subtask 3: Further
ecotoxicity tests

characterization

of

leachates

with

The content of hazardous substances can be determined by classical chemical
analytical methods (e.g. ICP-MS, AAS, GC-MS, HPLC and others) and their potential
to be leached out to a water environment can be assessed with different leaching
tests. However, these types of tests and analyses will only return data for a limited
number of compounds (the ones selected for the analysis). In addition, these
analyses reveal no information about the materials toxicity or synergistic effects that
may occur due to the prevalence of several different hazardous substances. Hence,
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it is very suitable to join chemical analytical methods with ecotoxicity tests that
provide this information; this data can then support the risk assessment work.
This subtask was designed to include characterization of possible effects of several
different RA materials on living organisms by using ecotoxicity tests on four different
species, representing all trophic levels in fresh water ecosystem.
In order to generate leachates for these tests the batch test, ISO/TS 21268-2:2009,
[7], was applied on 7 different RA materials (including the Reference material).

2.4 Substask 4: Evaluation of bioavailability test
According to the Re-Road deliverable D3.2 the risk assessment-study would benefit
from a test that could assess the bioavailable fraction of an organic substance in an
asphalt material, i.e. the quantity of the substance that can be mobilised from the RA
and become available for biouptake or biodegradation [1]. Such bioavailability (or
bioaccessibility) test could complement the results of leaching tests by providing
estimates on the available quantity of a specific substance that is susceptible to
leach. Therefore it was decided that WP1 should investigate the possibility of
including such a test in the environmental characterization test program.
The laboratory work was preceded with a literature review of existing mild extraction
methods used for assessment of bioaccessible fractions of PAHs in contaminated
soil. One of the available methods was chosen for evaluation (extraction with
cyclodextrin) and applied on two different types of RA-materials; the reference
material (representing an unbound material) and a new asphalt mix containing 50%
RA and a rejuvenator called Storbit).
Within this scope we did not aim to verify if the obtained accessible fraction is equal
to the true bioavailable fraction, since this would require a much more
comprehensive study of correlation with biological tests.

2.5 Substask 5: Evaluation of test for airborne emission
Fumes generated during the production or application of pavement asphalt is a wellknown work health related hazard (e.g. [5][6]), however, there is yet no international
standard available for the assessment of asphalt fumes. Within this subtask we have
evaluated a new test for airborne emissions (previously described in Re-Road
deliverable 1.1 [4]) by establishing a dose response function (% RA added vs.
emissions). The evaluation was made with three different RA-materials, using the
same mix formula, (SMA11S, previously studied in the ReRoad project), and for two
added fresh binders (modified by SBS polymer and pure binder).
The generated fumes were sampled for total organic compounds emitted (TOCe),
semi-volatile organic compounds, (SVOC), benzene soluble matter (BSM) and PAH.
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2.6 Subtask 6: Comparison of methods for quantification of PAH in
solid RA
Sixteen PAHs (PAH-16) was identified as an important group of hazardous organic
compounds existing in emissions that arise at the different life stages of RA. Thus,
PAH-16 was chosen as target compounds to be included in each of our sub-tasks.
To relate the emissions of PAH-16 to the initial concentration in the solid material it
was important to quantify the total amount of PAHs in the studied solid RA materials.
At present there are several methods available using different pre-treatment and
analytical quantification techniques. Under this subtask we compared three methods
for quantification of PAHs in solid material by applying them to three RA materials.
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3 Materials and Methods
There are a number of available laboratory test methods for environmental
characterization of solid waste and soil materials that seem suitable for
characterization of RA. These have been pointed out and described in the Re-Road
deliverable D1.1 “State of the art on existing laboratory methods (sampling,
characterization) linked to Reclaimed Asphalts study”. In addition, guidance on
design and how these methods should be conducted in order to produce relevant
and valid input data for the environmental assessment of RA has been given in the
Re-Road deliverable D3.2 “Guide on Testing Methods for Environmental
Characterization”. The methods here tested are chosen on basis of the findings and
recommendations given in these deliverables.
The choice of RA materials to test was made in consultation with the other work
packages of Re-Road. The ambition was to include several different types of
materials (possibly containing different levels of the target compounds) and of
different stages in the asphalt life cycle, e.g. materials sampled directly when the
pavement was milled off, materials sampled from stockpiles, new asphalt mixes
(containing RA to different percentages, rejuvenators etc.).

3.1 Overview of materials
In total 10 different asphalt materials were selected for the different experiments in
this study. Table 3-1 gives an overview of the tested materials and information on
which tests methods (or subtasks) these materials have been included in.
Characteristic parameters of the materials studied in subtask 2 - 5 (defined under
Section 1.6) are displayed in Table 3-2 and chemical parameters (content of PAHs
and heavy metals) are given in Table 3-3 and Table 3-4. In addition, a comparison of
the materials content of hazardous compounds (PAH and heavy metals) can be
found under Section 7.4.1 in conjunction to the evaluation of the materials
ecotoxicity.
Furthermore, flow diagrams for the RA-material studied in Subtasks 2, 3 and 4 can
be found in Appendix 2 showing the test methods and analyses performed on the
materials together with information on how the samples were pre-treated before
conducting the different tests/analyses.
One material, (denoted as Contaminated-RA in tables, figures and text), was chosen
as a “reference” material and was included in all tests except the screening analysis
used for identification of target compounds (section 4). This material was downsized
to <10mm and well homogenised by one laboratory before divided into sub-samples
and shipped to all participating laboratories. However, it should be noted that the
chosen “reference” material is not a representative material for common RA
materials, since this material was sampled from a stockpile for contaminated asphalt
(possibly containing tar). The reason for choosing a contaminated material as the
reference material was the need for an RA sample that would return values of the
target compounds (16 PAHs) well above all methods’ detection limits in order to
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perform evaluation of the methods (i.e. to be able to assess the test results’
uncertainty).
Table 3-1 Materials included in the different subtasks
Sample name

Description

Used in

W-045_10

Open porous asphalt. Surface layer, Germany, ~10 years.
Collected from stockpile. Reference material within Re-road.

Subtask 1. Screening analysis

W-099_10

Open porous asphalt physically modified with SBS, Surface
layer, France.

Subtask 1. Screening analysis

Porous asphalts made from a penetration grade 70/100
bitumen, modified through addition of crumb tyre rubber.
Sampled after production (i.e. not an RA).

Subtask 1. Screening analysis

E-094_10

Sample taken from a mixed source stockpile (containing tarRA) in Sweden.

Subtask 2. Leaching (Batch testSGI/CDV, ER-H test and
Percolation test-SGI/UCD).

Contaminated-RA

Reference-material. Well homogenised and divided into
representative subsamples before shipped to the participating
laboratories. RA-aggregates <10mm.

Subtask 3. Ecotoxicity tests
Subtask 4. Bioaccessibility
Subtask 5. Airborne emissions

RA repository

Sampled taken from mixed source stockpile in Czech
Republic.

Subtask 2. Leaching (Batch testCDV)
Subtask 3. Ecotoxicity tests

Sample taken from a mixed source stockpile in Ireland. The
maximum particle size is 20mm.
Irish RA

Subtask 2. Leaching (Batch testCDV and Percolation-UCD)
Subtask 3. Ecotoxicity tests
Subtask 5. Airborne emissions

Re-Road reference material – an 11.2mm stone mastic
asphalt containing 0% RA

Subtask 2. Leaching (Batch testCDV)

Reference MIX 1

Subtask 3. Ecotoxicity tests
Subtask 5. Airborne emissions
Re-Road reference material – an 11.2mm stone mastic
asphalt containing 15% RA (RA= W-045_10)

Subtask 2. Leaching (Batch testCDV)

Reference MIX 2

Subtask 3. Ecotoxicity tests
Subtask 5. Airborne emissions
Re-Road reference material – an 11.2mm stone mastic
asphalt containing 30% RA (RA= W-045_10)

Subtask 2. Leaching (Batch testCDV)

Reference MIX 3

Subtask 3. Ecotoxicity tests
Subtask 5. Airborne emissions
Asphalt mix containing 50% RA and the rejuvenator “Storbit”.

50% RA Storbit

Subtask 2. Leaching (Batch testCDV))
Subtask 3. Ecotoxicity tests
Subtask 4. Bioaccessibility test
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Parameter

Units

ContaminatedRA

RA repository

Irish RA

Reference MIX 1

Reference MIX 2

Reference MIX 3

50% RA Storbit

Table 3-2 Selection of characterization parameters of the materials.

Binder content

% by mass

6.10

8.20

4.95

-

-

-

-

Moisture content

% by mass

0.23

0.28

0.15

0.08

0.07

0.23

0.06

7.52

7.70

8.47

7.58

7.52

7.55

8.45

pH in eluate (ISO/TS 21268-1)
Particle size distribution
>4 mm

% by mass

79.9

61.7

0

0

0

0

57

4-2 mm

% by mass

12.4

16.9

58.0

69.7

72.0

59.5

28

2-1 mm

% by mass

4.1

9.3

25.6

18.4

17.3

24.9

10

<1 mm

% by mass

3.6

12.1

16.4

11.9

10.7

15.6

5

Table 3-3 The materials’ composition of inorganic elements (determined according
to EN ISO 17294-2:2004)
Concentration [mg.kg-1]
Metal

Contamin
ated RA

Repositor
y RA

Irish RA

Ref. mix 1 Ref. mix 2 Ref. mix 3

50% RA+
Storbit

Ba

68.8

348

40.9

159

145

132

9.96

Cd

232

0.62

0.34

0.45

0.49

0.44

0.14

Co

11.5

7.09

3.02

6.49

6.51

7.36

1.42

Cr

39.0

1 110

14.9

44.0

41.1

63.6

7.70

Cu

27.5

20.0

12.7

23.6

24.0

27.6

4.81

Mn

580

13 750

356

634

701

818

54.4

Mo

0.84

1.81

0.47

0.61

0.59

0.84

1.71

Ni

26.0

27.5

15.7

21.6

26.4

27.7

9.45

Pb

16.3

27.5

7.91

40.7

103

95.4

2.96

Sb

<0.06

0.08

<0.06

<0.06

<0.06

0.09

<0.06

V

123

236

46.8

47.5

53.8

64.4

25.1

Zn

57.0

60.0

27.4

45.0

66.8

76.5

39.3
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Table 3-4 Chemical parameters of the materials; content of selected PAHs in fraction
< 1mm grain size analysed by CDV (Method 3, see 4.3).
Concentration [mg.kg-1]
PAH

Contami Reposito
Irish RA
nated RA ry RA

Ref. mix Ref. mix Ref. mix 50% RA+
1
2
3
Storbit

Naphthalene

2.83

0.068

3.55

0.074

0.048

0.083

0.045

Acenaphthylene

0.755

0.008

0.266

<0.002

<0.002

<0.002

0.007

Acenaphthene

2.39

0.119

1.73

0.012

0.008

0.011

0.037

Fluorene

5.94

0.120

1.81

0.026

0.017

0.018

0.095

Phenanthrene

44.1

1.64

7.02

0.097

0.053

0.062

1.13

Anthracene

24.0

0.762

4.79

0.040

0.010

0.010

0.599

Fluoranthene

60.2

5.19

5.79

0.043

0.044

0.052

2.52

Pyrene

47.1

4.81

5.18

0.068

0.052

0.063

2.19

Benz[a]anthracene

58.6

3.84

3.93

0.070

0.079

0.071

0.464

Chrysene

38.7

2.52

2.80

0.138

0.136

0.153

0.438

Benzo[b]fluoranthene 86.8

6.60

5.77

0.227

0.177

0.230

0.442

Benzo[k]fluoranthene 28.3

2.20

1.90

0.093

0.067

0.084

0.124

Benzo[a]pyrene

73.5

5.29

5.80

0.239

0.136

0.220

0.444

Indeno[1,2,3cd]pyrene

24.7

4.88

4.17

0.126

0.079

0.123

0.249

Dibenz[a,h]anthracen
21.6
e

1.58

1.41

0.090

0.079

0.083

0.191

Benzo[ghi]perylene

10.56

0.948

0.728

0.012

0.013

0.009

0.112

Sum 16 PAHs

530

40.6

56.6

1.35

0.997

1.27

9.09

3.1.1 Materials used for screening analysis (W-045_10, W-099_10 and E-094_10)
The material denoted as W-045_10 is an RA consisting of open porous asphalt (mix
of different binders, but probably SB, SBS and/or SBS/EVA) used as a surface layer
of roads in Germany in duration of 10 years. The material was sampled from a
stockpile in the DEUTAG asphalt mixing plant “Groß Bülten” near Hanover, and
provided by WP2. This material is equal to the reclaimed asphalt use in WP2 and
WP5 for the reference mixes (Mix 2 and Mix3).
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The second material, W-099_10 is also an open porous asphalt (physically modified
with SBS) used in surface layer of a road in France. The material has not been
stockpiled, but was sampled from milling process.
The third material, E-094_10, is Swedish porous asphalt made from a penetration
grade 70/100 bitumen, modified through addition of crumb tyre rubber. This material
was sampled directly after production (i.e. this material has not yet been in use in a
road construction).
3.1.2 Reference material (Contaminated-RA)
Contaminated-RA was sampled from an asphalt pile located at a landfill (Sysav
Kemi) in Sweden in spring 2011. The RA was sent to SGI/VTI for further preparation
in order to obtain an acceptable particle size for the experiments and to divide the
material into representative subsamples for each analysis.
The material was prepared as follows: The material was gently heating and crumbled
to smaller pieces by hand. Oversized gravel > 10 mm were removed and represented
a negligible fraction of the material. A mechanical sample splitter was used to
homogenize and divide the crumbled asphalt into laboratory samples. This treatment
was judged to be acceptable since the main aim was to produce a homogenous
reference material and not a representative sample from the tar asphalt pile. In
addition, sampling from the pile was already biased in the beginning, because only
lumps that smelled of tar were collected (in order to get a sample material with a high
PAH content).
3.1.3 Irish RA
This material was sourced from a mixed source stockpile in Dublin, Ireland. The
material was removed from the stockpile and taken to the transport lab at UCD.
There, the material was riffled to divide it into representative samples before any
further processing took place. The material was then stored in sealed plastic bags
until required for use
3.1.4 RA repository
Material from the RA repository was sampled by CDV. It represents a mixture of
milled surface layers from different roads of all types. The most of the material was
from 3 localities including highway, 1st class road and 3rd class road. Highway
pavement was in operation 3 years and loaded by 13 201veh./24hours including 4
104 heavy duty vehicles. Material from this road is represented by stone mastic
asphalt from wearing course (SMA 11S) and very course-grained asphalt concrete
(ACL 22S) from bed layer. Traffic intensity on the 1st class road was 2706
veh./24hours with 775 heavy duty vehicles and material is medium-grained asphalt
concrete from wearing course (ACO 11+) and course-grained asphalt concrete form
bed layer (ACP 16+). 3rd class road was loaded by 1319 veh./24hours including 130
heavy duty vehicles and material from this road represent medium-grained asphalt
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concrete from wearing course (ACO 11) and medium-grained coated aggregates
from bed layer (ACP 16+).
3.1.5 Reference Mixes
The materials denoted as Reference Mix1, Reference Mix2 and Reference Mix3 are
the reference materials of the Re-Road project, where Mix1 is an SMA (11.2mm) with
0% RA, and Mix 2 and Mix 3 contains 15% RA and 30% RA, respectively. These
mixes were provided by WP5 of Re-Road.
3.1.6 50% RA Storbit
This material denoted as 50% RA Storbit is an asphalt mix containing 50% RA and
the rejuvenator “Storbit”. This material was provided by WP2 of Re-Road.

3.2 Overview of methods
The following test methods, intended for environmental characterization of RA, were
included for evaluation:
1. Leaching methods:
a. Up-flow percolation test [2].
b. Batch test ISO/TS 21268-1 [3].
c. Batch test ISO/TS 21268-2 [7]
d. Re-circulated column test (ER-H) [8].
2. Ecotoxicological test methods:
a. Growth Inhibition
subspicatus)

Test

on

freshwater

Algae

(Desmodesmus

b. Test on higher vascular plants - Seedling Emergence and Seedling
Growth Test (Sinapis alba)
c. Immobilization or reproduction test on water arthropod (Daphnia
magna)
d. Acute toxicity test on freshwater fish (Poecilia reticulate)
3. Bioaccessibility test:
a. Cyclodextrin extraction [9]
4. Test method for airborne emission to mimic the different steps of bituminous
mixture emissions from manufacture to laying on road sites [10][11].
The evaluated test methods are described in general terms under Section 3.2.1 3.2.4. Specific details on how the tests were conducted at each participating
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laboratory (SGI, UCD, CDV and IFSTTAR) are given under the sections of each
subtask (Section 6 – Section 9).
In addition, three different methodologies for quantification of 16 PAHs in solid
materials (RA-granulates) were also used for basic characterization of PAHs in the
solid samples (the RA granulates) (Section 3.2.5). The methodologies included 1)
pre-treatment, 2) extraction with organic solvent and 3) analysis of the extracts. The
results of the different methodologies are compared and discussed under Section 4.
Furthermore, quantification of metals in RA granulates was conducted using a
digestion with nitric acid (Section 3.2.6).
3.2.1 Leaching tests
RA, recycled as a component fulfilling technical specification in new asphalt
production, is a material that should be seen as a product and not waste. RA is today
a standard commodity in asphalt pavement production and its use is stipulated in
technical specifications. There are national guidelines on reclaimed road materials
that either states that recycling is not subject to waste legislation [12] or fulfils end of
waste criteria [12]. The presence of tar binder in RA is an issue that raises specific
calls for action and may trigger the recovery to be regarded as waste handling see
Appendix 1. As a product used in a construction (e.g. as surface course in a road)
RA falls under the construction product directive, (CPD), and not under the waste
directive. Harmonised standardised test methods for wastes and landfilling are not
developed, or validated, for road construction purposes. Thus, in our opinion the
testing of RA-materials should be carried out by test methods designed for
construction products and not waste.
Methods for the assessment of release of dangerous substances from construction
products are under development within the workgroup 1 (WG1) of CEN/TC351
(Technical Committee (TC) number 351 of the European Committee for
Standardisation (CEN)).
Two of these methods, a surface leaching test [14] and a test for granulates;
percolation test [2], seem suitable for characterization of RA. Time-dependent
information can be retrieved from both of these types of test methods, since they are
designed for assessment of leaching with increased liquid to solid ratio (L/S-ratio).
Thus they can provide information on changes in the leaching behaviour over time
which is often useful information for a risk assessment. characterization. The draft
methods are based on existing standards for leaching of waste, but modified in order
to be applicable for characterization of leaching of both organic and inorganic
compounds. The surface leaching test [14] is suitable for materials with permeability
<10-8m/s and the percolation test [2] for materials with permeability > 10-8m/s.
Permeability testing carried out by UCD on stone mastic asphalt (SMA) cylinders with
20% RA, 5% and 10% air voids indicated the permeabilities to be in the range
8.4x10-5m/s to 4.5x10-4m/s (Appendix 3). Consequently, in this study we have
included the pre-standard percolation test [2] to characterise leaching of RA with
increased L/S-ratio.
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In addition to the percolation test, a batch test and a recirculated column test
performed at fixed L/S-ratio were also included for evaluation. Both tests can serve
as basic characterization tests (to study leaching at specific conditions at a fixed L/Sratio) or as a quality control test when the material already has been characterised
with the percolation test but needs verification (i.e. to verify that the RA material is
complying with the reference values). The batch test is faster to conduct and less
expensive compared to the percolation test. Of available standards and technical
specifications the batch test ISO/TS 21268-1, developed by ISO [3], was chosen for
evaluation. This test is developed for testing of soil and soil materials at a L/S ratio of
2 L/kg and according to its scope it should be suitable for characterising both
inorganic and organic compounds. Additionally, it was also used for the production of
leachates used in the screening analysis of organic compounds (Subtask 1, Section
5). For production of leachates for subsequent ecotoxicity testing (Subtask 3, section
7.3.1), batch tests were instead conducted at L/S=10 L/kg (according to ISO/TS
21268-2 [7]). The choice of a higher L/S of these experiments was made due to
practical reasons (limitations in laboratory equipment) in order to produce enough
volumes of leachates for both chemical and ecotoxicity analyses.
The recirculated column leaching test was included as a comparison to the batch test
conducted at L/S=2 (ISO/TS 21268-1, [3]), since previous leaching studies on soil
and waste materials claimed that this test generate more reliable and reproducible
results than the batch tests regarding characterization of HOCs [15][16]. The method
was also developed primarily for the assessment of HOCs and it has been used to
study leaching of e.g. PAHs and chlorophenols with good results [8][17]. The full
name of the test is chemical Equilibrium Recirculation column test for Hydrophobic
organic compounds, which is abbreviated as ER-H.
The three evaluated leaching methods are generally described in Table 3-5. Specific
details of how the tests were conducted at each participating laboratory (SGI, UCD
and CDV) are given under Section 6.
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Table 3-5 Description of leaching methods and information on studies performed with
these methods.

2

and SS-CEN ISO/TS 21268-2:2009

SS-CEN ISO/TS 21268-1:2009

CEN/TC351N02721

Method

Test design

Leachant

L/S

Duration
time

Up-flow
percolation
test (oncethrough
column test)

0.001M
calcium
chloride

From
L/S=0
-10.

L/S=10
should be
reached,
thus
approx. 1-2
months

One stage
batch test

7 eluates
are
collec
ted

0.001M
calcium
chloride
(and 0.1%
NaN3 if not
to be used
for ecotoxicologic
al testing)

2 or
10

Particle size
The test should
be carried out
preferably on a
sample in the
condition as it
was delivered to
the laboratory.
In this study RA
aggregates
<10mm was
used.

24 h

≤4mm
In order to
compare test
results with
results obtained
with CEN/TC351
N0272 RA,
aggregates of
<10mm was
used for
compliance
testing.

Separation
method

Scope
study:

Leachate is
pre-filtrated
through 1.520µm in top
of the
column and
off line
through
0.45µm
(glass fibre
filters).

Characterization
of RA. Leaching
studied as a
function of
increased L/Sratio.

Centrifugatio
n operating
at 2000030000g

L/S=2 was used
to:

Or 20002500g with
increased
centrifugatio
n time.

of

the

Study the effect of
increased
leaching time and
size of RAaggregates on the
leached
concentrations.
Compliance
testing with
CEN/TC351
N0272.
L/S=10 was used
for:

ER-H3

Production of
eluates for eco-tox
tests (see section
7.3.1).
Recirculation
column test

0.001M
calcium
chloride
(and NaN3)

2

7 days

Allows 4mm or
10mm
depending on
size of column.

No
separation
technique is
used

Compliance
testing with
CEN/TC351
N0272.

Aggregates of
size <10mm
was used.
1

CEN/TC351-N0272, 2010, Draft Generic horizontal up-flow percolation test for determination of release of
substances from granular construction products. N0272, 2010-01-13.
2

SS-CEN ISO/TS 21268-1:2009 and -2:2009. Soil quality - Leaching procedures for subsequent chemical and
ecotoxicological testing of soil and soil materials - Part 1: Batch test using a liquid to solid ratio of 2 l/kg dry matter
and Part 2: Batch test using a liquid to solid ratio of 10 l/kg dry matter.

3

ER-H (chemical Equilibrium Recirculation column test for Hydrophobic organic compounds). Preliminary Danish
standard [8], [18].
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3.2.2 Ecotoxicity tests
In the case of ecotoxicological evaluation of the RA-materials the following set of
tests on 4 species, that represent all trophic levels in fresh water ecosystem, was
chosen:
 Growth Inhibition Test on freshwater Algae (Desmodesmus subspicatus)
 Test on higher vascular plants - Seedling Emergence and Seedling Growth
Test (Sinapis alba)
 Immobilization or reproduction test on water arthropod (Daphnia magna)
 Acute toxicity test on freshwater fish (Poecilia reticulate)
This set of tests is used for evaluation of wastes characteristics in case of their
storage in landfill and is in accordance with Czech Regulation No. 294/2005 Sb. that
implements Council Directive 1999/31/EC on the landfill of waste.
3.2.3 Bioaccessibility test
Cyclodextrin extractions were carried out on two different RA materials according to
the method described by Cuypers et al. [9] to investigate if this method could be used
as a complementary test to the percolation test.
3.2.4 Test for airborne emissions
The generation and sampling of emissions from bituminous mixtures are carried out
in laboratory by mixing heated aggregates and binders to generate fumes. Fumes
are sampled by a TOC heated sampler and a semi-volatile organic compounds
(SVOC)/benzene soluble matter (BSM) sampler through a thermo-regulated stainless
steel stack. For the evaluation of fume emissions from the different RA-materials
tested, the following indicators were chosen: TOC, SVOC, BSM and PAH. The
method is set on several recommendations and standards [19][20][21] and a specific
experimental protocol to mimic the different steps of bituminous mixture emissions
from manufacture to laying on road sites [11].

3.2.5 Quantification of 16 PAHs in RA-granulates
Three different methods were used to characterise the PAH content in the RAgranulates:
Method 1: GC-MS analysis of binder extract
The first method is an extraction method (EN 12697-1:2005) [22], where both the
binder and the PAH-content can be determined as well as the materials content of
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water. The method also allows for further testing of the aggregates (e.g. particle size
distribution).
A sample of approx. 1-2 kg of the material is weighed into a sample container, with a
metal mesh to allow solvent to pass through the sample. The binder is extracted
through distillation with xylene, where the distillate continuously is allowed to run
through the sample, which is placed inside the distillation vessel. Any water in the
sample is evaporated, and separated in a water trap connected to the condenser.
Aggregates that have passed the metal mesh of the sample container and
accumulated in the xylene solution are recovered by centrifugation of the solution.
The binder content is obtained by subtracting the weight of cleaned aggregates, and
the weight of water, from the initial sample weight (reported value should be the
mean of two individual determinations). The collected solvent sample is thereafter
analysed by GC-MS to quantify the amounts of individual PAH.
Method 2: HPLC analysis of extracts of cryo-grinded RA-samples
The second method tested is an extraction method based on US EPA Method 610.
Compared to the method above, a rather small amount of RA is used for the
extraction (5g compared to 1-2kg) and thus, the material often has to be crushed in
order to homogenize it before the analysis. In addition, this method does not allow for
determination of binder content. Prior extraction the RA-sample is grinded (down to
particle size of at least <4mm) and homogenized using a cryo-grinding device. A testsample of approx. 5g from the homogenized sample is then used for the extraction,
which is performed as a double extraction with aceton/hexane (50:50) solution in
ultrasonic bath. The extract is thereafter going through a clean-up procedure, using
solid-phase extraction column, and is then analysed using HPLC with FLD
(fluorescence) and UV detection.
Method 3: GC-MS analysis of extracts of sieved fraction of RA sample
The third method tested is an extraction methodology based on the requirement of
preparation of waste leachate defined in the Methodological guideline of Ministry of
Environment of the Czech Republic for evaluation of leaching from wastes [23]. The
methodological guidelines require sieving the waste to fraction < 4 mm. This
procedure was modified at CDV to the fraction < 1 mm of the material as an
additional method to characterize different fraction of the material and to identify
affinity of PAH bound to particles in dependence on their size.
Material is dried (at room temperature, in dark, to avoid losses of more volatile PAH
due to sunshine). 1g of the sieved material is extracted with DCM (dichloromethane)
and subsequently concentrated by evaporation (using a Turbovap device). The
extract is thereafter going through a solid-phase silica gel clean-up procedure.
Terphenyl solution is used as the internal standard.
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3.2.6 Quantification of inorganic elements in RA-granulates
Quantification of metals was performed according to EN ISO 17294-2:2004 Water
quality - Application of inductively coupled plasma mass spectrometry (ICP-MS) Part
2: Determination of 62 elements. The digestion of RA-granulates was conducted with
nitric acid (suprapure) in closed teflon containers, using microwave system speed
ware MW-3+ under high temperature and pressure.
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4 Comparison of methods for quantification of PAH in RA
samples
Three different methods (described in section 3.2.5 ) were used to characterise the
PAH content of the reference material “Contaminated-RA”, the “Irish-RA” and
“50% RA Storbit”. The purpose of this study was to compare present quantification
methodologies (commonly used in e.g. Sweden and in the Czech Republic), but also
to check that the reference material had reached an acceptable degree of
homogenisation and thus was suitable as a reference material for further testing of
leaching methods.

4.1 Method 1: GC-MS analysis of binder extract
The method was applied on:


two sub-samples of the Contaminated-RA < 10 mm.



one subsample of the Irish-RA < 10 mm

The binder and water content were calculated, and the aggregates where sieved to
obtain the particle size distribution curves (see Appendix 5 and
Table 3-2).

4.2 Method 2: HPLC analysis of extracts of cryo-grinded RAsamples
This method was applied on:


Four subsamples of the Contaminated-RA of which 2 samples where cryogrinded to <4mm and 2 samples where cryo-grinded down to <0.5mm



Two subsamples of the Irish RA < 4 mm



Two subsamples of the 50% RA Storbit < 4 mm

4.3 Method 3: GC-MS analysis of extracts of sieved fraction of RA
sample
This method was applied on:
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Two subsamples of all the materials used for the ecotoxicity-tests including
Contaminated-RA, Irish-RA and 50% RA Storbit.



The two subsamples consisted of material grains sieved to < 1 mm and < 4 mm,
respectively.

4.4 Evaluation of results
The sum of PAH-16 determined with the different methods for the different analysed
materials is presented in Table 4-1.
Table 4-1 Content of PAH-16 (mg/kg) in the studied RA-materials analysed with the
different methods. RDS (in %) are shown (in brackets) for analysis with duplicates.
PAH-16mg/kg dw

Method 1 Method 2 Method 2
(<10mm)
(cryo(cryogrinded to grinded to
<4mm)
<0.5mm)

Method 3 Method 3
(sieved
(sieved
fraction
fraction
<4mm)
<1mm)

Contaminated RA

208 (20%)

314 (2%)

223 (13%)

126

530

Irish-RA

4.66

1.01 (5%)

NA*

22.9

56.6

50%-RA-Storbit

NA*

1.81 (6%)

NA*

5.49

9.09

*NA=not analysed
4.4.1 PAH content in Contaminated-RA
The PAH-16-content in Contaminated-RA is clearly elevated and in the range from
126-530 mg/kg TS depending on the sample treatment and method of analysis see
Table 4-1.
Relative standard deviation (RSD) was calculated for each PAH–compound tested
on duplicate samples and found acceptable. The RSD was between:
 15-33% for Method 1, with 20% for the sum of PAH-16
 6-24% for Method 2, when applied to fine grinded sample (<0.5mm), with 13%
for the sum of PAH-16 and
 1-23% for Method 2, when applied to the coarser material (<4mm), with 2% for
the sum of PAH-16.
The binder content of the Contaminated-RA (< 10 mm) was 6.1%.
In general, small differences in obtained amounts could be seen between Method 1
and Method 2, (Figure 4-1). The distribution of PAHs in the studied samples (i.e.
amount of individual PAHs normalised against the sum of 16PAH) was very similar
for both Method 1 and 2, (see Figure 4-2). However, slightly higher amounts of PAHs
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with low or medium molecular weight (naphthalene, acenaphthene, fluorene and
phenanthrene) were obtained with Method 2 when applied to the coarser sample
(<4mm) (Figure 4-2). A possible explanation to this finding is that the fine grinded
sample (<0.5mm) have undergone a more pronounced sample preparation prior
analysis which has caused losses of these compounds due to volatilisation. Similarly
lower amounts of low molecular weight PAHs were received with Method 1; however,
this material did not undergo sample pre-treatment. The obtained lower amounts may
be a result of differences in sample extraction and clean-up which causes loss of low
molecular weight PAHs. The heterogeneity of the material is another possible cause
of the differences.
The PAH-distribution obtained by Method 3 on two sieved fractions of the sample
was clearly different from the results obtained with Method 1 and 2, in that distinctly
higher proportions of the heavier PAHs were obtained by Method 3, see Figure 4-2.
In addition, the quantified amount of total PAHs was the highest measured in the < 1
mm fraction (530 mg/kg TS) while it was the lowest in the 1-4 mm fraction (126 mg/kg
TS), see Table 4-1. These particle fractions only represent a small amount of the
total sample mass; 3.6 % for the < 1 mm fraction and 16 % for the 1-4 mm fraction.
The most likely reason for the difference is that the binder content, containing tar
asphalt, is enriched in the <1 mm fraction of RA (PAHs are bound to the organic
binder phase of the asphalt). However, there are no available data on binder content
or binder quality in the two different fractions and hence these assumptions cannot
be supported by additional data.
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Figure 4-1 Amounts of PAHs in subsamples of Contaminated-RA [mg/kg] quantified
with different methods. Results of Method 1 and 2 is the mean of n=2 and the error
bars shows the standard deviation (n=2).
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Figure 4-2 Distribution of PAH obtained with the different methods studied.
Distribution calculated as weight percentage of sum of 16 PAHs. PAHs has been
gouped in thre different groups with expected different environmental fate and
toxicity; low weight (green), medium weight (blue) and heavy weight (red).
Cancerogenic PAHs are marked with *.
4.4.1 PAH content in Irish RA
The PAH-16-content in Irish-RA is in the range from 1-60 mg/kg TS depending on the
sample treatment and method of analysis (Table 4-1). The value of 60 mg/kg is in the
same order of magnitude as the guideline values for “uncontaminated” RA given in
the Appendix 1 .
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Relative standard deviation (RSD) was calculated for each PAH–compound tested
with Method 2 (duplicate subsamples). The RSD was between 0-7% with 5% for the
sum of PAH-16 (Table 4-1).
The binder content of the Irish-RA was 5% (
Table 3-2).
Large differences in obtained amounts could be seen between Method 1 and Method
2, (Figure 4-3). Method 1, which indicated higher PAH-content, suffered from a rather
high detection limit at 0.38 mg/kg TS per PAH compound. This may have an upshift
influence on the quantification of the few PAH-compounds that could be detected at
concentrations fairly close to the detection limit. The heterogeneity of the material is
another possible cause of the differences.
The PAH-content obtained by Method 3 on two sieved fractions of the sample was
clearly higher compared to the results obtained with both Method 1 and 2, see Figure
4-3 (note logarithmic scale) and Table 4-1. Sieving should not induce elevated PAHcontent since these particle fractions represent the total mass of the sample; 16.4%
for the < 1 mm fraction and 84.6% for the 1-4 mm fraction. Nor should the gentle air
drying performed prior sieving induce elevated PAH-content. Difference in sample
extraction and clean-up could contribute to the differences but it seems unlikely that it
could explain the difference between Method 1 and 3 that is more than an order of
magnitude. Sample heterogeneity is thus the most plausible contributor to the
differences especially as the origin of the material was a heterogeneous mixed
source stockpile. Moreover, the analysis with Method 1 and 2 was performed on a
different test portion than the analysis with Method 3.
The PAH-distribution obtained by Method 3 and Method 2 was fairly similar in spite of
the large difference in the total content, see Figure 4-4.
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Figure 4-3 Amounts of PAHs in subsamples of Irish RA [mg/kg] quantified with
different methods (NB! logarithmic scale). Results of Method 2 is the mean of n=2
and the error bars shows the standard deviation (n=2). Non-detects not shown.
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Figure 4-4 Distribution of PAH obtained with the different methods studied.
Distribution calculated as weight percentage of sum of 16 PAH.s Non-detects for
Method 2 included as half of detection limit with the exception of Acenaphteylne
which is excluded. PAHs have been gouped in three different groups with expected
different environmental fate and toxicity; low weight (green), medium weight (blue)
and heavy weight (red). Cancerogenic PAHs are marked with *.
4.4.2 PAH content in 50%-RA-Storbit
The PAH-content in 50%-RA-Storbit is in the range from 2-9 mg/kg TS depending on
the sample treatment and method of analysis.
The RSD was calculated for duplicate subsamples and found acceptable. The RSD
was between 0-14% for Method 2 with 6% for the sum of PAH-16.
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Figure 4-5 Amounts of PAHs in subsamples of 50%-RA-Storbit [mg/kg] quantified
with different methods. Results of Method 2 is the mean of n=2 and the error bars
shows the standard deviation (n=2). Non-detects not shown.
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Figure 4-6 Distribution of PAH obtained in subsamples of 50%-RA-Storbit with the
different methods studied. Distribution calculated as weight percentage of sum of
16PAHs. Non-detects for Method 2 included as half of detection limit with the
exception of acenaphteylne witch is excluded. PAHs has been gouped in three
different groups with expected different environmental fate and toxicity; low weight
(green), medium weight (blue) and heavy weight (red). Cancerogenic PAHs are
marked with *.
Obvious differences in obtained amounts could be seen between Method 2 and
Method 3, (Figure 4-5). The quantified amount of total PAH was the highest
measured with the Method 3 in <1 mm fraction (9.1 mg/kg TS, while the Method 3
using 1-4 mm fraction returned lower result (5.5 mg/kg TS). The lowest result was
measured with Method 2 (1.8 mg/kg TS). The PAH-distribution obtained by Method 3
on two sieved fractions of the sample was different from the results obtained with
Method 2, in that distinctly higher proportions of the medium weight PAHs were
obtained by Method 3, see Figure 4-6. A substantial part of this shift is associated
with the higher portions of low weight PAH with Method 2, but it still seems unlikely
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that gentle air drying and sieving done in Method 3 would induce such shift in the
PAH-distribution and certainly not a higher content. The particle fractions analysed
with Method 3 only represent a small amount of the total sample mass; 5 % for the
<1 mm fraction and 10% for the 1-4 mm fraction. One possible cause of the
differences is that the amount of PAH in these two fractions is different from the
overall PAH content in the 50%-RA-Storbit material. Difference in sample extraction
and clean-up could contribute to the differences.

4.5 Conclusions
The main conclusions from this study are:
 The choices of sample preparation have a major effect on PAH content and
PAH compound distribution Care is needed in designing the sample
preparation methods not to induce substantial bias.
 Analysis of sieved fraction (particle size fraction <1mm or 1-4mm) compared to
grinded samples (<0.5mm or 4mm) returns results with different PAH
distribution. This is most likely due to higher content of binder (and tar
particles), in the sieved fraction compared to the whole RA-material. However,
too few replicas have been studied to prove this.
 The results on tar contaminated RA with elevated PAH-content was more in
agreement between the different methods applied than results on not
contaminated RA (Irish-RA and 50%-RA-Storbit).
 Extraction of 1-2 kg of subsamples of the reference material (ContaminatedRA with aggregate size <10mm) returned results in the same range as
extraction of 5g of cryo grinded material. The test portion preparation could
thus be regarded as successful and the subsamples of Contaminated-RA
(<10mm) seem to be sufficiently homogenised to be used in the further
testing.

Based on these findings it is recommended to use Method 1 or Method 2 (with cryogrinding down to 4mm) for quantification of PAHs in RA. To account for heterogeneity
it is important to include replicas in the analyses, and the measurements should of
course be based on representative samples
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5 Identification of potential hazardous substances
In order to identify potential hazardous compounds susceptible to leach from RA, a
literature review and a screening analysis were performed. The literature review
focused on metals while the laboratory study (qualitative and semi-quantitative
screening analysis) aimed to identify organic compounds. The main aim of this task
was to provide a good basis on which the decision of target compounds, to include in
the following analysis, could be made.

5.1 Materials and methods used for screening analysis
Three different types of asphalt pavements, that are suitable for recycling, were used
for identification of possible hazardous compounds that could be released and bring
contamination of waters in contact with these materials (see W-045_10, W-099_10
and E-094_10 inTable 3-1).
The three materials and one blank sample were leached in accordance with ISO/TS
21268-1:2009 [3] (Section 3.2.1, Table 3-5), but with the following modifications:
1. Distilled water was used as leachant (no addition of NaN3 or CaCl2)
2. Several subsamples were leached (in parallel) in order to generate in total
>1.5L leachate/sample.
The leachates were extracted using dichloromethane and analysed by GC-MS. Mass
spectrum was measured in SCAN mode (Start m/z = 100, End m/z = 400, Scan
speed = 625). Detection limits for the SCAN method was estimated to range between
0.05 and 0.1 µg/l when using 1 litre of leachate for the screening test. For a detailed
description of the method see Appendix 4.

5.2 Qualitative identification of organic compounds in leachates
Measured chromatograms were analysed for individual m/z records to single
compounds, compounds type (isomers of compound) and compounds groups (group
of basic substance derivatives) identification. Standards of some PAHs, some
Phthalates and n-Alkanes were used for comparisons to these compounds
identification. For compounds where no standard was available, a comparison with
the MS spectrum library was used. Identified compounds are summarized in Table
5-1. The chromatograms of the analyses are presented in Appendix 3.
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Table 5-1 Result of the screening analysis. X=identified in sample, (X)=the
compound was found in a lower concentration as found in the blank sample.
m/z
record /
retention
time

W045_10

W099_10

E094_10

Blank

Phenantrene

178

X

X

(X)

X

Standard

Anthracene

178

X

(X)

(X)

X

Standard

Fluoranthene

202

X

X

(X)

X

Standard

Pyrene

202

X

(X)

(X)

X

Standard

Benz[a]anthracene

228

X

X

(X)

X

Standard

Chrysene

228

X

X

(X)

X

Standard

Benzo[b]fluorene,

252

X

X

(X)

X

Standard

Benzo[k]fluorene,

252

X

X

(X)

X

Standard

Benzo[e]pyrene

252

X

X

(X)

X

Standard

Benzo[a]pyrene

252

X

X

(X)

X

Standard

Indeno[1,2,3-cd]pyrene

276

X

(X)

(X)

X

Standard

Benzo[ghi]perylene

276

X

X

(X)

X

Standard

Dibenz[ah]anthracene

278

X

X

(X)

X

Standard

Coronene

300

X

(X)

X

Standard

n-Alkanes

113

X

X

Standard

Adipates

129

Phthalates (Diethyl-, Bis(2methylpropyl)-, Dibutyl-, Benzyl
butyl-, Bis(2-ethylhexyl)-, Di-n-octyl
phthalate

149

Dimethyl phthalate

163

Benzothiazole

135

X

MS spectrum library,
98 % similarity

Methylacetophenone/Alkylbenzene
izomers

119

X

MS spectrum library,
96 % similarity

Compound

X = identified in sample

X

Comparison with

MS spectrum library,
82 % similarity

X

X

X

X

X

X

Standard
Standard

1-Indanone

8.768
min

X

X

MS spectrum library,
95 % similarity

9-Fluorenone

14.629
min

X

X

MS spectrum library,
72 % similarity

2-Methylbenzothiazole

9.006
min

X

MS spectrum library,
84 % similarity

3,5-di-tert-butyl-4-hydroxy
benzaldehyde

14.768
min

X

MS spectrum library,
94 % similarity

As expected, PAHs belonging to the group of 16 EPA-PAH were identified in all
analysed samples, but fewer compounds were found in leachates from the virgin
asphalt material containing rubber compared to the studied RAs (Table 5-1 and
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Appendix 3). In addition, the PAH compound coronene was identified in one of the
tested open porous asphalt materials (W-045_10). This PAH is produced dominantly
by fuel combustion in vehicles engines and is often used as tracer for PAH emissions
from motor vehicles and in particularly of gasoline fuelled vehicles [24], [25].
Contamination of RA during pavement life (e.g. through exhaust gasses, wear from
tires and brakes) is a question of concern, especially for porous asphalt pavements
where more deposits can find space in the open graded mixture. The identification of
coronene indicates that exhaust gasses could accumulate in porous asphalt into
amounts that causes detectable concentrations in leachates.
Group of n-alkanes was identified in the leachates from the studied RAs (W-045_10
and W-099_10) but also in the blank sample. However, no n-alkanes were found in
E-094_10 (the virgin rubber asphalt). These compounds are common in chemical
processing as raw materials for production of olefins, alcohols, acids, tensides,
plasticizers for plastics, lubrication additives, synthetic oils etc. and are also applied
as component of degreasing and cleaning media. The n-alkanes can be regarded as
non-toxic substances but are ranged into the group of biological active compounds
with regard to the effect on human organism [26].
Group of adipates was identified only in the sample E-094_10. This material is a
rubber asphalt which contains rubber from tires. Adipates are used as additives
(plasticizers) in PVC products and small quantities of these compounds are used
also in tyres. Very little information about their influence on the environment and
human health is available.
Group of phthalates was identified in all samples, and especially in the blank.
Phtalates are used also as additives (plasticizers) in PVC products and in rubbers.
Phtalates are less volatile relative to adipates so this could be the reason of their
occurrence in more samples compared to adipates. Very little information about their
influence on the environment and human health is available.
High amount of benzothiazole was identified in the rubber-asphalt sample (E094_10). Benzothiazole-based thiazoles are used in the rubber vulcanization
process. Existing data for these compounds indicate that they are of concern for
aquatic toxicity, irritation/allergic reaction, and low concern for mammalian toxicity
and carcinogenicity [27].
Methylacetophenone was detected only in E-094_10. However, it was not possible to
confirm, whether it is methylacetophenone isomers, or alkylbenzene isomers (tetra
methylbenzene, tert. butylbenzene, dimethylethylbenzenes etc.), since the similarity
of all of these compounds was greater than 90%. No data was available about their
effects on human health. Some data in literature describes neurotoxic and sensory
respiratory irritation effects on mice and rats.
In addition, the rubber asphalt (E-094_10) also contained 2-Methylbenzothiazole and
3,5-di-tert-butyl-4-hydroxy benzaldehyde which is probably a product of oxidation of
butylated hydroxytoluene.
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1-Indanone and 9-Fluorenone were contained in E-094_10 and W-045_10 samples.
These compounds are products of PAH degradation and are thus markers of primary
PAH content in the material.
Furthermore, the results from the blank test (leaching conducted with no material)
show that n-alkanes, phthalates and several PAHs are ubiquitous compounds in a
laboratory environment. This proves the importance of performing blanks in future
testing with quantitative analyses in order to determine background concentrations.

5.3 Semi-quantitative analyse of organic compounds in leachates
The screening analysis was never intended to be quantitative due to the aim of only
identifying the different groups of organic substances in leachates from RA. However,
due to the result of the blank test, it was decided to perform a semi-quantitative
analyse in order to compare the magnitude of detected peaks in the chromatograms
from the blank with the ones obtained in the leachates from the RA-materials. Thus,
approximate relative “amounts” of the identified compounds were estimated as the
ratio between the sample peak area and the standard peak area (presented as
percentage in Table 5-2).
From this comparison it was concluded that the blank contained amounts of the
following PAH: phenanthrene, anthracene, pyrene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, and dibenz[a,h]anthracene, in the same
magnitude or higher compared to amounts found in the asphalt leachates. The same
result was obtained for several of the phthalates. For example the compound Di-noctyl phthalate was found to the highest extent in the blank (366% in Blank compared
to 115%, 7% and 0% in E-094-10, W-045-10 and W-099-10, respectively).
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Table 5-2 Approx. relative “amounts” in the leachates from the three different asphalt
materials presented as peak area ratios in percentage (i.e. “sample peak
area”/”standard peak area*100).
W-045-10
Compound

W-099-10

%Area 

E-094-10

Blank

sample_pea k_area
* 100
s tan dard_peak_ area

Naphthalene

0.19 %

0.17 %

0.93 %

0.33 %

Acenaphthylene

0.17 %

0.12 %

1%

0.04 %

Acenaphthene

0.31 %

0.03 %

0.13 %

0.12 %

Fluorene

0.49 %

0.19 %

0.21 %

0.12

Phenanthrene

8.4 %

1.83 %

0.8%

1.6 %

Anthracene

8.4 %

0.9 %

0.23 %

1.6 %

Fluoranthene

5.4 %

3.0 %

0.91 %

2.34 %

Pyrene

7.1 %

4.3 %

1.67 %

4.7 %

Benz[a]anthracene

40 %

25 %

0.25 %

19 %

Chrysene

38 %

24 %

0.97 %

19 %

Benzo[b]fluoranthene

34 %

25 %

0.92 %

26 %

Benzo[k]fluoranthene

34 %

24 %

0.59 %

25 %

Benzo[a]pyrene

32 %

25 %

0.35 %

21.2 %

Indeno[1,2,3-cd]pyrene

15 %

11.3 %

4%

12.4 %

Dibenz[a,h]anthracene

14 %

8.92 %

1.95 %

7.6%

Benzo[ghi]perylene

15 %

8.89 %

3.41 %

8%

Coronene

8.39 %

Unidentified

1.57 %

2.35 %

Dimethyl phthalate

0.05 %

0.5 %

0.03 %

0.02 %

Diethyl Phthalate

1.1%

1.7 %

1.1 %

0.37 %

Bis(2-methylpropyl) phtalate

37 %

18 %

5.7 %

16 %

Dibutyl phthalate

69 %

15 %

2.6 %

11 %

Benzyl butyl phthalate

2.98 %

0.58 %

3.85 %

0. 87 %

Bis(2-ethylhexyl) phthalate

108 %

44 %

151 %

84 %

Di-n-octyl phthalate

7.3 %

22.4 %

115 %

366 %

5.4 Identification of inorganic substances – Desktop study
Reclaimed asphalt may also contain harmful inorganic substances such as heavy
metals that could be released from the material in contact with water. Potential
pollutant occurrence in water after its interaction with material can originate from
bitumen leaching as organic material derived from petroleum containing also some
metals and from the content of many chemicals generated from road traffic during
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use of the pavement including vehicle exhaust gasses, gasoline, lubricating oils,
tyres and brake lining wear [28]. The major inorganic elements typically investigated
in relation to asphalt pavement are heavy metals like Cd, Cr, Cu, Ni, Pb and Zn [29],
[30], [28]. Other element such as Sb, V, Ba, As and S may be of interest to study
additionally in leachate from RA. InTable 5-3 inorganic compounds of interest to
study in leachates from RA have been summarised together with comments on their
origin. In addition, examples of guideline values are displayed and a rough
assessment of the potential concentration to expects in leachates from crushed RAs.
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Table 5-3 Potential inorganic target compounds in leachates of RA.
Potential
target
compound

Comments

Guideline
values etc.

Lead, Pb

Contaminant from traffic pollution? Connected
with emissions of exhaust gasses in the past.
In present, mostly connected with particulate
matter (PM) emissions because of mechanical
abrasion of some parts of vehicles that could
contain Pb (e.g. steering-stub bearing,
differential mount).

7.2 µg/la

Contaminant from traffic pollution? Component
of PM originated due to mechanical abrasion
of break shoe lining.

30 µg/lb

Contaminant from traffic pollution? Component
of PM originated due to wear of tires during the
interaction with pavement and due to
mechanical abrasion of several parts of
vehicles e.g. car body corrosion.

200 µg/lb

Contaminant from traffic pollution? Connected
with PM emissions because of mechanical
abrasion of some parts of vehicles that could
contain Cd (e.g. steering-stub bearing).

0.45 – 1.5
µg/la

Antimony, Sb

Component of PM originated due to
mechanical abrasion of break shoe lining
(Månsson et al., 2009)

500 µg/lb

Nickel, Ni

Occurring naturally in bitumens. Connected
also with emissions of exhaust gasses, due to
trace amounts in fuels (oil). Component of PM
originated due to mechanical abrasion of
several parts of vehicles.

20 µg/la

Occurring naturally in bitumens. Connected
also with emissions of exhaust gasses, due to
trace amounts of V in fuels (oil).

50 µg/lb

Component of PM originated due to
mechanical abrasion of several parts of
vehicles e.g. car body corrosion.

50 µg/lb

Copper, Cu

Zinc, Zn

Cadmium, Cd

Vanadium, V

Chrome, Cr

Potential
concentration in
leachate (water) e
1-24.3µg/l

5 – 320 µg/l

c

13

10.1. – 2000
µg/lc
5 000 µg/l

30-115 µg/l
d

0.08 – 27
µg/lc

10 – 60 µg/lc

300 µg/ld

300 µg/l
totald
75 µg/l Cr+6d

Barium, Ba
Arsenic, As

Sulphur, S

Component of PM originated due to
mechanical abrasion of break shoe lining.

500 µg/lb

Connected with emissions of exhaust gasses,
due to trace amounts of As in fuels (oil).

20 µg/lb

Bitumen containing road material, probably
also other road material
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a

Surface water: Environmental Quality Standards for Priority Substances and certain other pollutants, Directive
on Priority Substances (Directive 2008/105/EC) MAC-EQS values were used. This parameter is the EQS
(environmental quality standards) expressed as a maximum allowable concentration. Where the MAC-EQS are
marked as ‘not applicable’, the AA-EQS values are considered protective against short-term pollution peaks in
continuous discharges since they are significantly lower than the values derived on the basis of acute toxicity.

b

Surface water: the Czech Republic Government Regulation No. 61/2003 the indicators and values of surface
and waste water treatment, essentials permission to discharge waste water into surface water and sewerage
systems and sensitive areas
c

Groundwater: Report from the Commission in accordance with Article 3.7 of the Groundwater Directive
2006/118/EC on the establishment of groundwater threshold values.
d

Groundwater: recommended values in guideline: Ministry of the Environment of the Czech republic Guideline –
Criteria for pollution of soils and groundwater, 1996. Here “Criteria C” is displayed, which represent the pollution
that could have significant negative effects on human health or environment.
e

From interim stored crushed road layer. Detection level for quantitative analysis may need to be 5-10 times
lower.

5.5 Conclusions
5.5.1 Organic substances
The main conclusions from the screening analysis are:
 PAH were identified in all analysed samples (including blank), except
coronene, that was identified only in the material with 10 years in operation.
 Group of n-alkanes was contained in the most of analysed samples except
rubber asphalt leachate.
 Adipates, benzothiazole, 2-Methylbenzothiazole, 3,5-di-tert-butyl-4-hydroxy
benzaldehyde, methylacetophenone were contained only in the rubber asphalt
leachate.
 1-Indanone and 9-Fluorenone were identified in rubber asphalt leachate and in
leachate of open porous asphalt that was in operation for 10 years.
 Group of phthalates was contained in all samples.
 Results from the blank test (leaching conducted with no material) show that nalkanes, phthalates and several PAHs are ubiquitous compounds in a
laboratory environment. This proves the importance to perform blanks in future
testing.
Of the identified compounds, PAHs and benzothiazole were identified as the most
important organic compounds to collect data for, when conducting experiments with
the chosen environmental characterization methods (e.g. the chosen methods for
assessing leaching, ecotoxicity, bioaccessibility and airborne emissions). Hence the
PAH-16s was chosen as target compounds, to analyse for, when testing any
material, and in addition, benzothiazole should be included if the tested material
contains rubber-asphalt. Alkanes, adipates and phthalates were rejected due to low
concentrations and toxicity levels.
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5.5.2 Inorganic compounds
Of the identified potential target compounds (Table 5-3) it was decided to analyse
leachates for the following elements: barium (Ba), cadmium (Cd), cobalt (Co),
chromium (Cr), cupper (Cu), manganese (Mn), magnesium (Mg), nickel (Ni), lead
(Pb), antimony (Sb), vanadium (V) and zinc (Zn).
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6 Leaching of hazardous substances
Three different methods to assess leaching were evaluated:
 Batch test according to ISO/TS 21268-1:2009 [3],
 Percolation test according to CEN/TC351N0272 [2],
 Re-circulated column test (ER-H) [8].
In addition, batch tests at L/S=10 (according to ISO/TS 21268-2:2009, [7]) were used
to produce leachates for further ecotoxicity testing (these leachates were also
chemically characterised and are thus included in this Section).

6.1 Aim and scope of the subtask
The main aim of this subtask was to perform an evaluation and a minor validation of
the three methods chosen for evaluation; the percolation test [2], the batch test
(ISO/TS 21268-1; [3]) and the ER-H test [8]. The evaluation/validation included:
 Assessment of the methods’ repeatability (intralaboratory testing to determine
the precision of the methods).
 Compliance testing (comparison of test results obtained with the ER-H and the
batch-test with the result of the percolation test).
 Robustness testing of the batch test, where the effect of the duration time of
the test and the size of RA aggregate on the released amount of target
compounds was studied.
 Minor interlaboratory study (only two laboratories taking part) on:
o the percolation test to compare test results obtained by UCD and SGI
Another objective was to apply the percolation test on several different types of RA to
investigate differences in leaching behaviour and to generate supporting data to the
risk assessment task of Re-Road, which is taking place in work package 3 (WP3) of
Re-Road. This assignment was, however, delayed due to technical problems with the
analytical equipment and thus we here only present leaching data for one other RAmaterial (Irish-RA) than the reference material used in the evaluation/validation of the
methods. Results for the other RA-materials will instead be directly delivered to the
work group of WP3 and published elsewhere.

6.2 Materials and sample preparation
In total, seven different asphalt materials were studied within this sub-task (see Table
3-1). For the evaluation/validation study of the methods all laboratories used subsamples of the reference material (Contaminated RA). For the study on
characterization of leaching behaviour one other material, the Irish–RA, was
included. In addition, all seven materials were included in the leaching conducted for
further ecotoxicity testing. The sample preparations of these materials for the
different studies are described below.
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6.2.1 Contaminated RA (reference material) used for evaluation/validation of the
methods
For the percolation tests, both laboratories (UCD and SGI) received already prepared
samples of Contaminated-RA with a particle size <10mm (description of sample
preparation is given under Section 3.1.2), and hence no further processing was
required. The containers, in which the subsamples were packed, were opened just
before testing at both labs. The same was true for the tests performed by SGI with
the ER-H-method and the batch test. However, for the robustness testing of the
effect of particle size on the leaching, two sub-samples were further crushed, using
cryo-grinding technique, down to a particle size of <4mm and <0.5mm.
6.2.2 Irish-RA for characterization of leaching behaviour
To render the material suitable for use in the percolation test the particle size must be
reduced to <10mm. Firstly, large asphalt lumps present in the material were removed
by hand and gently heated in the oven to 100°C for approximately 2 hours. Once
removed from the oven, the material was crumbled by hand and spread on trays. If
the material cooled too quickly and stiffened before all of the large lumps could be
broken up, it was returned to the oven for approximately 10 minutes until it became
workable again. When cool, the broken up material was combined with the rest of the
material and placed in the freezer at -20°C for 6-8 hours. Once removed from the
freezer the material was fed into the jaw crusher. The particles which passed through
the crusher were sieved so that the required particle size distribution of 95 % <10mm
was achieved.
6.2.3 RA-materials for further ecotoxicity testing
All materials (Contaminated-RA, Irish-RA, Reference-Mix1, Reference-Mix2,
Reference-Mix3, 50%-RA-Storbit and Repository-RA) were dried in the CDV’s
laboratory under 20 – 23°C and were then prepared by sieving to contain particles
less, or equal to, 4 mm. Larger particles were discarded.

6.3 Design and procedures of the leaching experiments
6.3.1 Percolation test
The percolation test [2] was carried out in two of the laboratories involved in this
study, UCD and SGI. The tests were run in triplicates at each laboratory on the
reference material, Contaminated-RA, and by UCD on the Irish-RA. Tests on the
reference material were conducted on the material as received without any further
processing. The Irish-RA was prepared as described above (6.2.2) before testing.
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The tests were carried out as follows: Three glass columns were packed with <10mm
particle size RA and a fourth column (blank column) was set up at the same
occasion. A solution of CaCl2 and NaN3 was pumped continuously upwards through
all four columns at a constant linear velocity of 15 ± 2 cm/day (measured through the
blank column) until a terminal L/S ratio of 10l/kg was reached. A sample was taken
from each of the three packed columns at seven points during the test; the collection
schedule is detailed in Table 6-1. A sample was taken from the blank column at the
beginning and end of the test period. All columns were protected from light for the
duration of the test to prevent light-induced degradation of PAHs.
Table 6-1 Eluate collection schedule
Fraction number

Fraction volume [l]
( = L/S ratio times dry mass)

Cumulative L/S ratio [l/kg]

1

(0.1 ± 0.02) x mD

0.1 ± 0.02

2

(0.1 ± 0.02) x mD

0.2 ± 0.04

3

(0.3 ± 0.02) x mD

0.5 ± 0.08

4

(0.5 ± 0.02) x mD

1.0 ± 0.15

5

(1.0 ± 0.02) x mD

2.0 ± 0.3

6

(3.0 ± 0.02) x mD

5.0 ± 0.4

7

(5.0 ± 0.02) x mD

10.0 ± 0.1

Both UCD and SGI adhered to the methodology set out in the percolation test
(CEN/TC351, 2010) as closely as possible. However, the procedures carried out in
both laboratories did deviate in some details. Consequently the procedures from both
laboratories are described below and the main differences in the two procedures are
highlighted in
Table 6-2.
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Table 6-2. Main differences in the procedures of the percolation test carried out by
the two labs; UCD and SGI.
SGI

UCD

 Type of pump

Metering pump with ceramic
head; one pump for each column

Peristaltic pump; four channels

 Materials for tubing

Steel pipes

Viton tubing

 Filter

No filter on top

Glass fibre filter on top

Extraction method

Liquid extraction

Solid Phase Extraction

Sampling

Fraction nbr 2 was not sampled

Eluates from the replicas 1, 2 and 3
were combined to one sample for
fraction 1 and 2.

Other remarks

The laboratory staff had previous
experience of the method.

No experience of the method before.

Laboratory
equipment/design

Only one blank was conducted
(sampled 48 h after start of the
tests).

6.3.1.1 UCD procedure
 A layer of glass wool, followed by a layer of silica sand and then a 0.45µm
Whatman glass fibre filter were placed in the bottom of each of the three
columns (dimensions 30cm total height, 28cm packing height, internal
diameter varying from 86mm at the bottom to 90mm at the top). The <10mm
particle-size material was packed in 5 layers with 3 sub-layers in each using a
stainless steel rammer. A layer of glass wool, quartz sand and an identical
filter to that in the bottom of the column were then placed on top.
 Viton tubing was fitted to the inlet and outlet of each column and the inlet
tubing connected to a four channel peristaltic pump.
 Four 5 litre amber borosilicate glass bottles (one per column – 3 filled and one
blank) were filled with the leachant (a 0.04% solution of NaN3 and 0.003 M
CaCl2 in deionised water).
 Four collection bottles, identical to the bottles containing the leachant were
fitted to column outlets.
 At the beginning of the test, the leachant was pumped into the columns until
they were full but no leachant had reached the outlet tubing. The pump was
then switched off and the leachant remained in the column for 48 hours.
 Once the pumps were switched back on, eluates were collected in amber
borosilicate glass bottles according to the schedule shown in Table 6-1.
 The sample portion to be analysed for PAHs was extracted by solid phase
extraction within three days of collection. The solid phase extraction (SPE)
procedure was carried out as follows. A 47mm diameter Empore C18 SPE
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disk was placed on top of a porous filter support. A glass reservoir was
clamped on top and both were then mounted on a Büchner flask which was
connected to a vacuum pump. 10ml of hexane were added to the reservoir. A
few ml were pulled through the SPE disk using the vacuum pump, the pump
was switched off for thirty seconds and the rest was pulled through until the
disk was dry. Then 10ml of methanol were added. Several ml were pulled
through the disk, the pump switched off for thirty seconds and then the rest
was pulled through. However, 10ml of deionised water was added to the
reservoir before all of the methanol had passed through so that the disk was
not allowed to dry. Most of the water was pulled through and then the sample
was added to the reservoir. Prior to its addition to the reservoir, each sample
was spiked with acenaphthene-d10 which was used as an internal standard in
order to calculate the recovery rates achieved by the extraction procedure.
When all of the sample had passed through the reservoir, the flask was
emptied and vacuum applied to the disk for 20 minutes to dry it. Then the disk
was eluted with 20ml of hexane which was then collected and stored in a 25ml
glass bottle.
 Extracts were stored in the refrigerator at 2˚C - 5 ˚C until analysed by GC-MS.
 Approximately 100ml of the collected eluate was retained for heavy metals.
This was acidified by the addition of nitric acid to pH 2 and was stored until
analysis by atomic absorption spectrometry (AAS).
 Approximately 40ml of the eluate was analysed for turbidity, redox potential,
pH, conductivity and then filtered off-line before measurement of dissolved
organic carbon (DOC).
6.3.1.2 SGI procedure
 A Whatman glass micro fibre filter ( GF/D) , followed by a layer of silica sand
were placed in the bottom of each of the three columns (dimensions 30cm
total height, 25 cm packing height, internal diameter varying from 86mm at the
bottom to 90mm at the top). The 10mm particle-size material was packed in 5
layers with 3 sub-layers in each using a stainless steel rammer with a weight
of 350 g. A layer of quartz sand was then placed on top.
 Stainless steel tubing was fitted to the inlet and outlet of each column and the
inlet tubing connected to a metering pump with ceramic head (FMI Q). The
columns were covered with aluminium foil to avoid decomposition by light.
 Four 10 litre amber borosilicate glass bottles (one per column – 3 filled and
one blank) were filled with the leachant (a 0.1% solution of NaN3 and 0.001 M
CaCl2 in deionised water).
 Four collection bottles were fitted to column outlets.
 At the beginning of the test, the leachant was pumped into the columns until
they were full but no leachant had reached the outlet tubing. The pump was
then switched off and the leachant remained in the column for 2 days.
 Once the pumps were switched back on, a first small eluate was collected for
verification of the equilibrium condition in the column by measuring the pH.
The eluates were collected in amber borosilicate glass bottles according to the
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schedule shown in Table 6-1, however, fraction nbr 2 was excluded from the
sampling scheme and thus fraction “nbr 3” is the sum of nbr 2 and nbr3.
 The sample portion to be analysed for organic compounds was centrifuged
before analysis. PAHs were extracted by liquid/liquid extraction with organic
solvent within one day of collection for the first eluate ( L/S 0.1). Extracts were
analysed by GC-MS. The same sample were also analysed for total organic
carbon (TOC) (CSN EN 1484), and turbidity (SS EN ISO 7027).
 A subsample of the eluate was filtered off-line (0.45µm cellulose nitrate
membrane filter) and analysed for the following elements: Ca, Fe, K, Mg, Na,
Si, Al, As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, V, Zn (mod. EPA-200.7
(ICP-AES) and EPA-200.8 (ICP-SFMS)) and Hg (EN ISO 17852:2008).
Samples for element analysis was stabilised with HNO3 prior to analysis. In
addition, analyses of chloride, fluoride, sulphate (mod. EN ISO 10304-1 and
EN ISO 10304-2), dissolved organic carbon (DOC) (CSN EN 1484),
conductivity (SS-EN 27888), redox potential (PHM 92, Radiometer, Brønshøj,
Denmark, with platinum and calomel electrode) and pH (SS 028122) were
performed.
6.3.2 ER-H test
The ER-H test was carried out by SGI in three replicas on the reference material
(Contaminated RA) without any further sample preparation, and one blank (only
containing the leachant) by the following procedure:
 A Whatman glass micro fibre filter ( GF/D) , followed by a layer of silica sand
were placed in the bottom of each of the three columns (dimensions 30cm
total height, 25 cm packing height, internal diameter varying from 86mm at the
bottom to 90mm at the top). The 10mm particle-size material was packed in 5
layers with 3 sub-layers in each using a stainless steel rammer with a weight
of 350 g. A layer of quartz sand was then placed on top.
 Stainless steel tubing was fitted to the inlet and outlet of each column and the
inlet tubing was connected to a metering pump with ceramic head (FMI Q)
connected to a reservoir (borosilicate glass bottle) with the leachant (a 0.1%
solution of NaN3 and 0.001 M CaCl2 in deionised water). The reservoir was
fitted to the column outlet to create a recirculation of the fluid.
 All columns and reservoirs were covered with aluminium foil to avoid
decomposition by light.
 The leachant was pumped into the columns and the leachate was recirculated
through the columns for seven days (168 h).
 Leachates for the different analysis were then collected from the reservoir(s).
 PAHs were extracted by liquid/liquid extraction with organic solvent. Extracts
were analysed by GC-MS.
 A subsample of the leachate was filtered off-line (0.45µm cellulose nitrate
membrane filter) and analysed for the following elements: Ca, Fe, K, Mg, Na,
Si, Al, As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, V, Zn (mod. EPA-200.7
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(ICP-AES) and EPA-200.8 (ICP-SFMS)) and Hg (EN ISO 17852:2008).
Samples for element analysis was stabilised with HNO3 prior to analysis. In
addition, analyses of chloride, fluoride, sulphate (mod. EN ISO 10304-1 and
EN ISO 10304-2), dissolved organic carbon (DOC) (CSN EN 1484),
conductivity (SS-EN 27888), redox potential (PHM 92, Radiometer, Brønshøj,
Denmark, with platinum and calomel electrode) and pH (SS 028122) were
performed.
 Unfiltered leachate samples were also analysed for total organic carbon (TOC)
(CSN EN 1484), and turbidity (SS EN ISO 7027).
6.3.3 Batch test
Batch tests were carried out by SGI and CDV following the technical specifications:
 SIS-CEN ISO/TS 21268-1:2009 (L/S=2)
 SIS-CEN ISO/TS 21268-2:2009, (L/S=10).
These tests are almost identical except the choice of L/S. Both prescribe that:
 The test portion shall have a grain size less than, or equal to 4mm, of at least
95% (mass fraction).
 Oversized material of natural origin (e.g. stones and pebbles) shall be sieved
out and discarded.
However, SGI applied the SIS-CEN ISO/TS 21268-1:2009 on the Contaminated-RA
without further downsizing of the material (i.e. <10mm) and on cryo-grinded fractions
(<4mm and 0.5mm). In addition, CDV did not add any biocide (NaN3) to their
leachant due to the subsequent ecotoxicity testing. The procedures of the two labs
are described below.
6.3.3.1 SGI procedure (ISO/TS 21268-1:2009, L/S=2)
Three batch tests replicas were conducted on the reference material (Contaminated
RA) without any further sample preparation, and one blank (only containing the
leachant). In addition, duplicates on cryo-grinded fractions (<4mm and 0.5mm) were
conducted, following this procedure:
 Approx 0,8 kg of the RA-material (<10mm) was put into an amber borosilicate
glass bottle (2L) together with the leachant (a 0.1% solution of NaN3 and 0.001
M CaCl2 in deionised water) to a L/S-ratio of 2 and sealed with Teflon lined
cap. In the case of robustness testing of the particle size, crushed samples of
the reference material were instead used (<0.5mm and <4mm).
 The bottle was covered with aluminium foil to avoid decomposition by light and
placed on an end-over-end shaker for 24h. In the case of robustness testing of
the duration time of the test, the shaking was prolonged to 48h or 168h.
 The leachate was separated from the solid fraction by centrifugation (10 000 g
in 1 h at 20° C ± 5° C).
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 PAHs were extracted by liquid/liquid extraction with organic solvent and
extracts were analysed by GC-MS.
 A subsample of the leachate was filtered off-line (0.45µm cellulose nitrate
membrane filter) and analysed for the following elements: Ca, Fe, K, Mg, Na,
Si, Al, As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, V, Zn (EPA-200.7 (ICPAES) and EPA-200.8 (ICP-SFMS)) and Hg (EN ISO 17852:2008). Samples for
element analysis was stabilised with HNO3 prior to analysis. In addition,
analyses of chloride, fluoride, sulphate (EN ISO 10304-1 and EN ISO 103042), dissolved organic carbon (DOC) (CSN EN 1484), conductivity (SS-EN
27888), redox potential (PHM 92, Radiometer, Brønshøj, Denmark, with
platinum and calomel electrode) and pH (SS 028122) were performed.
 Unfiltered leachate samples were also analysed for total organic carbon (TOC)
(CSN EN 1484), and turbidity (SS EN ISO 7027).
6.3.3.2 CDV procedure (ISO/TS 21268-2:2009, L/S=10)
90 grams of prepared sample (sieved, <4mm fraction used) were placed in the glass
bottle with a nominal volume of 1 litre and calculated amount (900 ml) of leachant
0.001M CaCl2 was added. The closed bottle containing the sample was fixed to endover-end tumbler and continuously rotated by 6 rounds per minute for 24 hours. After
this step the sample was left for 15 min to allow the suspended particles to settle.
Consequently the leachate was centrifuged for 5 hours at 2500 g in glass bottles.
Total volume of prepared sample was divided into 3 parts including 1 l for ecotoxicity
testing, 1 l for PAHs analysis and 0.5 l for determination of selected elements content
and turbidity.

6.4 Evaluation/validation of the methods
6.4.1 Assessment of the methods repeatability
The repeatability of the tested methods was calculated as the relative standard
deviation (RSD) [%]:

Repeatabil ity 

Sdev
100
Mean value

where the Mean value is the arithmetic mean of n=3, (see Table 6-3).
In general, the batch test showed the best repeatability of the studied methods for
PAHs with low or medium molecular weight (1-11%). However, the repeatability of
the ER-H method and the percolation test for these compounds, except naphthalene,
must also be considered as acceptable (1-18% for ER-H and 0-51% for the
percolation test) considering the heterogeneity of the studied material. The methods’
repeatability for the assessment of naphthalene was less good; 27% for the ER-H
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test and 61-101% for the percolation test, but can possibly be explained by the higher
volatility and degradability of this compound, which makes it more labile than the
other compounds studied.
The repeatability of the methods regarding PAHs with high molecular weight (i.e.
PAH-H) was more complicated to assess due to very low concentrations of these
compounds in the leachates. Thus, only RSDs for some of the compounds could be
assessed; giving maximum values of 40%, 43% and 47%, respectively, for the batch
test, ER-H and percolation test. The higher RSDs of these compounds could be
explained by their higher hydrophobicity and their affection to particles and colloids in
the leachates and adsorption to leaching and centrifugation equipment. Since none
of these methods allows off line filtration for analysis of HOCs, there will inevitably be
some particles or colloids in the analysed leachates that consequently will affect the
results.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 66 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

1.0

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

PP

Table 6-3. The repeatability of the evaluated methods shown in % (calculation based
on n=3).
PAH

Batch (SGI)

ER-H

Percolation (SGI)

L/S=2

L/S=2

Min

Percolation (UCD)

maxa

maxa

min

Naphthalene

1

27

0

61

37

101

Acenaphthylene

4

3

1

10

12

45

Acenaphthene

2

18

2

7

7

51

Fluorene

1

11

0

19

6

45

Phenanthrene

3

13

0

8

4

39

Anthracene

2

16

4

18

5

34

Fluoranthene

7

14

0

11

12

35

Pyrene

11

14

4

12

0

35

Benzo(a)anthracene

18

13

4

18

-*

-*

Chrysene

21

20

-*

27

-*

-*

Benzo(b)fluoranthene

32

-*

-*

47

-*

-*

Benzo(k)fluoranthene

30

-*

-*

-*

-*

-*

Benzo(a)pyrene

32

43

-*

43

-*

-*

Dibenzo(ah)anthracene

33

-*

-*

-*

-*

-*

Benzo(ghi)perylene

40

-*

-*

-*

-*

-*

Indeno(123cd)pyrene

35

-*

-*

-*

-*

-*

Cd

-

18

11

73

17

65

Co

12

40

1

42

12

50

Cu

12

12

10

60

27

81

Mn

17

10

4

12

4

28

Ni

23

12

7

40

7

21

Pb

-

-

23

23

6

27

Zn

132

37

31

98

25

173

58

29

3

148

10

86

DOC

3

23

2

43

8

56

pH

0

1

0

2

0

2

Conductivity

0

1

0

2

2

23

Redox

3

14

1

12

0

1

Metals

Other parameters
Turbidity

*Not calculated as some or all samples were below detection limits.
a

Minimum and maximum values for accumulated L/S-values 0.1-10 L/kg
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The repeatability of the batch and the ER-H test was found acceptable for all studied
metals accept zinc, for which an RSD of 132% was obtained in the batch test. The
repeatability of the percolation test for this element was equally bad (maximum RSD
was 98% and 173% for SGI and UCD results). The bad repeatability is most likely
caused by a background contamination of zinc; elevated concentration of zinc was
for example found in one of the blanks from the batch test (82µg/L) and the obtained
concentrations in all our tests were in the same range as the background level of zinc
measured in the other blanks.
Unacceptable repeatability (RSDs >50%) were also obtained for Cu, Co and Cd with
the percolation test, however, the bad repeatability is most likely a result of very low
concentrations and in the case of the SGI-procedure, an effect of background
contamination (see 6.4.4). For the characterization parameters, (pH, conductivity and
redox) all tested methods showed a good repeatability (RSDs of 0-23%). RSDs for
DOC were slightly higher (maximum values between 2-56% for the three different
methods) and for the turbidity only ER-H obtained acceptable repeatability (29%).
This indicates unequal distribution of particulate matter in the leachates obtained
from batch and percolation test compared to the ER-H-test.
6.4.2 Compliance testing of the methods
In order to compare the levels of leached PAHs between the different methods the
accumulated leached amount of individual PAHs at the L/S ratio of 2 was calculated.
The results are presented in Figure 6-1 as µg PAH/kg TS.

Figure 6-1. Accumulated leached amounts at L/S=2 obtained by the three different
leaching methods performed on non-sieved RA-granulates (<10mm). All tests
performed by SGI.
Leachates from the batch test contained up to 20 time higher amounts of PAH-H than
the leachates from the column tests. For PAH-L and PAH-M slightly higher
accumulated leached amounts were received with the batch test, but the difference
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was not significant. This finding is probably a result of a non-satisfactory separation
of solid material from the aqueous phase in the batch test; resulting in measurements
of both truly dissolved compounds and compounds associated to particles and
colloids. The separation technique used in the batch test is centrifugation (at 10000g
in 1h) while the separation of solids from the leachate in the percolation-test and the
ER-H-method is performed through “natural filtration” within the column consisting of
the material undergoing leaching. Compared to column tests the batch test is a much
more vigorous method, which can result in disaggregation of the material when it is
undergoing shaking and hence create a higher degree of fine particles in the
leachate during the performance of the test. Turbidity is a measurement of colloidal
and particulate matter in a solution. Turbidity measurements of all received leachates
confirmed that the leachates obtained with the batch test (after centrifugation) had a
higher content of colloids/particles compared to leachates obtained with the other two
methods; (Mean value was 10.2 FNU for the batch test compared to 1.2 and 2.0 FNU
for leachates from the ER-H and the percolation test (calculated as mean of n=3).
PAHs with high molecular weight are more hydrophobic compared to compounds
with less aromatic rings in there structure and are thus associated to a higher degree
to the particulate phase compared to PAHs with lower molecular size which can
explain why the amounts of PAH-H were higher in the batch test. This result is also in
agreement with previous findings for leaching of PAHs from contaminated soil using
batch tests [18], [31].

In conclusion, the batch test could probably be used as compliance test to the
percolation when studying PAH-L and PAH-M but will overestimate the leaching of
PAH-H. The results obtained from all leaching tests are a combination of both truly
dissolved compounds and compounds associated to particulate matter. The
separation technique applied in the batch test proved to be inefficient and resulted in
higher amounts of particulate matter in the leachate. Hence, the ER-H method is a
better choice (gives a more accurate result and will better match the results obtained
with the percolation test at L/S 2). However, it is a more time consuming test and
thus possibly also more expensive compared to the quicker batch test.
6.4.3 Robustness testing of the batch test
6.4.3.1 Effect of increased leaching time on the leached concentrations
To evaluate if the default value of 24 h of shaking is enough time to reach maximum
concentration of PAHs in the leachate (i.e. if chemical equilibrium or values “near
equilibrium” is reached) the time of the test was increased to 48h and 168h (Figure
6-2). Characterization parameters (turbidity, TOC, DOC, pH, conductivity, and redox
conditions) are given in Table 6-4.
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Figure 6-2. Effect of prolonged leaching time of the batch test. Concentrations of
PAH in leachates (µg/L) received after shaking for 24h (default value) compared to
shaking for 48 and 168h at L/S=2.
No trend of increased leaching with increased time could be seen. Instead the
opposite was observed, in that highest concentrations were obtained in the test
running for 24h. However, for several compounds the difference could not be
significantly determined from the values obtained at 168h. It must also be noted that
the error of the measurements (calculated as standard deviation from n=3 or n=2)
can be much higher than the here presented values (shown as error-bars in the
figures), due to round off errors for several of the compounds that were detected in
low amounts.
Consequently, it was concluded that increased time of shaking did not provide higher
concentrations of PAH in the leachates. However, since the number of tests
performed was very limited, and only one material has been studied no conclusions
about if chemical equilibrium is reached or not can be draw. The obtained results
may also be governed to a high degree by particulate matter, which is indicated by
the turbidity of the leachates (Table 6-4). The effect of particulate matter on the
leaching of PAH-H was even more pronounced in the compliance study (see Section
6.4.2) which shows that the batch test should be ruled out as a test aiming to assess
freely dissolved concentrations of HOCs at chemical equilibrium.
It should, however, be noted that the leaching of organic compounds in total,
increased with increased duration time of the test; the mean concentration of DOC
increased from 19.7 to 28.8, and the concentration of TOC increased from 20.1 to
26.6 (Table 6-4).
This test was primarily designed to investigate leaching of PAHs, however, a
selection of inorganic compounds were also studied in filtrated subsamples of the
leachates. The results showed a moderate increase in concentration of K, Mg, Si, Ba,
Cu, Mo, Sb, Se, V, S and F with increased shaking time (a factor 1.2-3.1). Moreover,
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no concentration trend was found for As, Co, and Ni, while Cd, Cr, Hg and Pb were
leached in concentrations close to, or under, the detection limit and were thus
disqualified from an evaluation. In addition, the leaching behaviour of Zn and Mn was
not possible to evaluate due to high background concentrations of these elements
found in blanks. Al was the only compound showing a decreasing trend (129 – 43
µg/L).
Table 6-4. Condition parameters (shown as mean values of n=3 or 2) measured in
batch tests with 24, 48 and 168 hours duration.
Duration time of the test
[h]

24

48

168

Turbidity

FNU

10.2

8.80

11.3

DOC

mg/L

19.7

24.2

28.8

TOC

mg/L

20.1

23.9

26.6

8.20

8.05

8.20

199

202

212

297

322

305

pH
Conductivity mS/m 25 °C
redox

mV

The results indicate that true chemical equilibrium is not reached for several
inorganic compounds when the test is run at its default value (24h). However, the
concentration of most of these elements will only be increase by a factor 2 or less if
the duration time is prolonged to seven days (168h).
6.4.3.2 Effect of particle size on the leached concentrations
To evaluate if the particle size of the RA material undergoing leaching has an effect
on the leached concentrations, batch tests were performed on downsized samples of
the reference material (cryo-grinded fractions of the contaminated-RA down to <4mm
and <0.5mm). Results for PAH-L, PAH-M and PAH-H are shown in Figure 6-3 and
turbidity and TOC of these experiments are shown in Figure 6-4.
Intuitively, the concentrations of PAHs are expected to be higher in leachates from
tests performed on RA aggregates of small grain size compared to leaching of larger
aggregates, since the ratio between the surface area available for leaching and the
amount of solid matter in the test is increasing with decreasing size of the
aggregates.
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Figure 6-3 Concentrations of PAH-L, PAH-M and PAH-H in leachates from batch
tests (L/S=2; 24h) conducted on RA-aggregates with particle sizes of <0.5mm, 4mm
or 10mm.
However, no trend of increased levels of PAHs in the leachates with decreased
particle size of the leached RA-aggregates could be seen. On the contrary the
concentration of PAH-H and PAH-M was, in general, significantly higher in the
leachates obtained from the tests performed on the biggest particle size (<10mm). All
results correlated however very well with the obtained turbidity values in the
leachates (Figure 6-4); the turbidity in leachates obtained from the tests performed
on the smaller aggregate sizes (<0.5mm and <4mm) were significantly lower than the
turbidity in leachates from the 10mm tests. This proves that the amounts of
particulate matter was higher in the analyzed leachates obtained from tests
performed on the biggest particle size (<10mm). Re-aggregation of cryo-grinded
particles may be one explanation to this finding, making the separation more efficient
for leachates from these fractions. Another explanation to the lower concentrations of
PAHs found in the leachates from <0.5 and <4mm tests may be re-adsorption of
leached PAHs to the new surfaces caused by the grinding of these samples.
It should be noted though that the leaching of organic compounds in total, increased
with decreasing particle size of the RA aggregates (in accordance with the theory
described above); the mean concentration of DOC increased from 20.1 to 28.1, while
the concentration of TOC increased from 19.7 to 31.5 (Figure 6-4).The effect of
particle size on the leached concentrations of inorganic elements caused both
increasing and decreasing concentration trends . K, Mg, Si, Co, Mo, Sb, Se, V, S, F
increased with decreased particle size of RA aggregates. Of these elements it was
only Co that increased more than a factor 2. The concentration of this compound
increased from 0.15 – 19µg/l in the tested size interval.
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The opposite trend was found for Al and Cu, which decreased from 129-80µg/l and
10-5.6 µg/l. Cupper is known to be rather colloid-dependent, and the lower
concentration of Cu may thus be explained by the lower concentrations of colloids in
the leachates (shown by the lower turbidity). Furthermore, the leaching behaviour of
Zn and Mn was not possible to evaluate due to high background concentrations of
these elements found in blanks. Other studied elements did not show any significant
changes in concentrations or they were leached in very low amounts and were thus
below or too close to the detection limit to be evaluated.

Figure 6-4. Turbidity [FNU] and total organic carbon, TOC, [mg/L] in the leachates
obtained with batch test on different grain size of the RA aggregates.
6.4.4 Interlaboratory study on the percolation test –comparison of SGI and UCD
results
6.4.4.1 Inorganic elements
Figure 6-5 to Figure 6-10 show the leached concentrations [µg/l] in each sampled
fraction of the percolation test versus accumulated L/S-ratio for all elements that
where analysed by both SGI and UCD (i.e. Cd, Co, Cu, Mn, Ni, Pb and Zn). Included
are also results of blanks performed by UCD and SGI. The SGI-blank is the result of
a single test and is thus shown in the graphs as a fixed concentration over the
studied L/S interval, while UCD sampled one blank in the beginning and the end of
the experiment (approx. at L/S 0.1 and 10).
The concentrations obtained by SGI were higher for all studied elements except Pb.
However, the concentrations of Pb were very close to, or under, the detection limit for
both analyses used (0.2µg/L for SGI compared to 0.4µg/L for UCD’s analysis).
Furthermore, SGI found elevated levels of several of the elements in their blank
sample compared to the blank tests performed by UCD's. For example, 213, 211 and
20 times higher concentrations were found in SGI’s blank sample compared to
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UCDs’ for Zn, Mn and Cu, respectively. This clearly indicate that the experimental
design with steel-pipes, used by SGI, can have a major effect on the concentration
levels of inorganic compounds and that the Teflon tubings used by UCD should
preferable be used when investigating leaching of inorganic compounds.

Figure 6-5. Concentrations of Pb obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests. Pb concentration in the blank sample conducted by SGI was below
detection limit <2µg/L.
All metals except Mn reached background concentrations within the studied L/S-ratio
(up to 10L/kg). The initial concentrations of Mn were 154 and 84 times above
background concentrations found in blanks for SGI and UCD, however, the
concentration decreased rapidly and thereafter followed a phase of rather steady
state leaching. The concentrations at L/S10 were 74 µg/L (SGI) and 12µg/L (UCD),
which corresponded to approx. 35 and 12 times above the background concentration
for SGI and UCD, respectively.
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Figure 6-6 Concentrations of Mn obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests.
The leaching of Cd (Figure 6-7), Co (Figure 6-8) and Ni (Figure 6-9) showed the
same leaching behaviour; SGI obtained initially elevated concentrations (up to 16
times higher concentrations than the background level) followed by declining
concentration in the subsequent fractions sampled, reaching down to background
level at approx. L/S=2 or 3. UCD did not detect any elevated concentrations of these
compounds in any of their sampled fractions, and thus, it is concluded that the initial
elevated concentration of Cd, Co and Ni in the experiments of SGI is caused be a
background contamination possibly coming from the steel pipes, the pump or the
glass ware. This conclusion is also strengthened by the results of the batch- and the
ER-H test; the batch test returned low concentrations (<0.05µg/L, 0.15µg/L and
1.5µg/L for Cd, Co and Ni respectively), while the concentrations in the leachate from
the ER-H-test were in the same range as the elevated concentration obtained in the
percolation (data not shown here). The same steel pipes and pumps were used in
the ER-H set up as for the percolation. In the percolation test, the release of
background contaminants is only shown as an initial effect, and with subsequent
leaching the contamination disappears, while in the ER-H it affects the final result
(since only one leachate is obtain; the test is run at a fixed L/S-ratio).
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Figure 6-7 Concentrations of Cd obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests.

Figure 6-8 Concentrations of Co obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests.
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Figure 6-9 Concentrations of Ni obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests.
The leaching behaviour of Cu was slightly different; SGI found initially concentrations
of Cu that was >39 times the background concentration of the blank sample, however
the declining concentration trend was not as rapid as for the other elements
(background levels were reached at L/S 10). In addition, 17 times higher
concentrations were found in the leachates of the ER-H tests (data not shown here)
compared to the blank ER-H sample and >10 times higher concentrations were
obtained in the batch leachates compared to batch blank sample (data not shown
here).
The leaching of copper, studied with the SGI’s experimental set-up, can thus again
be explained by the choice of the leaching device (steel pipes, pump etc), however,
the results from the batch test indicates that some copper is also leached out from
the Contaminated RA itself. This leaching is however low and the results from the
UCD’s test shows fast declination, reaching background values at L/S=1. The initial
concentration was approx. 183 times lower than the one obtained by SGI and
corresponding to 4 times the background concentration.
The leaching of Zn was not further evaluated due to elevated concentrations found in
the blanks and unacceptable RSD-values of this compound (see Table 6-3).
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Figure 6-10 Concentrations of Cu obtained in the sampled fractions of the percolation
tests performed on Contaminated-RA by UCD and SGI, together with the results of
blank tests.
From this study we conclude that the experimental set-up used by UCD (with-out
steel pipes) should be used when leaching of metals is of concern.
6.4.4.2 PAHs
Figure 6-11 shows PAH-L and PAH-M leaching as a function of cumulative L/S ratio
as cumulative amount [µg] leached per kg of dry mass of the RA from the two
different laboratories; SGI and UCD. For comparison the result from the batch
leaching test, performed by SGI, is included. Leaching of naphthalene appears to
have occurred at a faster rate initially in the experimental set-up used by SGI and
that the available fraction of naphthalene for leaching comes to an end already at
L/S-ratios below 2. Leaching of this compound assessed by UCD shows a
reasonably constant rate throughout the duration of the test in Figure 6-11. However,
there were differences in the leaching behaviour between the three columns, which
are not indicated by the graph (only mean values are presented in Figure 6-11). One
of the columns showed a tendency of depletion of naphthalene already at L/S=2.
None of the other studied compounds showed this leaching behaviour and it cannot
be ruled out that the depletion of naphthalene is a result of losses due to degradation
or volatilisation.
The experimental design used by SGI generated higher leached amounts for all
studied PAHs. The differences appeared to increase with increased hydrophobicity of
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the compounds; starting with almost equal leached amounts for naphthalene but
reaching a difference of more than 7 times higher amounts for pyrene (see
Table 6-5). This may be explained by the different experimental design of the
leaching procedure and the choice of extraction method.
SGI used steel pipes while UCD used Teflon tubings. Preliminary tests have shown
that the adsorption of PAHs is more pronounced to Teflon compared to steel
surfaces. Furthermore, UCD’s design included a glass fibre filter in the top of the
columns (prescribed in the pre standard) to which the more hydrophobic compounds
could have adsorbed.
Also the solid phase extraction may have a less good recovery for PAH-H than PAHL and PAH-M compared to liquid/liquid extraction that was used by SGI.
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Figure 6-11 Cumulative leaching of PAH-L and PAH-M in percolation tests performed
by SGI and UCD [µg/kg]. For comparison the result from SGI batch test is also
included (L/S=2).
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Table 6-5 The total leached amount (calculated as the mean value of n=3 for each
laboratory) at L/S=10 in µg/kg, together with the ratio between the laboratories.

PAH

Percolation
(SGI)

Percolation
(UCD)

L/S=10

L/S=10

Ratio
between the
amounts

µg/kg

µg/kg

SGI/UCD

Naphthalene

65.2

62.4

1.0

9.2

5.1

1.8

Acenaphthene

50.9

21.7

2.3

Fluorene

38.4

26.8

1.4

113.0

41.4

2.7

Anthracene

19.9

5.2

3.8

Fluoranthene

22.2

4.0

5.6

Pyrene

13.7

1.9

7.3

Benzo(a)anthracene

1.5

-*

Chrysene

1.3

-*

Benzo(b)fluoranthene

0.2

-*

Benzo(k)fluoranthene

0.1

-*

Benzo(a)pyrene

0.1

-*

Dibenzo(ah)anthracene

<0,10

-*

Benzo(ghi)perylene

<0,10

-*

Indeno(123cd)pyrene

<0,10

-*

Acenaphthylene

Phenanthrene

*Leached concentrations below detection limit

The turbidity (Figure 6-12) of the leachates produced in both laboratories was low; for
SGI between 0.4 to 2.4 FNU and for UCD between 0.3-0.5 NTU. No significant
differences could be observed between values obtained for the leachates and blanks.
However, RDS-values were high (SGI: 3-148%; UCD: 12-86%).

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 81 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

Figure 6-12 The turbidity (in FNU or NTU) measured in leachates and blanks
produced by the SGI and UCD laboratories.

The DOC content in the leachates from the two laboratories was very similar (Figure
6-13). The initial fractions in UCD’s columns contained approx 57mg/L. With
continuous leaching the DOC declined down to background levels (obtained in blank
samples). SGI was not able to analyse DOC in their first fractions, due to not enough
volumes for all analysis. However, SGI leaching follows the same trend as obtained
by UCD; declining concentrations in each fraction down to background values found
in blanks. The RDS was 2-43% (SGI) and 8-56% (UCD).
In addition, TOC-values (only measured by SGI) was in the same range as DOC
values (could not be significantly separated from each other), indicating low organic
particulate matter in the leachates and a good internal separation of particles in the
column.
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Figure 6-13 DOC [mg/l] and TOC [mg/l] in leachates and blanks produced by the SGI
and UCD laboratories.
SGI obtained slightly higher pH in their leachates (varied between 7.6-7.8) compared
to UCD’s (7.3-8.0), see Figure 6-14. There was a very good repeatability in the pHmeasurements (i.e. low RDS; 0-2% for both UCD and SGI). However, SGI obtained
elevated pH in their blank sample (pH=9) which indicates background contamination
of this sample. Mean pH-value for UCD’s blanks was 7.2.

Figure 6-14 pH in leachates and blanks produced by the SGI and UCD laboratories.
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The conductivity in the initial fractions sampled by UCD and SGI was approx. 1.8 and
1.2 times the background level of each laboratory (conductivity measured in blank
samples). The conductivity declined with increased leaching, reaching background
levels at an L/S-ratio of approx. 2 (SGI: 221-187 mS/m25°C (RSD: 0-2%) and 182
mS/m25°C in blank; UCD:586-280 mS/m 25°C (RSD: 2-23%) and (332 and 269
mS/m25°C in blanks at L/S 0.1 and L/S10).

Figure 6-15 Conductivity of leachates and blanks produced by the SGI and UCD
laboratories.
The mean value of the redox potential, measured in mV, (Figure 6-16) was about 1.5
times higher in leachates produced by SGI. In addition, UCD obtained quit consistent
readings while the redox potential in the leaching tests conducted by SGI was
fluctuating in the beginning and thereafter decreased with increasing L/S-ratio,
possibly indicating microbial activity and degradation of organic matter.
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Figure 6-16 Redox in leachates and blanks produced by the SGI and UCD
laboratories.
From these findings we conclude that the experimental set-up used by SGI is
preferable when leaching of hydrophobic organic compounds (e.g. PAH-M and PAHH) is of concern. The UCD set-up with Teflon tubing and glass fibre filter returns
results in the same range for PAH-H but will underestimate the leaching of
compounds of high hydrophobicity (e.g. PAH-H).

6.5 Characterization of leaching behaviour of different RA using
the UCD-percolation test
The once-through column, up-flow percolation test[2], described in the section 6.3.1,
was selected a suitable test method for the full characterization of RA. The leaching
of 16 EPA priority PAHs and a selection of heavy metals were studied using this
method as a function of increasing L/S ratio. This study was conducted by UCD,
using the experimental set-up described in section 6.3.1.1, and it should therefore be
noted that the here presented results may have underestimated the leaching of PAHH (see discussion in section 6.4.4.2).
With adequately high levels in the leachates, a distinction can be made between
different contaminant release patterns, aiding the prediction of long-term leaching
from the material studied. The test conditions are not intended to represent in-situ
conditions for the use of the material; rather it is a parameter specific test. Results
from the test are given as
 mg/l per fraction
 mg/kg dry mass per fraction cumulatively released quantities for fractions 1-7
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6.5.1 Results and discussion
Results for PAHs and heavy metals are presented as the average result of the three
packed columns in µg of constituent per kg of dry mass of material in each column.
Results are shown in µg/kg per fraction which corresponds to the L/S ratios given in
Table 6-1. Figure 6-17 shows PAH data for the lower molecular weight compounds
as the total amount of each PAH leached over the entire test duration where this
could be calculated. The difference in leached amounts between the two
heterogeneous materials, Irish RA and Contaminated RA is evident from the figure
with the most pronounced differences occurring mainly with the most volatile
compounds.

Figure 6-17 Total amounts of PAHs leached at cumulative L/S=10. Error bars shows
RSD-values calculated from triplicates.

Figure 6-18 shows acenaphthene and benz(a)anthracene leaching as a function of
cumulative L/S ratio as both the number of µg leached per kg of dry mass of the RA
in the column and the cumulative % of the total quantity leached at each L/S ratio.
Leaching appears to have occurred at a reasonably constant rate throughout the
duration of the test from the ‘Contaminated RA’ sample, whereas there is a spike in
concentration in the ‘Irish RA’ eluate which occurs approximately at L/S ratio of 2 l/kg.
This spike in concentration which occurred for all PAHs may be due to a deviation in
prescribed leaching conditions caused by a pump malfunction and leakages from the
columns, resulting in a longer contact time of the leachate with the sample due to a
lower linear velocity through the columns.
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Figure 6-18 PAH leaching; the ordinata in the upper graphs shows the leached
concentration multiplied by the fraction volume (see table 6-1) in µg/kg, while the
ordinata in the lower graphs shows the cumulative values (in percentage).The
abscissa shows the cumulative L/S-ratio
The results also shows higher standard deviations in the early stages of the tests
expecially in the Irish RA results where problems with leakage were experienced. It
should also be noted that the Irish RA material was the first material tested in the
UCD lab and shows higher standard deviations than the Contaminated RA material
possibly due to the increased experience of the lab when performing the second test.
Heavy metals in the eluates from the tests performed by UCD were analysed by
AAS, consequently the detection limits were high when compared with ICP-MS and
the metals which could be detected were limited by lamp availability. The levels of all
of the heavy metals detected in the eluates were low and similar in both the
Contaminated RA and Irish RA samples except for manganese which was higher in
the Contaminated RA eluates. Concentrations of some metals in the blanks were of a
similar magnitude to those in the samples, most likely indicating leaching from the
glass columns.
Figure 6-19 shows the cumulative leached amounts of heavy metals over the test
duration for the Contaminated RA and Irish RA samples. Figure 6-20 shows heavy
metals leaching for copper and zinc both as the amount leached per fraction in µg/kg
and as the cumulative amount leached, expressed as a percentage.
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Figure 6-19 Total heavy metals leached at cumulative L/S=10. Error bars shows
RSD-values calculated from triplicates.
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Figure 6-20 Leaching of Zn from the two tested RA-materials with percolation test.
The ordinata in the upper graphs shows the leached concentration multiplied by the
fraction volume (see table 6-1) in µg/kg, while the ordinata in the lower graphs shows
the cumulative values (in percentage).

Figure 6-21 to
Figure 6-25 show pH, conductivity (ms/cm), DOC (ppm), turbidity (NTU) and redox
(mV) values for the leachate from Contaminated RA and Irish RA samples with
respect to L/S ratio (L/kg). After initial fluctuations in pH, values remained reasonably
constant for leachates from both sample materials from approximately L/S= 2 for the
Contaminated RA material and L/S=4 for the Irish RA material. The pHs of the
Contaminated RA eluates were lower than the Irish RA eluates with average pHs of
approximately 7.53 and 7.96 respectively.
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Figure 6-21 pH leaching vs. L/S ratio.
Conductivity values were similar for eluates from both materials and were in the
range 280mS/m - 658 mS/m.

Figure 6-22 Conductivity vs. L/S ratio.
DOC values were also similar for the eluates from both materials, except for initial
fluctuations in the Contaminated RA eluates with a general trend of decreasing DOC
readings over the test duration.
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Figure 6-23 DOC vs. L/S ratio.
Turbidity values were low for the eluates from both samples indicating low levels of
suspended particulate matter.

Figure 6-24 Turbidity (NTU) vs. L/S ratio.
Redox potential values were similar in the eluates from both materials except for
initial fluctuations in the eluates from the Irish RA material.
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Figure 6-25 Redox vs. L/S ratio.

Table 6-6 shows the repeatability results (calculated as RSD in %) for PAHs for the
two materials tested at the UCD laboratory, Irish RA and Contaminated RA. The
repeatability is better for the Contaminated RA material than the Irish RA material
possibly because it was tested after the Irish RA material when the lab had some
experience in carrying out the test. However, it can also be an effect of the
heterogeneity of this material since the here presented repeatability is a combination
of both the materials heterogeneity and the interlaboratory testing. For most of the
medium and higher molecular weight compounds, the values were at or below the
detection limits of the analytical equipment and so repeatability values could not be
calculated.
Table 6-7 shows the repeatability results for a selection of heavy metals for the two
materials tested at the UCD laboratory, Irish RA and Contaminated RA.
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Table 6-6 Maximum and minimum RSD (in %; n=3) of the PAH concentrations
obtained over the studied L/S-interval for the two studied RA-materials..
Irish RA*

Contaminated
RA-UCD*

PAH

Min

Max

Min

Max

Naphthalene

47

132

37

101

Acenaphthylene

9

73

12

45

Acenaphthene

8

53

7

51

Fluorene

3

65

6

45

Phenanthrene

18

86

4

39

Anthracene

21

62

5

34

Fluoranthene

28

65

12

35

Pyrene

23

58

0

35

Benz(a)anthracene

-**

-**

-**

-**

Chrysene

-**

-**

-**

-**

Benzo(bk)fluoranthene

-**

-**

-**

-**

Benzo(a)pyrene

-**

-**

-**

-**

Indeno(123-cd)pyrene

-**

-**

-**

-**

Dibenzo(ah)anthracene

-**

-**

-**

-**

Benzo(ghi)perylene

-**

-**

-**

-**

Coronene

-**

-**

-**

-**

*Fractions 1 & 2 were combined for analysis – figures based on fractions 3-7
**Not calculated as some or all samples were below detection limits

Table 6-7 Maximum and minimum RSD (in %; n=3) of the metal concentrations
obtained over the studied L/S-interval for the two studied RA-materials.
Irish RA

Contaminated RA-UCD

Metal

Min

Max

Min

Max

Copper

12

71

22

86

Zinc

2

173

21

173

Nickel

5

41

7

78

Manganese

2

26

11

15

Cobalt

5

26

22

58

Cadmium

2

87

22

64

Lead

6

40

5

36
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6.6 Eluates for further ecotoxicity testing
The chemical characterization of the leachates obtained for further ecotoxicity testing
is given under Section 7 in conjunction to the evaluation of the ecotoxicity
experiments (Table 7-3 and Table 7-4).

6.7 Conclusions
The main conclusions from the evaluation of leaching tests are:
 Although based on a very limited number of samples the conclusion was that
all the tests had a sufficient repeatability for use on contaminated RA.
 The prescribed shaking time (24h) of the batch test (ISO/TS 21268-1) appears
to be enough to reach maximum concentrations i.e. increased time of shaking
did not provide higher concentrations in the eluates.
 The concentrations of PAH-H in the batch test was higher compared to results
obtained by the ER-H method. This is due to prevalence of particulate matter
in the batch leachate (confirmed by higher turbidity values). The use of the
batch test for determining leaching of PAH-H will thus lead to an
overestimation of these compounds. The batch test could be used as
compliance test to the percolation method when studying PAH-L and PAH-M,
but will overestimate the leaching of PAH-H since these compounds are
correlated to particulate matter. For this purpose the ER-H method is a better
choice.
 The robustness test with leaching of decreased particle size of RA aggregates
showed that leaching of organic compounds in total (DOC), and the leaching
of several of the inorganic elements (K, Mg, Si, Co, Mo, Sb, Se, V, S, F)
increased with decreasing particle size of the RA aggregates. However, the
leaching of Al and Cu were decreased.
 No increased leaching of PAHs could be seen with leaching of RA-aggregates
of decreasing particle size. On the contrary, the concentration of PAH-H and
PAH-M was, in general, significantly higher in the leachates obtained from
tests performed on the biggest particle size (<10mm). The results correlated
with the turbidity of the leachates; increased turbidity, with increased particle
size, resulting in increased concentrations of HOCs. This may be a result of
re-aggregation of fine particulate matter in the crushed fractions, thus
providing a better separation in the centrifugation step of the batch test and
less colloids and particles in the analysed leachates of these fractions.
Another explanation could be re-adsorption of HOCs to new surfaces of the
crushed material.
 The interlaboratory study on the percolation test showed that the experimental
design can have a high impact on the leaching results of both HOCs and
inorganic compounds, and that it is complicated to design the test for
assessment of both inorganic and organic compounds at the same time. Using
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e.g. steel materials for pipes will lead to metal contamination of the
leachant/leachate while the use of Teflon tubings probably is causing higher
losses of HOCs.
 It is important to measure and report the leachant flow rates or linear velocity
of the leachant through the column during the percolation test in order to
correctly interpret the results. Lower flow rates (due to pump malfunction) and
thus increased contact time between RA particles and the leachant in the
percolation test can cause increased leaching of organic compounds.
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7 Ecotoxicity of hazardous substances
7.1 Scope of the subtask
Composition of RA is an important issue related to the possible re-use of the material
in new construction. The presence of pollutants and hazardous compounds in RA is
both in connection with initial composition of the material (e.g. tar) and can also
originate from deposition of automotive exhaust gasses and particles from wearing of
tires and break shoe lining. New formulas with additives such as polymer modified
bitumen and special elements such as fibres or rubber may also contain or form
hazardous compounds when introduced to the asphalt mix.
As already described previously in this report, the content of hazardous compounds
can be determined by classical chemical analytical methods (e.g. ICP-MS, AAS, GCMS, HPLC and others) and their potential to be leached out to a water environment
can be assessed with different leaching tests. However, these types of tests and
analyses will only return data for a limited number of compounds (the selected ones)
and they reveal no information about the materials toxicity or synergistic effects that
may occur due to the prevalence of several different hazardous substances. Hence,
it is very suitable to join chemical analytical methods with ecotoxicological tests that
provide this information. Characterization of possible effects of different RA materials
on living organisms by using ecotoxicity tests is the aim of this activity.

7.2 Tested materials
Ecotoxicity tests were performed on the following 7 materials (for detailed description
see Section 3.1):
 Contaminated RA
 Reference Mix 1
 Reference Mix 2
 Reference Mix 3
 Irish RA
 50 % RA with Storbit
 Repository RA
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7.3 Methodology
7.3.1 Leaching procedure
Ecotoxicological tests were performed on leachates of the materials prepared in
accordance with SIS-CEN ISO/TS 21268-2:2009 “Soil quality – Leaching procedures
for subsequent chemical and ecotoxicological testing of soil and soil materials – Part
2: Batch test using a liquid to soil ratio of 10l/kg dry matter” (see Section 6.3.3.2)
7.3.2 Ecotoxicity tests
Water organisms and seeds of plants can serve to determine the acute- and semi
chronic toxicity of unknown substances of e.g. leachates from industrial waste or
stockpile material. Acute toxicity tests are used for determination of immediate effects
of compounds that causes death of organism or their stress behaviour. Ecotoxicity
test result is effective concentration of test substance EC50 which causes the death
or immobilization of 50 % of organisms. Tested substances are divided into toxicity
classes on the basis of this value and it is possible to estimate scale of negative
effects of tested substances on water organisms. Basic test is performed to
determine EC50 value. Test usually consists of 7 different concentrations of the
leachate determined by with approximate test. 2 or 3 parallel tests are performed for
each concentration and number of death or immobile organisms is calculated after
24, 48 and 72 or 96 exposure hours. The scheme of ecotoxicity test is visualized in
Figure 7-1 and measured parameters within ecotoxicity tests are summarized in
Table 7-1.

Figure 7-1 The applied ecotoxicity test scheme (modified from Kočí et al. [32]).
The process of ecotoxicity characterization of samples starts with the preliminary
test. The preliminary test is used for estimating the ecotoxicity of undiluted aqueous
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extract (tested solution) to the tested organism. When the result of preliminary test is
positive with higher or equal toxicity of 50 %, proceeds another test “approximate
test” used to to find a range of concentrations of diluted aqueous extract (test
solution) to perform the “basic test” of ecotoxicity. Basic test serves to determination
of EC (IC or LC) 50 concentration.
When the result of preliminary test is positive with lower toxicity of 50 % or is
negative, proceeds another test “verification test”. This test is a replicate of the
preliminary test to verify that the undiluted aqueous extract (test solution) does not
show toxic effects on the prescribed test organisms. When the result of verification
test is positive with higher or equal toxicity of 50 %, proceeds another “approximate
test” and subsequently “basic test” as described above. Along with this control testing
proceeds on organisms in the environment without the addition of sample under the
same conditions as the test runs (preliminary, approximate, basic tests).
The above description of ecotoxicity test and diagram describe the principle of
ecotoxicological tests in general. EC50 calculation is described in general in separate
documents and guidelines for ecotoxicological tests. When it is not possible to
determine EC50, EC25 or EC10 can be calculated as the result of test of acute
toxicity.
In the case of ecotoxicological evaluation of RA within the Re-road project, the
following set of tests on 4 organisms that represent all trophic levels in fresh water
ecosystem was performed on each of the material leachate. This set of tests is used
for evaluation of wastes characteristics in case of their storage in landfill and is in
accordance with Czech Regulation No. 294/2005 Sb. that implements Council
Directive 1999/31/EC on the landfill of waste. This regulation defines also limits for
use of wastes in landfill. The limit values are for immobilization of Daphnia magna 30
%, inhibition or stimulation of Desmodesmus subspicatus 30 %, mortality of Poecilia
reticulate 0% and inhibition or stimulation of Sinapis alba 30 %.
Preliminary and verification tests were only performed within ecotoxicological
evaluation of materials leachates due to low or even none toxicity of samples (see
further text).
Table 7-1 Ecotoxicity test description
Organism

Exposition duration

Measured parameters

Daphnia magna

48 hours

immobilization

Desmodesmus subspicatus

72 hours

inhibition / stimulation

Poecilia reticulata

96 hours

Mortality

Sinapis alba

72 hours

inhibition / stimulation
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To prevent effects of pH on organisms, pH is modified for the ecotoxicity test to the
value between 7.5 and 8.0 by addition either HCl or NaOH depending on the pH of
the sample.

7.3.2.1 Growth Inhibition Test - freshwater Algae
The test was performed in accordance with ČSN EN ISO 8692:2004 “Water quality Freshwater algal growth inhibition test with unicellular green algae” that is the Czech
version of the European Standard EN ISO 8692:2004 [33]. The purpose of this test is
to determine effects of substances on the growth of freshwater micro algae.
Exponentially growing test organisms are exposed to the test substances in batch
cultures over a period of 72 hours or 96 hours. The system response is the reduction
of growth in a series of algal cultures (test units) exposed to various concentrations of
a test substance. The response is evaluated as a function of the exposure
concentration in comparison with the average growth of replicate, unexposed control
cultures. Growth and growth inhibition are quantified from measurements of the algal
biomass as a function of time or surrogate parameters of the sample are measured
e.g. using spectrophotometry method. Decrease of the growth rate in 97
comparisons with control is described as growth inhibition.
Preliminary and verification tests on undiluted leachates of the tested RA-materials
were conducted on green algae Desmodesmus subspicatus. Test units (algae
culteres) were placed into the leachates and exposed in this media for 72 hours.
Control media was deionised water. Visual calculation of algal structures was
performed to determine effect of the tested sample on the algae.
7.3.2.2 Test on higher vascular plants - Seedling Emergence and Seedling
Growth Test
The test followed Methodological guideline of Ministry of Environment of the Czech
Republic for waste ecotoxicity evaluation that is in accordance with OECD Guideline
for the testing of chemicals no. OECD 208/2006 “Terrestrial Plant Test: Seedling
Emergence and Seedling Growth Test”. The test assesses effects on seedling
emergence and early growth of higher plants following exposure to the test
substance in 72 hours. Endpoints measured are visual assessment of seedling
emergence mostly the length of growing roots, biomass (fresh or dry shoot weight, or
shoot height), visual detrimental effects (chlorosis, mortality, plant development
abnormalities, etc.).
Preliminary and verification tests on undiluted leachates were conducted on Sinapis
alba seeds. Seeds were placed on circle of filter paper on the bottom of the Petri dish
(porosity 3.7 µm, filter type 589-1 Schleicher) saturated with 10 ml of leachate.
Control media was deionised water. Visual measurement of seeds root length after
72 hours exposure was chosen to determine toxic effects of tested sample on this
organism.
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7.3.2.3 Immobilization or reproduction test on water arthropod
The test was performed in accordance with ČSN EN ISO 6341 “Water quality Determination of the inhibition of the mobility of Daphnia magna Straus (Cladocera,
Crustacea) - Acute toxicity test” that is identical with the European Standard EN ISO
6341: 1996 [34]. The small crustacean Daphnia magna (a component of river
plankton) is used in this test. Young individuals, aged less than 24 hours at the start
of the test, are exposed to the test substance at a range of concentrations for a
period of 48 hours. 20 organisms are used for each concentration. Immobilisation,
that is some state of lethargy or inability of movement in water environment, is
recorded at 24 hours and 48 hours and compared with control non-exposed group.
Preliminary and verification tests were conducted on undiluted leachate on Daphnia
magna individuals. Visual observation of immobilisation of individuals after 48 hours
was performed to determine toxic effects of 100 % leachate on this organism.
7.3.2.4 Freshwater fish Poecilia reticulata
The test was performed in accordance with ČSN EN ISO 7346-2 “Water quality –
Determination of the acute lethal toxicity of substances to a freshwater fish
[Brachydanio rerio Hamilton-Buchanan (Teleostei, Cyprinidae)] - Part 2: Semi-static
method” that is the Czech version of the European Standard EN ISO 7346-2:1997
[35]. This test is used for evaluation of effects of chemical compounds, waste waters
and waste leachates on fish behaviour and survival. Test is based on observations of
fish behaviour and survival in graduated concentrations of tested substances over
the time period of 48 till 96 hours.
Preliminary and verification tests were conducted on undiluted leachates of the
tested RA-materials on the freshwater fish Poecilia reticulata and its mortality after 96
hours exposition was observed.

7.4 Results
The content of selected elements both in the material and leachates were determined
by using ICP-MS technique and concentrations of organic compounds in both sample
types were determined by using GC-MS technique.
7.4.1 Material composition
Metal concentration of the tested materials has already been given in
Table 3-3. For most of the observed elements, highest concentrations were found in
the Repository RA. Particularly high concentrations were determined for Mn (13 750
mg.kg-1), Cr (1 110 mg.kg-1) and V (236 mg.kg-1) in this RA compared to the other
tested materials. In addition, the concentration of Ba (348 mg.kg-1) was approx. two
times higher than in the reference mixtures (Mix1, Mix2 and Mix3) and order of
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magnitude higher than in other materials (Contaminated-RA, Irish-RA and 50%-RAStorbit). In general, Mn was determined as the element with the highest
concentration in all analysed materials. Contaminated-RA contained the highest
concentration of Cd (232 mg.kg-1).
The lowest concentrations of selected elements were measured in 50%-RA-Storbit,
except for Mo and Zn. The lowest content of these elements was determined in Irish
RA. In general, Sb concentrations were under detection limit of used analytical
technique except in Repository-RA and Reference-Mix3. Also Cd and Mo
concentrations were relatively low in all materials except Cd concentration in
Contaminated-RA. Reference Mix2 and Mix3 contained the highest concentrations of
Pb.
PAH content in separate materials was determined for two size fractions of each
material (<1mm and <4mm). The two size fractions were analysed to identify affinity
of PAH bound to particles in dependence on their size. The PAH content in the size
fraction <1mm has already been given in Table 3-4, while Table 7-2 shows the
content in the size fraction <4mm.
Concentrations of all measured PAH were in the materials of grain size <1mm the
highest in the Contaminated-RA as it was expected due to the content of tar in this
material and total PAH concentration (530 mg.kg-1) was very high (Table 3-4). The
second highest total PAH concentration, although order of magnitude lower, was
measured in Irish-RA (56.6 mg.kg-1) and slightly smaller was total PAH concentration
in repository RA (40.5 mg.kg-1). The “cleanest” material from the PAH concentration
point of view was Reference Mix 2 that contained 0.9 mg.kg-1 of total PAH.
The PAH-characteristics of the material were as follows:
 Repository-RA was typical with higher concentrations of benzo[b]fluoranthene
(6.5 mg.kg-1), fluoranthene (5.1 mg.kg-1) and pyrene (4.8 mg.kg-1). Significant
concentrations were measured also for the most dangerous substances
benzo[a]pyrene (5.2 mg.kg-1) and indeno[1,2,3-cd]pyrene (4.8 mg.kg-1).
 Contaminated-RA contained very high, or high concentrations, (mostly order of
magnitude higher than in other materials) of the most of measured PAH
except acenaphthylene (0.7 mg.kg-1).
 The composition of the reference mixes (Mix1, Mix2 and Mix3) was very
similar. Total PAH concentrations were 1.3 mg.kg-1 in Reference-Mix1, 1.0
mg.kg-1 in Reference Mix2 and 1.2 mg.kg-1 in Reference-Mix3. The highest
concentrations were determined for benzo[b]fluoranthene (177–230 µg.kg-1),
benzo[a]pyrene (136–239 µg.kg-1) and indeno[1,2,3-cd]pyrene (79–126 µg.kg1
). On the contrary, acenaphthylene concentrations were in all these materials
under the detection limit.
 Irish-RA contained the second highest total PAH concentration (56.6 mg.kg-1)
among analysed materials. This material was typical with the highest
concentration of naphthalene (3.5 mg.kg-1) among all analysed materials and
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high concentration of phenanthrene (7 mg.kg-1) that was the most contained
PAH in this material.
 Fluoranthene (2.5 mg.kg-1), pyrene (2.1 mg.kg-1) and phenanthrene (1.1
mg.kg-1) were contained in 50% RA with Storbit in the highest concentrations
within this material.
For the other analysed material fraction (grain size <4mm), total PAH concentrations
were again the highest in the Contaminated-RA (126 mg.kg-1) (see Table 7-2). The
second highest total PAH concentration although order of magnitude lower was
measured in Irish RA (23 mg.kg-1). The “cleanest” material from the PAH
concentration point of view was Reference-Mix3 that contained 0.6 mg.kg-1 of total
PAH.
It was also noted that:
 Repository-RA was typical with higher concentrations of fluoranthene (1.3
mg.kg-1), pyrene (1.2 mg.kg-1) and benzo[b]fluoranthene (0.8 mg.kg-1).
 Contaminated RA contained very high or high concentrations (mostly order of
magnitude higher than in other materials) of the most of measured PAH.
 Composition of reference mixes was nearly similar. Total PAH concentrations
were 1.0 mg.kg-1 in reference mix 1, 0.7 mg.kg-1 in reference mix 2 and 0.6
mg.kg-1 in reference mix 3. The highest concentrations were determined for
benzo[ghi]perylene (0.1 – 0.2 mg.kg-1). On the contrary, acenaphthylene
concentrations were in all these materials under the detection limit.
 Irish RA contained the second highest total PAH concentration (22.9 mg.kg-1)
among analysed materials. This material was typical with the highest
concentration of naphthalene (1.5 mg.kg-1) among all analysed materials and
was typical also with high concentrations of phenanthrene (3.8 mg.kg-1),
anthracene (2.7 mg.kg-1) and fluoranthene (2.4 mg.kg-1).
 Fluoranthene (1.6 mg.kg-1), pyrene (1.3 mg.kg-1) and phenanthrene (1.1
mg.kg-1) were contained in 50% RA with Storbit in the highest concentrations
within this material.
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Table 7-2 PAH content in analysed materials (< 4mm grain size)
Concentration [mg.kg-1]
PAH

Repository Contaminated
RA
RA

Ref.
mix 1

Ref. mix Ref. mix
2
3

Irish
RA

50% RA+
storbid

0.038

1.09

0.076

0.063

0.051

1.52

0.051

<0.002

0.241

<0.002

<0.002

<0.002

0.132

0.007

Acenaphthene

0.018

0.975

0.006

0.006

0.004

1.13

0.029

Fluorene

0.023

1.73

0.014

0.014

0.011

1.07

0.061

Phenanthrene

0.326

13.9

0.070

0.057

0.045

3.79

0.947

Anthracene

0.132

8.18

0.128

0.090

0.057

2.68

0.461

Fluoranthene

1.28

14.4

0.050

0.044

0.038

2.41

1.62

Pyrene

1.17

11.3

0.051

0.044

0.044

1.98

1.28

Benz[a]anthracene

0.489

11.6

0.021

0.007

0.009

1.13

0.218

Chrysene

0.361

7.43

0.055

0.041

0.040

0.779

0.196

Benzo[b]fluoranthene

0.845

17.5

0.070

0.043

0.042

1.72

0.104

Benzo[k]fluoranthene

0.289

5.90

0.017

0.015

0.019

0.577

0.029

Benzo[a]pyrene

0.642

14.8

0.041

0.035

0.042

1.60

0.089

Indeno[1,2,3cd]pyrene

0.713

8.62

0.110

0.072

0.060

1.17

0.079

Dibenz[a,h]anthracene

0.181

4.03

0.070

<0.037

<0.038

0.316

0.055

Benzo[ghi]perylene

0.647

4.36

0.228

0.129

0.145

0.895

0.268

7.15

126

1.01

0.660

0.608

22.9

5.49

Naphthalene
Acenaphthylene

Total

When comparing results of PAH concentrations in both grain size, total PAH
concentrations were higher in materials of grain size < 1 mm (Figure 7-2). This could
be due to higher content of binder particles (mostly containing PAH compounds) in
smaller material fraction. However, the distribution of PAH total concentrations within
the separate materials in both grain size fractions was similar but systematically
shifted towards heavier PAH compounds in the < 1 mm grain size fraction.
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Figure 7-2 Comparison of total PAH concentrations in both grain size fractions
7.4.2 Leachate composition
Leachates of selected materials were in general low polluted by elements released
from materials (see Table 7-3). The highest concentrations were determined for Mn
and Ba in the most of the materials’ leachates except those from Repository-RA and
50%-RA-Storbit. Concentrations of other elements were low, or below the detection
limit of ICP-MS analytical technique, except V in leachate from Repository-RA.
Leachate from 50%-RA-Storbit could be marked as “the cleanest” among the
leachates because only Ni and V concentrations were measured whereas
concentrations of other elements were below the detection limit. Also concentrations
of DOC and TOC were nearly the lowest among the leachates (600 µg.l-1 resp. 800
µg.l-1).
Repository RA leachate is typical with the highest concentration of V (21 µg.l-1), Mo
(7 µg.l-1), Cr (1 µg.l-1), Sb (0.9 µg.l-1) and Ni (6 µg.l-1) among all the leachates and the
second highest values of DOC and TOC concentration (6 900 µg.l-1 resp.
9 700 µg.l-1) and turbidity (1.1 FAU). Cd, Co, Cu, Pb and surprisingly Ba and Mn
were below the detection limit.
Contaminated RA leachate contained nearly two times higher Ba concentrations (30
µg.l-1) compared to reference mixes and Irish RA leachates and quite high Mn (48
µg.l-1) and Ni (6 µg.l-1) concentrations. Concentration of V (1 µg.l-1) approaches the
detection limit and other elements concentrations are below the detection limit except
Sb (0.5 µg.l-1). This leachate is typical with the highest concentrations of DOC (8 200
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µg.l-1) and TOC (11 200 µg.l-1) and also the highest value of turbidity (1.3 FAU). High
DOC and TOC concentration indicate high pollution by organic substances.
Leachates from reference mixes are very similar characterized by nearly the same
concentrations of Ba (13 – 18 µg.l-1) and Sb (0.8 – 1.1 µg.l-1) and also of other
elements that are below the detection limit or approach this value. Differences are
only in Mn concentrations namely reference mix 2 leachate in which was determined
the highest concentration of this element among all leachates (52 µg.l-1) while in
reference mix 1 leachate it was 24 µg.l-1 and in reference mix 3 leachate 41 µg.l-1
respectively. On the contrary, reference mix 1 leachate contained lower
concentrations of DOC and TOC (660 µg.l-1 resp. 790 µg.l-1) compared to two other
reference mixes leachates.
Irish RA leachate is typical with the highest concentration of Zn (13 µg.l-1) and
second highest concentrations of Mo (2 µg.l-1) and V (5 µg.l-1). Ba concentrations are
nearly the same with those determined in reference mixes leachates (14 µg.l-1).
Concentrations of other elements are very low or are below the detection limit.
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Table 7-3 Comparison of selected elements content in materials leachates and other
parameters
Concentration [µg.l-1]
Element

Repository Contaminated Ref. mix Ref. mix Ref. mix Irish

50% RA+

RA

RA

1

2

3

RA

Storbit

Ba

<10

30

13

14

18

14

<10

Cd

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5

Co

<1

<1

<1

<1

<1

<1

<1

Cr

1

<1

<1

<1

<1

<1

<1

Cu

<10

<10

<10

<10

<10

<10

<10

Mn

<1

48

24

52

41

3

<1

Mo

7

<1

<1

<1

1

2

<1

Ni

6

6

1

1

1

1

1

Pb

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5

<0.5

Sb

0.9

0.5

0.8

0.8

1.1

0.5

<0.5

V

21

1

<1

<1

1

5

1

Zn

<10

<10

<10

<10

<10

13

<10

DOC

6 900

8 200

2 100

660

1 300

2 450 600

TOC

9 700

11 200

2 100

790

1 600

2 500 800

1.3

<1

<1

1

<1

turbidity [FAU] 1.1
pH

7.70

7.52

7.58

7.52

7.55

<1
a

8.47

8.45a

a

In accordance with methodological guidelines for ecotoxicity tests, pH of Irish RA and 50% RA with
Storbit leachates were modified by addition of HCl to achieve suitable pH (7.6) before conducting the
tests.

The most polluted leachate by PAH among tested materials was leachate of
contaminated RA (see Table 7-4). Total PAH concentration in this leachate was 3.1
µg.l-1. The second highest total PAH concentration was measured in reference
mixture 1 leachate (1 µg.l-1) whereas the lowest concentration in 50% RA with Storbit
leachate (0.7 µg.l-1). However, differences in PAH concentrations between the
materials leachates (except contaminated RA leachate) were small and total PAH
concentrations in these leachates were nearly similar.
Concentrations of benz[a,h]anthracene were below the detection limit in all analysed
leachates. Also concentrations of anthracene and acenaphthene were below the
detection limit in all analysed leachates except contaminated RA leachate (0.17 µg.l-1
resp. 0.05 µg.l-1). Acenaphtylene concentrations were determined only in leachates
of repository material and contaminated RA while in other leachates were below the
detection limit. On the contrary, the highest concentrations were determined for
fluoranthene (1 µg.l-1) and pyrene (0.8 µg.l-1) in the contaminated RA.
Repository RA leachate was typical with the little bit higher concentrations of
fluoranthene (0.21 µg.l-1) and pyrene (0.25 µg.l-1) compared to other PAH.
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Reference mixes leachates, Irish RA leachate and 50%RA with Storbit leachate
contained higher concentrations of naphthalene (0.09 – 0.12 µg.l-1), benz[a]anthracene (0.10 – 0.14 µg.l-1), chrysene (0.13 - 0.19 µg.l-1) and benzo[b]fluoranthene (0.12
– 0.17 µg.l-1).
Table 7-4 Comparison of PAH content in materials leachates
Concentration [µg.l-1]
PAH

Contam
Ref. mix Ref. mix Ref. mix
Reposit
Irish RA
inated
1
2
3
ory RA
RA

50% RA+
Storbit

Naphthalene

0.088

0.077

0.126

0.140

0.111

0.098

0.110

Acenaphthylene

0.004

0.078

<0.002

<0.002

<0.002

<0.002

<0.002

Acenaphthene

<0.0035 0.052

<0.0035

0.005

0.004

<0.0035

0.007

Fluorene

0.030

0.558

0.014

0.011

0.011

0.023

0.015

Phenanthrene

0.032

0.032

0.034

0.031

0.034

0.041

0.028

Anthracene

<0.0038 0.177

<0.0038

<0.0038

<0.0038

<0.0038

<0.0038

Fluoranthene

0.214

1.03

0.046

0.040

0.034

0.029

0.031

Pyrene

0.251

0.806

0.074

0.061

0.050

0.180

0.087

Benz[a]anthracene

0.051

0.083

0.141

0.118

0.106

0.099

0.100

Chrysene

0.082

0.130

0.193

0.172

0.162

0.153

0.132

Benzo[b]fluoranthene

0.062

0.075

0.177

0.160

0.133

0.149

0.128

Benzo[k]fluoranthene

0.010

0.043

0.071

0.046

0.048

0.058

0.051

Benzo[a]pyrene

0.036

0.038

0.089

0.089

0.084

0.049

0.058

Indeno[1,2,3-cd]pyrene

<0.0017 <0.0017 <0.0017

0.023

0.013

0.025

0.022

Dibenz[a,h]anthracene

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

<0.035

Benzo[ghi]perylene

0.083

<0.014

0.044

0.027

0.034

0.018

<0.014

Total PAH

0.943

3.18

1.01

0.925

0.824

0.922

0.769

7.4.3 Ecotoxicological tests
Results of ecotoxicological characterization of leachates of selected materials show
relatively big differences in their effects on living organisms (seeTable 7-5). In
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general, there was no effect on freshwater fish (Poecilia reticulate) mortality. No
effect was also determined on water arthropod (Daphnia magna) except two
materials leachates. 10 % immobilization of this organism was observed in
Repository RA leachate and 5 % immobilization in Contaminated RA. The biggest
differences were determined in effects on growth of green algae (Desmodesmus
subspicatus) and seedling of higher vascular plant (Sinapis alba). Inhibition of the
green algae growth was observed in leachates of three materials; Reference mix 1
(2.34 %), Irish RA (1.79 %) and the biggest inhibition was determined in 50% RA with
Storbit leachate (6.75 %). Green algae growth stimulation was surprisingly observed
in the other four materials’ leachates, namely Repository RA (6.11 %), Contaminated
RA (7.5 %) and Reference Mixes 1 and 2 (1.42 % resp. 1.12 %). However, measured
toxicity values of Irish RA and all reference mixes are with 95% probability
statistically non-significant. Nearly the same differences were determined in higher
vascular plant seedling test. Inhibition was observed in leachates of the same three
materials, namely Reference Mix 1 (3.39 %), Irish RA (3.8 %) and the biggest
inhibition (6.84 %) was determined in leachate of 50% RA with Storbit. Stimulation
was observed in the same four materials’ leachates, namely Repository RA (8.06 %),
Contaminated RA (4.67 %) and Reference Mixes 1 and 2 (0.15 % resp. 0.14 %).
However, measured toxicity values of Irish RA and all Reference Mixes are with 95%
probability statistically non-significant.
Since RA material may under some circumstances be considered as waste, the
obtained results were compared with the limit values defined in Czech Regulation
No. 294/2005 Coll (as there are no international ecotoxicological limits for usage of
wastes in landfill). This Regulation define limits for separate ecotoxicological tests
particularly immobilization of Daphnia magna in max. 30 %, inhibition or stimulation
of Desmodesmus subspicatus in max. 30 %, mortality of Poecilia reticulate in max. 0
% and inhibition or stimulation of Sinapis alba in max. 30 %. These limit values were
thus observed for all materials leachates.
Repository RA leachate could be marked as the most dangerous one for fresh water
ecosystem because of the highest values of immobilization of water arthropod
Daphnia magna (10 %) and stimulation of Sinapis alba seeds growth (8.06 %) and
high value of green algae growth stimulation (6.11%). Nevertheless, limit values for
all measured parameters were observed.
Contaminated RA leachate was typical with the Daphnia magna immobilization (5 %)
and with the highest stimulation of the green algae growth (7.5 %) among tested
leachates.
Relatively high values of Daphnia magna inhibition (6.75 %) and Sinapis alba
inhibition (6.84 %) were determined for 50% RA with Storbit.
Very similar values of measured parameters were determined for reference mix 1
leachate and Irish RA leachate. There was determined nearly similar effect on
Sinapis alba seeds growth (3.39. % resp. 3.8 %) and very similar green algae growth
inhibition (2.34 % resp. 1.79 %). However, toxicity effect of Irish RA on green algae
growth was with 95% probability statistically non-significant.
Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 108 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

1.0

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

PP

Very similar parameters were determined also for reference mixes 2 and 3 including
nearly the same stimulation of Sinapis alba seeds growth (0.15 % resp. 0.14 %) and
stimulation of green algae growth (1.42 % resp. 1.12 %). These leachates could be
marked as the most “friendly” for water ecosystems due to their very small effects on
living organisms. However, all of these measured toxicity effects of both materials on
seeds growth and green algae growth are with 95% probability statistically nonsignificant.
Table 7-5 Comparison of ecotoxicity tests results Legend: LB = lower bound, UB =
upper bound.
Measured parameters [%]
Organism

Material

Desmodesmus
subspicatus

Daphnia
magna
Uncertainty

10

Contaminated
RA

5

Ref. Mix 1

0

Ref. Mix 2

0

Ref. Mix 3

0

Irish RA

0

50% RA+ Storbit 0

Uncertainty
inhibition(+)/

Immobilization

Repository RA

Poecilia
reticulata

mortality

stimulation(-)
LB = 7.0
UB = 14
LB = 3.0
UB = 8.0
LB = 0.0
UB = 2.5
LB = 0.0
UB = 2.5
LB = 0.0
UB = 2.5
LB = 0.0
UB = 2.5
LB = 7.0
UB = 2.5

-6.11

-7.5

2.34

-1.42

-1.12

1.79

6.75

LB = -13.79
UB = -4,34
LB = -9.01
UB = -2.08
LB = -0.18
UB = 5.80
LB = -2.65
UB = 0.93
LB = -2.65
UB = 0.93
LB = 0.10
UB = 6.38
LB = 2.12
UB = 10.66

0

0

0

0

0

0

0

Sinapis
alba
Uncertainty inhibition
Uncertainty
(+)/
stimulation
(-)
LB = 0
UB = 4
LB = 0
UB = 4
LB = 0
UB = 4
LB = 0
UB = 4
LB = 0
UB = 4
LB = 0
UB = 4
LB = 0
UB = 4

-8.06

-4.67

3.39

-0.15

-0.14

3.8

6.84

7.5 Discussion
Bulk chemical composition of the selected RA materials was analysed to characterise
content of hazardous substances that can be connected with initial composition of
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the material (e.g. tar) or originate from deposition of automotive exhaust gasses and
particles (see
Table 3-3 and Table 7-2).
The highest content of selected metals was determined in repository RA material for
the most of observed elements. Contaminated RA contained the highest
concentration of Cd. The lowest concentrations of selected metals were measured in
50% RA with Storbit. Concentrations of all measured PAH were the highest in the
contaminated RA as it was expected due to the content of tar in this material. Order
of magnitude lower PAH concentrations were measured in Irish RA and in Repository
RA that contained in higher concentrations dangerous substances indeno[1,2,3cd]pyrene and benzo[a]pyrene. The lowest concentration of total PAH in material was
measured in Reference Mix 2.
Chemical composition of the material itself does not characterize its possible effects
to the environment. Therefore chemical composition analyses of leachates of these
materials were performed.
Metals released from materials to water occurred in relatively small quantities amd
levels of pollution among leachates were generally low. The highest concentrations in
general were determined for Mn and Ba in the most of materials leachates except
those from Repository RA and 50% RA with Storbit. Concentrations of other
elements were very low even below the detection limit of ICP-MS analytical
technique except V in leachate from Repository RA. Repository RA leachate and
Contaminated RA leachate were identified as the most polluted ones due to highest
content of metals and the highest concentrations of DOC and TOC that indicates
high pollution of these leachates by organic substances. On the contrary, leachate
from 50% RA with Storbit was the less polluted among the leachates because only Ni
and V concentrations were measured whereas concentrations of other elements
were below the detection limit. Also concentrations of DOC and TOC were low. The
most polluted leachate by PAH among tested materials was leachate of
contaminated RA whereas the lowest concentration in 50% RA with Storbit leachate.
However, differences in PAH concentrations between the materials leachates (except
contaminated RA leachate) were small and total PAH concentrations in these
leachates were nearly similar.
Knowledge of chemical composition of materials leachates is important because it
shows possible pollution of environment due to release of substances from materials
in contact with water. However, it cannot characterize effects of materials on living
organism. It is therefore appropriate to complete chemical analyses with ecotoxicity
tests that can bring additional important information on possible effects on living
organisms. Chemical analyses thus identify which compound could be responsible to
these effects.
Results of ecotoxicological characterization of leachates identified as the most
dangerous material due to its effects on living organisms Repository RA, especially
due to the highest values of immobilization of water arthropod Daphnia magna,
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stimulation of Sinapis alba seeds growth and high value of green algae growth
stimulation. Limit values for all measured parameters were even observed. On the
contrary, the smallest reps. almost no effects on water organisms were determined
for Reference Mix 3 but nearly the same results were observed for Reference Mix 2
leachate. Very small toxicity effects resp. with 95% probability statistically nonsignificant effects are the limiting the evaluation of ecotoxicological tests.
Results of environmental evaluation of selected materials are summarised in Table
7-6. Contaminated RA was excluded from this evaluation because it was used as the
worst scenario due to known content of tar. Reference mix 3 (and also reference mix
2) could be marked as the most “environmental friendly” materials due to their
smallest effects on water living organisms. On the contrary, repository RA was
identified as the worst material from environmental point of view although all limit
values defined in the Czech Regulation No. 294/2005 Coll. for measured parameters
were observed.
Table 7-6 Overall evaluations of materials
Material
Parameter

Chemical composition

Leachate composition

“The best”

“The worst”

Metals

50% RA with Storbit

Repository RA

PAH

Reference Mix 2

Irish RA

Metals

50% RA with Storbit

Repository RA

PAH

50% RA with Storbit

Reference Mix 1

Reference Mix 3

Repository RA

Ecotoxicity tests

Other important information also arises from the table. Material leachate with the
lowest concentrations of metals and PAH may not represent the lowest risk for water
ecosystem. 50% RA with Storbit was indicated as the second worst material (when
excluded contaminated RA) due to its effects on water living organism although
leachate of this material contained the lowest concentrations both metals and PAH.
On the other hand it is true that the leachate could contain some “unknown”
substances that were not analysed and could occurred in high concentrations.
Therefore it can be stated that presented study demonstrated the need of ecotoxicity
tests for evaluation of hazardousness of the materials for fresh water ecosystems.
The simple usage of chemical analyses for evaluation of possible effects on living
organisms could bring misleading information. Ecotoxicity tests should be performed
as the first step in evaluation of sample possible effects on living organisms. When
the results of these tests identify toxicity for tested organism, chemical analyses
should follow to identify which compound or group of compound is responsible for
this effect.
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7.6 Conclusions
The main conclusions from the evaluation of ecotoxticity tests on the studied RAs
are:
 A low toxic response for the leachates where detected by freshwater algae,
terrestrial plant, water arthropod and fish bioassays.
 No relation between analysed inorganic and organic components in the
leachates and the response in bioassays could be identified.
 When the results of these tests identify toxicity for tested organism, chemical
analyses should follow to identify which compound or group of compound is
responsible for this effect.
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8 Bioaccessibility of hazardous substances
8.1 Background
Bioavailability of organic contaminants in soil has been a key research question for
several decades and the concept of bioavailability has been debated and reviewed in
many articles within this research field (e.g. [36], [37], [38], [39] and references
therein). The availability of HOCs in soil have been shown to be influenced by a
number of factors including the nature and amount of soil organic matter, soil
inorganic constituents (with reference to pore size and structure), concentration and
age of the contaminants etc. Due to these factors the mass transfer of HOCs can
widely differ between different soil-contaminant situations. However, many studies
have shown that HOCs can be well sequestered in a contaminated soil and that it is
only a part of the total amount that can be readily leached when the material is
coming into contact with water. The mass transfer of HOCs in a soil-water system is
thus commonly described by bi-phasic desorption models, where the contaminant is
divided in two fractions that differ in their kinetics of desorption; with a rapid and a
slow release pattern (Figure 8-1). This has been formulated by e.g. Cornelissen et al.
[40] as:

Where Ct/C0 describes the part of contaminant remaining sorbed in the soil at the
time (t) of the desorption. Frap and Fslow are the fractions desorbing rapidly and slowly,
while krap and kslow are the rate constants of these desorption processes.

Figure 8-1 Illustration of bi-phasic desorption of HOC from contaminated soil to water
(seen as an infinite sink). The accessible fraction is rapidly desorbed followed by a
slow desorption of a well sequestered phase. The figure is adopted from
Reichenberg [41].

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 113 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

Several chemical methods, using depleting sampling techniques or mild extractions,
have been suggested for the assessment of the accessible fraction (see Table 8-1)
and also reported to correlate well to the accessibility to e.g. earth worms and
bacterial mineralisation (e.g. [42], [43], [44]). However, recently, less good
correlations have also been reported [45]. However to our knowledge none of these
methods has at present been applied to assess the accessibility of HOCs from RA.
Table 8-1 Examples of depletive sampling techniques and mild extractions used to
assess the (bio)accessibility of organic compounds from soils.
Method

Reference

Surfactant extraction

[9] and [46].

Cyclodextrin extraction

[9], [42], [43], [47] and [48].

Tenax extraction

[40], [49] and [50].

XAD-2 Extraction

[51]

Oxidation with persulphate

[52]

Non-exhaustive
butanol

(selective)

extraction

with

[53]

Milled RA, stored in a stockpile, can in many aspects been looked upon as a
contaminated soil, with a major inorganic phase (the mineral aggregates) and an
organic phase (the binder) which may have different properties depending of its
origin (bitumen or tar) and its age. It is thus not unrealistic to expect a bi-phasic
desorption pattern for e.g. PAHs from RA, and a strong sequestration of
contaminants like PAHs, when for example a stockpile is percolated with rain water.
In addition, one may expect that there would be differences in the accessible fraction
of a PAH (the quantity rapidly released of total amount of contaminant) from a newly
produced asphalt material and an aged RA-material.

8.2 The aim and scope of the subtask
The aim of this study was to apply one of the chemical methods identified above
(Table 8-1) on different RA materials to investigate if the mass transfer of HOCs from
RA to an infinite sink shows a bi-phasic behaviour and to quantify the accessible
fractions of PAHs of the different materials. Within this scope we did not aim to verify
if the obtained accessible fraction is equal to the true bioavailable fraction, since this
would require a much more comprehensive study of correlation with biological tests.
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8.3 Choice of method
Of the listed methods in Table 8-1, cyclodextrin extraction, was chosen for
investigation. Numerous studies have investigated this extraction method as a
predictor for microbial degradation of PAHs in single contaminant-spiked soils,
multiple PAH spiked soils and field contaminated soils with good correlation [9], [43]
and [44]. Tenax extraction also seemed promising with very good correlations to
biodegradation experiments ((e.g. [9]) but for practical reasons (e.g. the availability of
experimental equipment) the cyclodextrine method was selected.
Cyclodextrins are cyclic oligosaccharides, formed from enzymatic degradation of
starch by bacteria. Cyclodextrin molecules have high aqueous solubilities, due to the
array of hydroxyl functional groups on the exterior, but also possess a hydrophobic
organic cavity to the interior. Due to this hydrophobic cavity it is possible for the
molecules to form an inclusion complex between the cyclodextrin macrocycle and a
hydrophobic organic molecule; i.e. the cyclodextrin acts as a ‘molecular bucket’ [37].
The use of cyclodextrin in a RA-water-slurry will thus act as an infinite sink for
desorption of the PAHs and prove a high concentration gradient between the water
and the desorbing phase which accelerates the mass transfer of the available
fraction. Once the rapidly desorbing fraction is depleted applying more cyclodextrin
does not lead to further desorption [9].

8.4 Materials and sample preparation
Two asphalt materials were studied within this sub-task; Contaminated-RA
(representing an aged and highly contaminated RA material sampled from stockpile)
and 50%-RA-Storbit (representing a new asphalt mix with 50% RA, but with low
content of PAHs) (see Table 3-1 and Table 3-4). The sample preparations of the two
materials for the different studies are described below.
8.4.1 Contaminated RA (reference material)
The laboratory (SGI) received already prepared samples of Contaminated-RA with a
particle size <10mm (description of sample preparation is given under Section 3.1.2)
and hence no further processing was required. The tins in which the subsamples
were packed, were opened just before testing.
8.4.2 50%-RA-Storbit
The material was put into a freezer (-20°C) and thereafter crushed down to <10mm.
A mechanical sample splitter was used to homogenize and divide the asphalt
material into laboratory samples.
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8.5 Methodology
The cyclodextrin extraction was carried out according to the method described by
Cuypers et al. [9] and Johnsen et al [54], but slightly modified. Due to the larger
aggregate size of the RA materials compared to the average grain size of soil the test
was up-scaled approx. a factor 10. Two test replicas on both materials and one blank
(only containing the solution used for the extraction) were conducted using the
following procedure:
 0.02 kg of the RA-material (<10mm) was put into a stainless steel bottle
(500mL) together with the extraction solution (0.1% of NaN3 and
hydroxypropyl-β-cyclodextrin (HPCD) (140g/L) dissolved in deionised water) to
a L/S-ratio of 20 and sealed with a stainless steel cap.
 The bottle was placed on an end-over-end shaker at 20°C.
 After 2h, 4, 24, 48, 72 and 168h the bottles were centrifuged (4000 g in 15
minutes; 20° C ± 5° C), the supernatants were decanted and fresh HPCD
solution was added and the bottles were again placed on the shaker.
 The decanted supernatants were stored (5°C, in dark) in capped glass bottles
and analysed for PAHs within two weeks.
 PAHs were extracted by liquid/liquid extraction with organic solvent and
extracts were analysed by GC-MS.
 The decanted supernatants were also analysed for total organic carbon (TOC)
(CSN EN 1484), and turbidity (SS EN ISO 7027).

8.6 Results and discussion
Results are presented as accumulated released fraction of total amount versus
increased extraction time. The total amount of PAH in the materials was calculated
as the mean of the results of the acetone/hexane extraction performed on these
materials (Method 2 described under Section 4.2).
Figure 8-2 shows the desorption from the two studied materials during the extraction
and Table 8-2 presents the accumulated released amount of total amount in % at the
last extraction step (168h).
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Table 8-2 Extracted (accumulated) fraction (in %) of total amounts at 168h extraction.
PAH

Contaminated-RA

Storbit-50%-RA

Naphthalene

91

-

Acenaphthene

89

124

Fluorene

83

73

Phenanthrene

113

67

Anthracene

78

63

Fluoranthene

91

89

Pyrene

67

81

Benzo(a)anthracene

78

67

Benzo(k)fluoranthene

87

70

Benzo(a)pyrene

69

57

Dibenzo(ah)anthracene

85

-

Benzo(ghi)perylene

21

12

Indeno(123cd)pyrene

29

The blank test showed “elevated” levels of PAH-L and PAH-M (concentrations above
the detection limit). Due to the high concentrations received in extracts from the
Contaminated-RA tests, this does not affect the evaluation of results obtained from
this material. However, for Storbit-50%-RA, the HPCD-extracts contained
significantly lower concentrations of these PAHs and thus evaluation of several
compounds was not possible (only PAHs for which the concentration was 5 times the
background concentrations were evaluated).
No trend of increased sequestration of PAHs with increased molecular weight could
be seen either for Contaminated-RA or Storbit-50%-RA. All PAHs except
benzo(ghi)perylene and indeno(123cd)pyrene were rapidly extracted and to a very
high fraction (70% to 118% for Contaminated-RA and 57%-116% for Storbit-50%RA). Benzo(ghi)perylene was, however, only extracted to a fraction of 12-21% of the
initial amount for Storbit-50%-RA and Contaminated RA, and indeno(123cd)pyrene to
29% from the Contaminated-RA (not evaluated for Storbit-50%-RA).
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Figure 8-2 Desorption of PAHs from Storbit-50%-RA and Contaminated-RA during
cyclodextrin extraction.
Of the studied compounds it is only naphthalene and acenaphthene (PAH-L) that
shows a true rapid bi-phasic behavior (concentrations dropped rapidly in the first 50h
and thereafter the concentrations decreased more slowly). This is true for both of the
studied materials and additionally the results indicates that the total amount of these
compounds can be considered to be fully (bio)accessible; the desorbed fraction is
reaching towards 100% or above (RDS was 4-22% and 9-24%, respectively). This
may be a result of not sufficient amount of HPCD in the solution. It is important to
keep the chemical activities of the PAHs in the water phase low to maintain maximal
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activity gradient (to provide maximum mass transfer rate for the desorption of PAHs
from the RA aggregates). This gradient may not have been maintained during the
experiments and this is illustrated for some example PAHs in Figure 8-3. The linear
behavior shown in Figure 8-3 indicates that each extraction aliquot sampled about
the same amount of PAH from the RA.

Figure 8-3 Linearity was obtained for PAH-M and PAH-H which means that similar
amounts of these PAHs were desorbed from the RA to each of the seven
consecutive aliquots of HPCD-solution. Naphthalene (which did not show as good
linear behaviour) is also plotted for comparision reasons.

8.7 Conclusions
Extraction with cyclodextrin does not seem a suitable method to apply to RA for
environmental characterization, since none of the studied asphalt materials showed
true bi-phasic behaviour with high residual amounts of PAH. On the contrary our
results indicate that most of the PAHs are rather easily desorbed with this extraction
method and for several compounds the whole fraction of the contaminant is
available, i.e. the extracted accumulated amounts at 168h HPCD-extraction
approached or were equal to the amounts received with conventional extraction
methods for assessment of “total amounts” of PAH in asphalt.
The only exceptions are benzo(ghi)perylene and indeno(123cd)pyrene, for which the
residual fractions were between 71-88% in the materials after 168h extraction. It
cannot, however, be ruled out that also these compounds would have desorbed to a
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higher degree if higher concentrations of HPCD would have been used (to
investigate if the chemical activity is maintained at a maximum).
Furthermore HPCD is a relatively expensive chemical and if large amounts of HPCD
are needed per tested sample it will not be economically feasible to implement this
type of method as part of a set of basic environmental test procedures intended to be
performed on a regular basis.
It must also be noted that the accessible fraction determined with this method is an
operationally defined measure and since we have not correlated our results with any
biological test methods (e.g. uptake to earthworms, microbial degradation etc) we
cannot conclude that the accessible fraction reported here would be equal to the true
bioavailable fraction.
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9 Airborne emission from the mixing process
9.1 Background and aim of the subtask
The new Constructions Products Regulation (CPR, 305/2011/EU) puts emphasis on
a life cycle perspective and on a sustainability in a way that is comparable with the
Re-Road project. CPR also stresses the importance of evaluating emissions of
particles, toxic gasses and volatile organic compounds (VOC) to outdoor air and
working environment. Test methods developed to measure these emissions related
to the lifecycle of asphalt can thus be of great value in relation to declaring the
performance of RA (e.g. EPD, Environmental Product Declarations). Emissions to air
might be an important issue in relation to design of RA-recycling. Depending on the
performance of the ”RA-product”, alternative actions are available e.g. destruction,
low temperature or high temperature recycling.
IFSTTAR has developed a fume generation system in laboratory which allows
eliminating the fume condensation risk in the stack and in the Total organic
compounds emitted (TOCe) sampling line by adding heating devices, and a specific
sampling system dedicated to the semi volatile organic compounds (SVOC) and
Benzene soluble matter (BSM) fractions has been set as well [10][11]. The goal of
this asphalt fume generator is for it to be used as a predictive test, so as to forecast
the amounts and the nature of fumes generated by bituminous mixtures, in different
emissions scenarios. To achieve this purpose, the experimental principle is to mimic
the different steps of bituminous mixtures (including RA) emissions from manufacture
to laying on road sites.
The aim of this subtask was to test the fume generation system and to obtain results
dedicated to the assessment of influence of RA content and origin on the fumes
emissions during mixing in temperature.

9.2 Experimental set
9.2.1 Bituminous mixture device and fume generation
The IFSTTAR prototype was composed of an asphalt mixer which allows preparation
of 80 kg of asphalt mixtures according to the EN 12697-35 standard. Aggregates and
bitumen are closely mixed at the required temperature at a define stirring speed
during a specific time. During the whole mixing process, the mixer thermo regulating
system allows keeping temperature constant. In the case of bituminous mixtures
fumes, it can be assumed that mixing allows bitumen stirring and so fume emissions.
In order to collect fumes emitted from the mixture, a stainless steel stack has been
linked to the mixer. Two openings at the top of the stack allow the positioning of the
sampling probes. As emissions are generated, they are fed into the stack. To avoid
condensation phenomenon into the stack, heated cables have been added.
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9.2.2 Fume sampling
After their generation and their transportation in the stack, fumes reach the sampling
area at the top of the stack. At this place, two probes are used in order to sample two
different fume fractions.
The first probe enables us to sample the TOCe group. As in the stack, a heated
probe and a heated line between the probe and the TOCe analyzer have been used
to eliminate any condensation. The probe and the flame ionization detector (FID) line
are heated to the fume temperature measured just above the hot mix asphalt (HMA)
in the mixer.

Fumes

Filter

The second sampling probe in the stack is dedicated to the SVOC and BSM fractions
(PAH analysis can be carried out on the samples) [11]. Figure 9-1 presents the two
main parts of the system where the collection of the fume components is based on
size-selective sampling. The first sampler is a Teflon PTFE filter and enables us to
collect the total aerosol fraction. Then, the BSM is measured via a benzene
extraction of the total aerosols collected on the PTFE filter. As air stripping can cause
volatile components to be lost from the first filter, a second trap system composed of
XAD-2 resin is added to collect more volatile compounds, i.e. the SVOC part. For the
test, which lasts a few minutes, sampling cartridges from SPE tubes and XAD-2 resin
have been developed at IFSTTAR, which enable to use a 5 L/min flow rate.

BSM sampler

XAD-2
resin

Pump

SVOC sampler

Figure 9-1 Main components of the SVOC/BSM sampling system.
9.2.3 Fumes analysing
The continuous sampling and analysis of TOCe are carried out by a portable and
automatic total hydrocarbon measuring equipment (SRA-model 901 METNMET/TOC Mercury). The device is calibrated by using propane gas. The factor to
switch from mg/kg to EqC/m3 is 1.607 [55].
This TOCe continuous measurement allows to derive a curve plotting the mass
concentration of the emitted total organic compounds “TOC(e)” expressed in
mgEqC/kg of added binder or total binder in the case of mix with RA according to
time (Figure 9-2). By definition, TOC(e)max corresponds to the maximum
concentration measured by the analyser during the test. From this graph, the
instantaneous mass of carbon equivalent noted MTOCeInst is calculated by the
following equation: MTOCeInst = TOCet*Volume sampledt where: TOCet is defined as
the instantaneous TOCe concentration at an instant t (see Diagram A in Figure 9-2)
Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 122 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

and the volume sampled (at t) is defined as following: FID sampling flow (L/s)×FID
sampling time (s) [11].
Then by adding up the instantaneous (see Diagram B in Figure 9-2), we get the final
curve of cumulative mass of TOCe MTOCeCum according to time. The two types of
curves used, TOCe and MTOCeCum, are represented in Diagram C in Figure 9-2.
Regarding the fume fractions collected on the PTFE filter and on the adsorbent resin,
different types of analysis are carried out so as to separate them into different
chemical groups: BSM, SVOC and PAH. The BSM concentration trapped on the filter
(with a pore size of 2 µm) is measured by a gravimetric method after a benzene
extraction. An additional test has been realized to set up a second PTFE filter with a
lower pore size (0.5µm) after the larger one to assess the ability of PAHs to migrate
throughout lower porous media. In addition the SVOC compounds trapped on the
XAD-2 resin are desorbed by dichloromethane and measured by gas
chromatography. Finally, PAHs can be identified and quantified. Regarding
uncertainty, we have reported a value of 15% on TOC, and 20% on SVOC and BSM.

Figure 9-2 Emission curves of TOCe (A), MTOCeInst (B) and MTOCeCum (C).
9.2.4 Experimental protocol
A specific protocol has been developed at IFSTTAR to generated fumes from asphalt
mixtures, from asphalt manufacture to its laying on road sites [11]. The development
of this new procedure has been based on two observations.
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We have focused on the asphalt circuit from the plant to the road site and have
pointed out four main moments when asphalt is set in motion as described in Figure
9-3: Mix manufacture, Mix transfer from the plant silo to the truck, Mix transfer from
the truck to the finisher and Mix dispersion on the finisher screw. Therefore, to mimic
these different steps on a laboratory scale, our fume generation protocol has been
divided into four mixing periods. Each mixing period lasts four minutes (to allow
collect fumes and trap enough organic compounds on absorbents without saturate it),
interspersed with 10-minute periods of time off. These time-off periods are supposed
to represent the carriage times but are not strictly representative of on-site practices.
As with the fume generation protocol, a sequential sampling process is also used.
The aim is to compare the emission potential and the toxicity of the different fume
generation steps. Two sampling methods are used in parallel to measure TOCe and
SVOC/BSM concentrations. TOCe will be analyzed continuously without sequences,
and mixing periods will be marked on the TOCe graph. From these initial data, a
cumulative mass will be calculated for each sequence. The second sampling way is
dedicated to SVOC/BSM matters. The protocol consists in changing the resin
cartridge for each mixing sequence. Concerning BSM sampling, the same PTFE filter
has been kept during all sequences.
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Figure 9-3 Diagrams of the IFSTTAR sequential mixing protocol.
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9.3 Experimental program
9.3.1 Objectives of the study
The proposed test design/scheme aims at establishing the dose response function
(% RA added vs. emissions) with RA coming from three different countries for a
same mix formula, SMA11S, studied in the ReRoad project and for 2 added fresh
binders from Germany (modified by SBS polymer) and France (pure binder).
9.3.2 Formula studied
The formula studied is a German mix called SMA11S. The total binder content of the
SMA11S formula is equal to 6.5%. The addition of RA from different origins
(Germany, Sweden and Ireland) and contents (0, 15 and 30%) does not modify the
initial SMA11S grading curve. The amount of fresh binder used in the mixes which
include RA has been calculated in function of the binder (modified or pure) content of
the RA used. Mix components have been heated to manufacture mixes at 145°C.
Fresh binders have been heated at 160°C. In the case of mixes with RA, the RAs
have been heated one night at 130°C and the virgin aggregates at 180°C.
9.3.3 Components studied
Three RA have been selected: a German one considered as a Reference material
used in ReRoad WPs 1, 2, 3 and 5; a contaminated one (with tar) from Sweden and
a last one from Ireland used for leaching experiments. Reference value (Zero or
Background value) is given by a mix without any RA added (typically used at
IFSTTAR). The grading curve and the binder content of the German, Swedish and
Irish RA are presented in the Table 9-1.
Table 9-1 Grading curve and binder content of the RA used.
RA origin and pass (%)
Sieve (mm)
0.063
0.125
0.25
0.5
0.71
1
2
4
5.6
8
11.2
16

Germany
6.8
10.0
14.7
25.9
33.4
63.4
92.1
98.9
100.0

Sweden
2.6
13.0
20.0
28.0
35.0
46.0
63.0
77.0
93.0
100.0
100.0

Ireland
7.8
11.0
14.0
19.0
23.0
31.0
42.0
50.0
67.0
98.0
100.0

Binder content (%)

8.20

6.10

4.95
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The virgin aggregates, originating from the French “La Noubleau” quarry containing a
petrographic type of diorite, have been selected for this laboratory study.
Two added fresh bitumens have been chosen for the fumes emissions assessment.
The first one is a binder modified by SBS polymer, from Germany, called PmB 25/5555A (PmB 45A) which was used by WP5 in Germany for the manufacturing of
SMA11S with a RA content of 15% and 30%. Due to a low amount available of PmB
45A a second binder (35/50 pen-grade paraffinic pure binder) from France has been
selected for the fumes assessment on mixes including Swedish and Irish RAs.

9.4 Influent factors and outputs
9.4.1 Main factors
Reference material SMA11S (used in in WP1, WP2, WP3 and WP5) has been
already studied with RA content of 15% and 30% and added binder RA-PA-SP1.2009. So it has been decided to stick to these proportions in order to harmonise
one baseline material throughout Re-Road for studying the influence of RA content in
the mixture (0, 15 and 30%).
The origin and the nature of the RA will be also assessed. It appears important that
at least two additional RAs should be tested in accordance to the reference one
(German mixture). That is the reason why a RA-material that represents high
emissions (positive response) has been selected: it consists in Tar-RA from Sweden.
The Table 9-2 gathered the experimental program dedicated to fumes emissions
from bituminous mixes made of different natures and contents of RA and added fresh
binders.
Table 9-2 Experimental plan for fumes emissions evaluation.
Ref

RA origin (-) RA content (%) Pure bitumen (-) Modified bitumen (-)

NOBP

-

0

NOBM

-

0

RG15BM

Germany

15

-

BM

RG30BM

Germany

30

-

BM

RS15BP

Sweden

15

BP

-

RS30BP

Sweden

30

BP

-

RS30BM

Sweden

30

-

BM

RI15BP

Irland

15

BP

-

RI30BP

Irland

30

BP

-
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9.4.2 Outputs parameters
According to parts 9.2 and 9.3, relevant output parameters of the study are the
following:
-

TOCe (Total Organic Compounds),

-

SVOC and BSM matters,

-

Total PAH-16 (from gas and particulate phases).

9.5 Results
9.5.1 TOCe results
Repeatability was investigated for two formula (NOBP, RS30BP). As shown on
Figure 9-4, 2 tests were carried out and all the curves exhibit a same trend and
appear as repeatable for identical experimental conditions. These results highlight
the limitations of the test carried out, but the observed scatter still allows to
discriminate the various parameters effects. Results presented hereafter correspond
to tests that have been performed one time.

Cumulated mass of TOCe - Repeatability
8
Cumulated mass (mg Ceq / kg of bitumen)

RS30BP

7
6
5
4
NOBP

3
2
1
0
0

500

1000

1500

2000

2500

3000

3500

Time (s)

Figure 9-4 Cumulated mass of TOCe versus time for NOBP and RS30BP mixtures).
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First, TOCe curve and cumulated TOCe mass of NOBP mix measured by the FID
analyzer are shown in Figure 9-5. For this mixture, the outline of the TOCe curve
clearly displays the four mixing sequences by distinct “emission peaks”. This
behaviour confirms the impact of mixing on fume generation: only mixed material
generate fumes. It can also be observed that the mix behaves as if it was depleting
its volatile TOCe stock.

TOCe and Cumulated TOCe mass curves of NOBP mix
3,5

210

3

180

2,5

150

2

120

1,5

90

1

60

0,5

30

TOCe (mg of eq/m3/kg of bitumen)

Cumulated TOCe mass (mg Ceq / kg
of bitumen)

Cumulated TOCe mass

TOCe

0
0

500

1000

1500

2000

2500

3000

0
3500

Time (s)

Figure 9-5 TOCe and cumulated TOCe mass versus time for the NOBP mix.
Now, by comparing the cumulated TOCe mass curves of the NOBP and the RS30BP
(same fresh pure binder), it appears that their emission level are totally different (see
Figure 9-6 and Table 9-3). The incorporation of contaminated-RA (from Sweden) at
different content (0 -NOBP-, 15 -RS15BP- and 30% -RS30BP-) into the bituminous
mixture increases the cumulated TOCe mass from 3.22 to 4.60 and up to 7.27 mg of
Ceq/kg of added bitumen.
The incorporation of RA from Ireland (0% -NOBP- to 15 -RI15BP- and
30% -RI30BP-) and Germany (0% -NOBM- to 15 -RG15BM- and 30% -RG30BM-)
has clearly shown an influence on the cumulated TOCe mass. On the contrary the
amount of RA (15 to 30%) in the mixture does not highly increase the level of organic
emissions.
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8
Mixing stage

7

Unmixing stage

6

Total

5
4
3
2
1
0
NOBP

NOBM

RG15BM

RG30BM

RS15BP

RS30BP

RS30BM

RI15BP

RI30BP

Figure 9-6 Cumulated TOCe mass (explained by added binder) versus time.
Table 9-3 Experiments performed with asphalt mixes; cumulative TOCe mass for the
nine mixes studied explained versus the quantity of added binder and the total binder
(added and RA one).
Mix

RA
(%)

RA
binder
content

Mixing
Σ Ceq/kg
added
binder

Unmixing
Σ Ceq/kg
added
binder

Mcum Σ
Ceq/kg
added
binder

Mixing
Σ Ceq/kg
total
binder

Unmixing
Σ Ceq/kg
total binder

Mcum Σ
Ceq/kg
total
binder

NOBP

0

-

2.024

1.204

3.228

2,024

1,204

3,228

NOBM

0

-

2.530

1.629

4.159

2,530

1,629

4,159

RG15BM

15

8.20

3.401

2.166

5.567

2,758

1,757

4, 515

RG30BM

30

8.20

3.506

2.427

5.933

2,181

1,510

3,690

RS15BP

15

6.10

2.951

1.646

4.597

2,535

1,414

3,949

RS30BP

30

6.10

4.258

3.013

7.271

3,057

1,816

4,873

RS30BM

30

6.10

4.334

2.539

6.873

3,112

1,823

4,935

RI15BP

15

4.95

2.590

1.419

4.009

2,295

1,257

3,552

RI30BP

30

4.95

2.857

1.433

4.290

2,206

1,106

3,312

The type of fresh binder (pure or modified by polymer) used to manufacture mixtures
influences also the level of emissions during the mixing of asphalt in temperature.
The use of bitumen modified by polymer, supplied by German laboratory, enhances
the organic emissions of NOBM mix on cumulated mass (from 3.22 to 4.25 mg of
Ceq/kg of added bitumen). This observation is reinforced by the cumulative mass
results of mixture made of German RA. On the contrary, emissions from mixtures
with Swedish RA (RS30BP and RS30BM) are at a same level of organic emissions.
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This result can be explained by the higher influence of RA origin on the emission
than the binder effect on TOCe and cumulated mass at this high emission level.

Cumulated TOC mass (mg Ceq/kg total binder)

Cumulated TOC mass can be explained by the total binder in the mix. This value
corresponds to the addition of fresh binder and the bitumen of the RA. According to
mix composition and the Table 9-3 which gathered data, the Figure 9-7 can be
drawn. Cumulated TOC mass for the studied mixes with this unit are lower. In this
representation mixes which incorporate high content of fresh binder (case of mix
without RA, or RA with low binder content) appear to generate more TOCs but mixes
with tar (RS30 series) are the higher ones.

8
Mixing stage

7

Unmixing stage

6

Total

5
4
3
2
1
0
NOBP

NOBM

RG15BM

RG30BM

RS15BP

RS30BP

RS30BM

RI15BP

RI30BP

Figure 9-7 Cumulated TOCe mass (explained by total binder) versus time.
9.5.2 SVOC and BSM results
TOCe results have been complemented by SVOC and BSM measurements during
the sequential protocol for the asphalt mixtures. As previously described, SVOCs are
trapped on XAD-2 cartridges throughout the four-minute mixing sequences, with a
flow rate of 5 L/min.
SVOC results are reported in Table 9-4. During the different sequences, mixtures
generate SVOC. This concentration decreases from the second, the third and the
fourth sequences. It is also interesting to note that for all the mixes and except at the
first sequence, their SVOC emissions have the same outline as their respective
TOCe release (Figure 9-8).
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Figure 9-8 SVOC versus TOC cumated mass measured during mixing stage
As a conclusion and according to these results, it appears that mixes made of RA
from Sweden and made of binder modified by polymer generates more SVOC during
the test.
The last type of sampling concerns the BSM concentration measurement. As
explained, BSM sampling is carried out by trapping fumes on the same PTFE filter
during the four mixing sequences, leading to a unique data for each test (see Table
9-4). Mixtures made of pure binder and RA from Ireland generate a low amount of
BSM (from 1.5 to 3.6 mg/m3). On the contrary, the incorporation of binder modified by
polymer in the mix increase the BSM concentration in fumes (from 13.4 to 18.3
mg/m3). Finally the highest amount of BSM (about 57 mg/m3) is generated by the
mixtures RS30BP and RS30BM. These results could be due to Swedish
contaminated-RA composition and incorporated at high level (30%) into theses
mixes.
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Table 9-4 Experiments performed with asphalt mixes; Semi-volatile and benzene
soluble matters, (BSM), concentration.
SVOC (mg/m3)

BSM
(mg/m3)

Total PAHgas
at 1st seq.
(µg/m3)

Total
PAHparticles
(µg/m3)

30.9

1.5

29.3

0.0

57.1

52.6

13.4

62.6

0.9

59.0

64.6

16.7

51.9

3.3

-

65.1

18.3

52.2

1.0

85.8

59.3

14.0

119.0

16.9

RS30BP 196.8 162.3 124.9 90.4

55.9

502.9

102.6

RS30BM 242.9 138.1

Mix

1
seq.

2
seq.

3
seq.

4
seq.

NOBP

127.6

51.9

39.7

NOBM

191.2

97.5

RG15BM 131.8 121.6

st

RG30BM 191.5

nd

-

RS15BP 213.3 111.1

rd

th

79.9

87.4

58.6

418.5

112.3

RI15BP

209.9

73.2

47.7

34.9

3.0

23.9

0.0

RI30BP

121.4

58.6

46.8

41.5

3.6

16.2

0.0

9.5.3 PAH results
For the studied mixtures, Table 9-4 summarizes SVOC, BSM, Total PAHgas
(generated and trapped at the first mixing sequence) and Total PAHparticles (cumulated
on the four mixing sequences).
Total PAHgas and Total PAHparticles represent respectively the concentration of PAHs
detected in the SVOC (at the first sequence) and the BSM (on the four sequences).
Results show that mixes made of contaminated-RA (RS15BP, RS30BP and
RS30BM) generate much more PAHs than the others materials. This observation is
well-correlated with TOCe, SVOC and BSM results. By using modified bitumen in
mixes with no contaminated-RA (case of mix without RA -NOPM- and with the
German ones –RG15BM and RG30BM-), PAHs concentration increases.
Table 9-5 and Table 9-6 summarize individual PAHs detected (or not) and quantified
(or not) in the SVOC (PAHgas) and the BSM (PAHparticles).
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PAHgas (µg)

NOBP

NOBM

RG15BM

RG30BM

RS15BP

RS30BP

RS30BM

RI15BP

RI30BP

Table 9-5 Comparison of PAHgas content in fumes generated by materials during
mixing at 145°C in the 1st sequence.

Naphthalene

0.07

0.01

0.06

0.09

0.23

4.70

3.44

0.11

0.03

Acenaphthylene

0.44

1.17

0.73

0.71

0.61

0.71

1.36

0.23

0.25

Acenaphthene

**

**

*

*

0.13

0.97

0.81

*

*

Fluorene

**

**

0.13

0.13

0.79

2.36

1.76

*

*

Phenanthrene

0.08

0.07

0.13

0.11

0.62

1.32

0.99

0.14

0.05

Anthracene

**

*

*

**

*

*

*

*

**

Fluoranthene

**

**

*

**

*

*

*

**

**

Pyrene

**

**

**

**

*

*

*

**

**

Benz[a]anthracene

**

**

**

**

**

**

*

**

**

Chrysene

**

**

**

**

**

**

**

**

**

Benzo[b]fluoranthene

**

**

**

**

*

*

*

**

**

Benzo[k]fluoranthene

**

**

**

**

**

**

*

**

**

Benzo[a]pyrene

**

**

**

**

**

**

*

**

**

Dibenz[a,h]anthracene

**

**

**

**

**

**

**

**

**

Benzo[ghi]perylene

**

**

**

**

**

**

**

**

**

Indeno[1,2,3-cd]pyrene

**

**

**

**

**

**

**

**

**

Total PAHgas (µg)

0.59

1.25

1.04

1.04

2.38

10.06

8.37

0.48

0.32

Total PAHgas (µg/m3)

29.28 62.59 51.89 52.24 119.02 502.90 418.50 23.93 16.20

* Below the limit of quantification or too low, ** Not detected
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NOBP

NOBM

RG15BM

RG30BM

RS15BP

RS30BP

RS30BM

RI15BP

RI30BP

RG30BM

RS30BP

Table 9-6 Comparison of PAHparticles content in fumes generated by materials during
mixing at 145°C for different filter pore sizes.

Filter pore size (µm)

2

2

2

2

2

2

2

2

2

0.5

0.5

Naphthalene

**

**

**

**

**

**

**

**

**

**

**

Acenaphthylene

*

**

*

**

*

0.46

0.24

**

*

*

0.22

Acenaphthene

**

**

**

*

**

*

*

**

**

**

*

Fluorene

**

*

**

**

*

*

0.04

**

**

**

*

Phenanthrene

*

2.76

3.35

**

**

**

0.55

Anthracene

*

*

0.18

0.27

**

**

*

0.04

Fluoranthene

**

**

0.10 0.03 0.49

2.60

2.61

*

*

*

0.46

Pyrene

**

**

0.07 0.02 0.37

1.80

1.81

*

*

*

0.24

Benz[a]anthracene

*

*

*

*

0.08

0.13

0.20

*

*

**

*

Chrysene

*

*

0.01

*

0.13

0.26

0.47

*

*

**

*

Benzo[b]fluoranthene

*

*

*

*

*

*

*

*

*

**

*

Benzo[k]fluoranthene

*

*

*

*

0.01

0.01

*

*

*

*

*

Benzo[a]pyrene

*

*

*

*

*

*

*

*

*

**

*

Dibenz[a,h]anthracene

**

**

*

*

*

*

*

**

**

**

*

Benzo[ghi]perylene

**

**

**

**

*

*

*

*

*

**

*

Indeno[1,2,3-cd]pyrene

**

**

**

**

*

0.01

*

**

**

**

**

8.21

8.98

PAHparticles (µg)

Total PAHparticles (µg)

0.08 0.09 0.04 0.26
*

*

*

0.00 0.08 0.26 0.08 1.35

0.00 0.00 0.00 1.52

Total PAHparticles (µg/m3) 0.00 0.95 3.29 0.99 16.86 102.61 112.27 0.00 0.00 0.00 19.00
* Below the limit of quantification or too low, ** Not detected

During measurements, the sampled air flow of 5 L/min is fixed. As shown in Table
9-5 and Table 9-6, the Teflon filter allows the collection of particles, PAHparticles (which
mainly contain heavy PAHs with more than 3 aromatic rings) of 2 μm and more. In
addition, another filter of pore size 0.5 µm was used in line with the 2 µm filter for two
mixtures; RG30BM and RS30BP). This makes it possible to recover smaller particles;
consequently PAHgas will be trapped there. According to results, all mixtures
generated light PAHs. On the contrary heavy PAHs are generated by mixtures with
modified binder and contaminated-RA. In the case of mixes with pure binder, PAHs
are detected at a level below the limit of quantification.
Naphthalene has been detected and quantified in the SVOC-fraction at the first
mixing sequence for all the mixture studied. Benz[a]anthracene and Benzo[a]pyrene
have been detected in all BSM-fractions (with a filter pore size of 2µm). However,
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Benz[a]anthracene has only been quantified in the fumes generated by RS15BP,
RS30BP and RS30BM mixtures. Finally, materials made of contaminated-RA from
Sweden generated the highest content of PAHs.

9.6 Conclusions
Measurements of fumes emissions were performed on bituminous materials to
characterize organic compounds concentration (TOCe, SVOC, BSM, PAHgas and
PAHparticles) in fumes generated during mixing in temperature thanks to IFSTTAR
experimental device and protocol. Parameters studied are the binder nature (pure or
modified), the RA origin and content in the mix.
Results show an effect of the binder nature on organic emissions. At a same
manufacturing temperature (145°C), the use of polymer modified binder increases
emission level on all studied indicators.
Meanwhile, this effect is lower than the effect of RA origin (and composition) for
some mixes (contaminated-RA) which increases emissions. Mixes which are
composed with contaminated-RA are emissive and generate a high amount of
organic compounds compared to the others mixed studied. The most emissive
mixtures are composed of Swedish RA with a RA content of 30%.
This laboratory study shows a strong link between bituminous material composition
and their emissive potential reported on the three organic compounds studied.
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10 Concluding remarks
This report and its testing program have to a large extent been focused on one group
of contaminants, namely PAHs. This group of compounds were selected as target
substances, based on a screening analysis on organic compounds in leachates from
RA materials. From the screening analysis it was also concluded that benzothiazole
should be added to the list of target substances if the tested material contains rubberasphalt. Alkanes, adipates and phthalates were rejected due to a combination of low
concentrations and low toxicity levels.
The screening analysis must not be viewed as a study covering all potential
hazardous organic compounds. Only three different RA materials were studied, and
focus was put on substances with already well known potential hazardous
characteristics. New additives such as e.g. rejuvenators may require screening for
other substances and an expansion of the list of target compounds in future test
programs for environmental characterization of RA.
The prevalence of PAHs in RA is (together with asbestos) the main environmental
factor that restricts reuse. At present, several different laboratory procedures to
quantify PAHs in RA are being practised in Europe. This study has tested three
different methodologies (including sample preparation, extraction, clean-up
procedure and analysis) for quantitative detection of PAHs in RA materials and come
to the following conclusions:
 The choices of sample preparation can have a major effect on PAH content
and PAH compound distribution. Care is needed in designing the sample
preparation methods not to induce substantial bias.
 More studies are needed on how different sample preparation methods can
affect the representativeness of laboratory and analytical samples and the
distribution of contaminants on different particle size fractions.
In addition, sample preparation (e.g. sieving, drying, crushing and mixing) can also
possibly cause cross-contamination in a laboratory and hence sample preparation
should be performed separately from other laboratory activities. Furthermore, blanks
should always accompany the actual tests. These findings emphasises the need of
strict routines at the laboratories when preparing samples for analysis and a clear
documentation.
Leaching
The main conclusion from the evaluation of leaching tests for environmental
characterization of RA is that the experimental design can have a high impact on the
leaching results of both HOCs and inorganic compounds, and that it is complicated to
design the test for simultaneous assessment of both inorganic and organic
compounds. Other findings, worth highlighting are as follows:
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 All three evaluated methods proved sufficient repeatability for use on
contaminated RA. However, the batch test is not suitable for assessing highly
hydrophobic organic compounds, such as PAH-H, since the concentrations of
these compounds are strongly linked to the prevalence of particulate matter in
the leachate. The batch test could thus possibly be used as compliance test to
the percolation method when studying PAH-L and PAH-M, but will
overestimate the leaching of PAH-H. For this purpose the ER-H method may
be a better choice.
 Leaching of organic compounds in total (DOC), and inorganic elements (such
as K, Mg, Si, Co, Mo, Sb, Se, V, S, F) increased when the test was performed
on RA aggregates with small particle size (<0.5mm compared to <10mm).
However, the leaching of PAHs did not follow this trend. On the contrary, the
concentration of PAH-H and PAH-M was, in general, significantly higher in the
leachates obtained from tests performed on the biggest particle size (<10mm).
All tests were conducted as batch experiments and the results correlated with
the turbidity of the leachates; increased turbidity, with increased particle size,
resulting in increased concentrations of HOCs. This may be a result of reaggregation of fine particulate matter in the crushed fractions, thus providing a
better separation in the centrifugation step and less colloids and particles in
the analysed leachates of these fractions. Another explanation could be readsorption of HOCs to new surfaces of the crushed material.
 This is again an example of how the design of the leaching test can affect the
outcome and that the batch test is not suitable for assessment of PAH-H, due
to the fact that it does not return values of truly dissolved concentrations but is
a result of the prevalence of particulate/colloid matter. Hence, the here
reported results showed be handled with care if used for further risk
assessment.
 Lower flow rates (due to pump malfunction) and thus increased contact time
between RA particles and the leachant in the percolation test caused
increased leaching of organic compounds but not of inorganics. It is therefore
important to measure and report the leachant flow rates or linear velocity of
the leachant through the column during the percolation test. Further tests on
flow rates are also recommended to investigate the suitable hydraulic
retention time, needed to establish chemical equilibrium between the RA
material and the leachant.
Ecotoxicity tests
To be able to perform both conventional chemical analysis (element analysis, PAHanalysis, pH, conductivity, DOC etc.), and ecotoxicity tests on different trophic levels,
relatively large volumes of leachtes must be produced for each tested subsample of
RA. This limits the choices of suitable leaching methods and at present the most
common method for production of eluates for subsequent ecotoxicological testing is
the batch leaching test. However, as pointed out above, this test may not produce
representative leachates (especially not for highly hydrophobic compounds),
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nevertheless the batch test was here used to produce leachates for subsequent
ecotoxicity testing in order to assess and compare different RA-material’s ecotoxicity.
The accompanying chemical analysis showed that differences between the materials
leachates (except leachate from the highly contaminated reference material) were
small and total PAH concentrations in these leachates were nearly similar. The
ecotoxicity tests demonstrated, however, that the RA-leachates with the lowest
concentrations of identified metals and PAHs did not represent the lowest risk for a
water ecosystem. On the other hand it is true that the leachate could contain
“unknown” substances that were not analysed and could occur in high
concentrations. Therefore this study has demonstrated the benefits of ecotoxicity
tests for the evaluation of the threat posed by RA-materials to fresh water
ecosystems. It is acknlowledged that there is some uncertainty with the test results,
but it should be noted that ecotoxicity testing gives information that is not available
using chemical tests alone.
Bioaccessibility
The here tested method for assessment of the bioaccessible fraction of organic
substances (extraction method with HPCD) does not seem a suitable method to
apply to RA material. None of the studied asphalt materials showed true bi-phasic
behaviour and near all of the PAHs were rather easily desorbed with this extraction
method. The extracted accumulated amount of several of the compounds
approached, or was equal to, the amount received with conventional extraction
methods for assessment of “total amounts”.
The only exceptions are benzo(ghi)perylene and indeno(123cd)pyrene, for which the
residual fractions were between 71-88% in the materials after 168h extraction. It
cannot, however, be ruled out that also these compounds would have desorbed to a
higher degree if higher concentrations of HPCD would have been used (to
investigate if the chemical activity is maintained at a maximum).
HPCD is, however, a relatively expensive chemical and if large amounts of HPCD
are needed per tested sample it will not be economically feasible to implement this
type of method as part of a set of basic environmental test procedures intended to be
performed on a regular basis.
It must also be noted that the accessible fraction determined with this method is an
operationally defined measure and since we have not correlated our results with any
biological test methods (e.g. uptake to earthworms, microbial degradation etc) we
cannot conclude that the accessible fraction reported here would be equal to the true
bioavailable fraction.
Airborne emissions
The measurements of fumes emissions from different bituminous materials show an
effect of the binder nature on the organic emissions. At a same manufacturing
temperature (145°C), the use of adding modified binder increases emission level on
all studied indicators. For some mixes this effect was found to be lower than the
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effect of RA origin (and composition). For example, mixes which were composed of a
highly PAH-contaminated material (“Contaminated-RA”) were particularly emissive
and generate a high amount of organic compounds compared to the others mixes
studied.
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11 Guidance on the selection of test methods
Under this section we aim to give guidance on the selection of appropriate test
methods for environmental characterisation of RA. The recommendations given are
based on the here presented findings and the present knowledge. It should, however,
be noted that methods for the assessment of release of dangerous substances from
construction products are under development within the WG1 of CEN/TC351 and the
outcome of that work may change or improve the recommendations below.

11.1 Recommendations
emissions

for

the

assessment

of

waterborne

For the assessment of waterborne emissions we recommend that a full
characterization of the RA-material’s leaching properties is performed, (using the
percolation test [2]) when:
 the RA-material is suspected to contain potential hazardous substances, and
 the leaching behaviour of the RA is unknown.
Full characterisation means investigation of the leaching behaviour with increased
leaching (i.e. increased L/S-ratio or time). Such data is appropriate for the describing
of the water infiltration process in a stockpile of RA during interim storage, or a
pavements lifetime, and can form the basis for future risk assessments.
The percolation test [2] is recommended for both unbound material and new mixes
(which can be gently heated and crumbled to smaller pieces by hand to meet the
approved grain size of the test method). This recommendation is based on the
permeability of the here tested materials. Materials with lower permeability may be
fully characterized with surface leaching tests [14] but no further guidance can be
given to this test, since it was not included here for evaluation.
When organic compounds are the main focus for the investigation, the leaching
equipment should be designed to avoid losses of the HOCs. We recommend that
stainless steel pipes are used instead of Teflon tubing (i.e. the experimental set-up
here called the SGI-procedure). Under no circumstances are plastic materials or
filtration of the leachates allowed.
When metals are the main focus, the percolation tests should preferably be designed
as the UCD-procedure., i.e. Teflon tubing should be used instead of stainless steel
pipes.
If the leaching behaviour of the RA-material is already known, i.e. the material has
been fully characterized in the past, but there is a need to verify the leaching
properties of the material, the following methods are recommended:
 batch test [3] (recommended for assessment of inorganic compounds and
organic compounds with readily water solubility),
 column test with recirculation (ER-H) [8], (recommended for HOCs).
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The process for selecting the appropriate method for the assessment of leaching has
been described in Figure 11-1 as a decision support tree.

Figure 11-1 Decision support tree for choosing the appropriate leaching method to
assess waterborne emissions.
Knowledge of the chemical composition of leachates shows the potential for
environmental pollution of water ecosystems. However, the leaching tests cannot
characterize the effects of RA-materials on living organisms. It is therefore
appropriate to complement chemical analyses with ecotoxicity tests that can identify
important information on possible effects on living organisms. Chemical analyses
thus identify which compound could be responsible for these effects.

11.2 Recommendations for the assessment of airborne emissions
The here tested laboratory bituminous mixtures fume generator has proved to be an
important tool to relate quality and quantity of bitumen fumes to the quality of RA or
binder and binder additives. However, further development and calibration of
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laboratory test data with measurements in the field is needed. Therefore it is
recommended to be precautious when using data obtained by this method in order to
not underestimate risks related to airborne emissions.
Finally, to make information, obtained by these test methods, truly useful for road
engineers, it is important that context is provided to the process. This is achieved by
combining the results of the various tests with information describing the stage of the
asphalt life cycle of interest, and the likely pathway that will be taken by
contaminants. This is described in details and discussed in Re-Road deliverable 3.3
[56] and summarised in deliverable 3.5 [57].

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 143 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

12 References
[1]

Enell, A., McNally, C., Wayman, M., Wik, O., Quinn, A., Ličbinský, R., Parry,
T., Huang, Y., Andersson-Sköld, A. and Raaberg, J. (2010) Re-road
deliverable D3.2 Guide on Testing Methods for Environmental
Characterisation.

[2]

CEN/TC351: Draft Generic horizontal up-flow percolation test for
determination of the release of substances from granular construction product.
WG 1 N 162. N 0272. 2010-01-13.

[3]

SIS-CEN ISO/TS 21268-1:2009 “Soil quality – Leaching procedures for
subsequent chemical and ecotoxicological testing of soil and soil materials –
Part 1: Batch test using a liquid to soil ratio of 2l/kg dry matter (ISO/TS212681:2007)”.

[4]

Mouillet, et. al. (2010). Re-road deliverable D1.1 State of the art on existing
laboratory methods (sampling, characterization) linked to Reclaimed Asphalts
study.

[5]

Montelius J (ed) (2011). Scientific Basis for Swedish Occupational Standards.
31. Arbete och Hälsa; 45(3): 1-33. University of Gothenburg, Sweden. In
Swedish.

[6]

NIOSH, Hazard review: Health effects of occupational exposure to asphalt,
Tech. rep., US Department of Health and Human Services, 2000.

[7]

SIS-CEN ISO/TS 21268-2:2009 “Soil quality – Leaching procedures for
subsequent chemical and ecotoxicological testing of soil and soil materials –
Part 2: Batch test using a liquid to soil ratio of 10l/kg dry matter (ISO/TS212682:2007)”.

[8]

Gamst, J., Kjeldsen, P., Christensen, T.H.: Determination of solute organic
concentration in contaminated soils using a chemical-equilibrium soil column
system. Water Air and Soil Pollution, 183, 2007, pp. 377-389.

[9]

Cuypers, C., Pancras, T., Grotenhuis, T. and Rulkens, W: The estimation of
PAH bioavailability in contaminated sediments using hydroxypropyl-betacyclodextrin and Triton X-100 extraction techniques. Chemosphere, Vol. 46,
2002, pp. 1235-1245.

[10]

V. Gaudefroy, V. Viranaiken, R Paranhos, A. Jullien, C. de La Roche,
Laboratory Assessment of Fumes Generated by Bituminous Mixtures and
Bitumen, International Journal of Road Materials and Pavement Design, 11,
p83-100, 2010.

[11]

V. Viranaiken, V. Gaudefroy, P. Le Coutaller F. Deygout, B. Bujoli, A new
asphalt fumes generator: Development of an original mixing and sampling
sequential protocol, Compendium of Papers of Transportation Research
Board 89th Annual Meeting, Washington DC, USA, Janvier 2010.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 144 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

[12]

Swedish Transport Administration. 2007, Management of excavated material administrative requirements (Hantering av uppgrävda massor - administrativa
krav), Report 2007:99, (in Swedish). October 2007. Publisher: Samhälle och
trafik, Teknikavdelningen, Sektionen för vägteknik.

[13]

Scottish EPA. (2012). Guidance on the production of fully recovered asphalt
road planings http://www.sepa.org.uk/waste/waste_regulation/guidance__posit
ion_statements.aspx.

[14]

CEN/TC351: Draft Generic horizontal dynamic surface leaching test (DSLT)
for determination of surface dependent release of substances from monolithic
or plate-like or sheet-like construction products (TS-2). N 0266. 2009-12-24.

[15]

Hansen, J.B., Grøn, C., Hjelmar, O., Asmussen, O., Klem, S., Mizutani, S.,
Gamst, J., Wahlström, M., Håkkanson, K., Breedweld, G.: Leaching tests for
non-volatile organic compounds - development and testing. DHI Water &
Environment, 2004, Report number 1643-03, Hørsholm, Nordtest.

[16]

Elert, M., Berggren Kleja, D., Eliaeson, K., Gustafsson, J.P., Wadstein, E.,
Enell, A.: Releases from contaminated sites – Methods to assess leaching and
transport, ConSoil 2008, Milano, Italy, 3-6 June.

[17]

Persson, Y., Hemström, K., Öberg, L., Tysklind, M., Enell, A. (2008). Use of a
column leaching test to study the mobility of chlorinated HOCs from a
contaminated soil and the distribution of compounds between soluble and
colloid phases. Chemosphere 71, 1035-1042.

[18]

Gamst, J., Kjeldsen, P., Hansen, J.B., Broholm, K., Christensen, T.H.:
Leaching of PAH´s from soil: Comparison of two conceptually different column
tests and a batch tests, in: D. Halm, P. Grathwohl (Eds.), Proceedings of the
2nd International Workshop on Groundwater Risk Assessment at
Contaminated Sites (GRACOS) and Integrated Soil and Water Protection
(SOWA), 2003. Center for Applied Geosciences, Tübingen, Germany, pp.
173-177.

[19]

AFNOR NF X43-329 Émissions de sources fixes - Prélèvement et mesurage
d'hydrocarbures aromatiques polycycliques à l'émission.

[20]

NIOSH 5506 - Polynuclear Aromatics Hydrocarbons by HPLC.

[21]

NIOSH 5042 - Benzene soluble fraction and total particulate (Asphalt fume).

[22]

SS-EN 12697-1:2005 Bituminous mixtures - Test methods for hot mix asphalt Part 1: Soluble binder content.

[23]

Methodological guideline of Ministry of Environment of the Czech Republic for
evaluation of leaching from wastes, 2002, Bulletin of the Ministry of the Czech
Republic, vol. 12, no. 12, pp. 12 - 28. ISSN 0862-9013

[24]

Freeman D. J. and Cattel C. R.; Wood burning as a source of atmospheric
polycyclic aromatic hydrocarbons. Envir. Sci. TechnoL 24, 1990, pp. 15811585.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 145 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

[25]

Ramdahl T., Becher G. and Bjgseth A.; Nitrated polycyclic aromatic
hydrocarbons in urban air particles. Environmental Science and Technology
16, 1982, pp. 861-865.

[26]

Irwin J.R.; Environmental contaminants encyclopedia: alkanes entry. National
Park Service, Colorado. 20, 1997.

[27]

ECHA, European Chemicals Agency, Classification & Labelling Database,
Access 2012-02-29 (2012).

[28]

Legret, M., Odie, L., Demare, D. & Jullien, A.: Leaching of heavy metals and
polycyclic aromatic hydrocarbons from reclaimed asphalt pavement. Water
Research, 39, pp 3675-3685 (2005).

[29]

Lindgren, Å.: Asphalt wear and pollution transport. Science of The Total
Environment, 189–190, 1996, pp 281-286.

[30]

Brantley, AS. and Townsend, TG.: Leaching of pollutants from reclaimed
asphalt pavement. Environmental Engineering Science, Vol. 16, Issue: 2,
1999, pp. 105-116.

[31]

Bergendahl, J.: Batch leaching tests: Colloid release and PAH leachability.
Soil and Sediment Contamination 14, 2005, pp. 527-543.

[32]

Kočí V., Rakovický T., Švagr A.: Acute and semichronic toxicity tests. Institute
of Chemical Technology, Prague. 9 pp. (2001) In Czech.

[33]

ČSN EN ISO 8692:2004 “Water quality - Freshwater algal growth inhibition
test with unicellular green algae”.

[34]

ČSN EN ISO 6341 “Water quality - Determination of the inhibition of the
mobility of Daphnia magna Straus (Cladocera, Crustacea) - Acute toxicity
test”.

[35]

ČSN EN ISO 7346-2 “Water quality – Determination of the acute lethal toxicity
of substances to a freshwater fish [Brachydanio rerio Hamilton-Buchanan
(Teleostei, Cyprinidae)] - Part 2: Semi-static method” that is the Czech version
of the European Standard EN ISO 7346-2:1997.

[36]

Reichenberg, F. and Mayer P.: Two complementary sides of bioavailability:
Accessibility and chemical activity of organic contaminants in sediments and
soils. Environmental Toxicology and Chemistry, Vol. 25, Issue: 5, 2006, pp.
1239-1245.

[37]

Reid, B.J., Jones, K.C. and Semple, K.T.: Bioavailability of persistent organic
pollutants in soils and sediments – a perspective on mechanisms,
consequences and assessment. Environmental Pollution, Vol. 108, 2002, pp.
103-112.

[38]

Pignatello, J. and Xing, B.: Mechanisms of slow sorption of organic chemicals
to natural particles. Environ. Sci. Technol. 30, 1996, pp. 1-11.

[39]

Luthy, R., Aiken, R., Brusseau, M., Cunningham, S., Gschwend, P., Pignatello,
J., Reinhard, M., Traina, S., Weber, W., Westall, J.: Sequestration of

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 146 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

hydrophobic organic contaminants by geosorbents. Environ. Sci. Technol. 31,
1997, pp. 3341-3347.
[40]

Cornelissen, G., vanNoort, PCM. and Govers, HAJ.: Desorption kinetics of
chlorobenzenes, polycyclic aromatic hydrocarbons, and polychlorinated
biphenyls: Sediment extraction with Tenax(R) and effects of contact time and
solute hydrophobicity. Environmental Toxicology and Chemistry, Vol. 16, Issue
7, 1997, pp. 1351-1357.

[41]

Reichenberg, F.: The accessibility and chemical activity of polycyclic aromatic
hydrocarbons in soils. Dissertation, Analytical Chemistry. Lund University,
Lund, Sweden, 2007, pp. 1-53.

[42]

Stokes, JD., Wilkinson, A., Reid, BJ., Jones, KC. and Semple, KT.: Prediction
of polycyclic aromatic hydrocarbon biodegradation in contaminated soils using
an
aqueous
hydroxypropyl-beta-cyclodextrin
extraction
technique.
Environmental Toxicology and Chemistry. Vol.24, Issue 6, 2005, pp. 13251330.

[43]

Doick, K.J., Clasper, P.J., Urmann, K., Semple, K.T.: Further validation of the
HPCD-technique for the evaluation of PAH microbial availability in soil.
Environmental Pollution. Vol. 144(1), 2006, pp. 345-354.

[44]

Hartnik, T.; Jensen J.; Hermens J.L.M. (2008) Nonexhaustive β-cyclodextrin
extraction as chemical tool to estimate bioavailability of hydrophobic pesticides
for earthworms. Environmental Science and Technology 42 (22), 8419-8425.

[45]

Gomez-Eyles, JL., Jonker, MT., Hodson, ME. and Collins CD.: Passive
samplers provide a better prediction of PAH bioaccumulation in earthworms
and plant roots than exhaustive, mild solvent, and cyclodextrin extractions.
Environ. Sci Technol. Vol. 46(2), 2012, pp. 962-969.

[46]

Volkering, F., Quist, J.J, Van Velsen, A.F.M., Thomassen, P.H.G. and Olijve
M.: A rapid method for predicting the residual concentration after biological
treatment of oil-polluted soil. In: Contaminated Soil 1998, Vol. 1. Thomas
Telford, London, pp. 251-259.

[47]

Reid BJ., Stokes JD., Jones KC. and Semple KT.: A non-exhaustive
cyclodextrin based extraction technique for the evaluation of PAH
bioavailability. Environmental Science and Technology Vol. 34, 2000, pp.
3174-3179.

[48]

Sabate, J. Vinas, M. and Solanas, A.M.: Bioavailability assessment and
environmental fate of polycyclic aromatic hydrocarbons in biostimulated
creosote-contaminated soil. Chemosphere, Vol. 63(10), 2006, pp. 1648-1659.

[49]

Cornelissen, G., Rigterink, H. and ten Hulscher, D.E.M.: A simple Tenax (R)
extraction method to determine the availability of sediment-sorbed organic
compounds. Environmental Toxicology and Chemistry, Vol. 20(4), 2001, pp.
706-711.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 147 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6

WP 1

Test methods for Environmental Characterization of All partners 2012-12-20
Reclaimed Asphalt
of WP1.3

1.0
PP

[50]

Ten Hulscher, T.E.M., Postma, J. and Den Besten P.J.: Tenax extraction
mimics benthic and terrestrial bioavailability of organic compounds.
Environmental Toxicology and Chemistry. Vol. 22(10), 2003, pp. 2258-2265.

[51]

Northcott, G.L. and Jones, K.C.: Partitioning, extractability, and formation of
nonextractable PAH residues in soil. 2. Effects on compound dissolution
behaviour. Environmental Science and Technology, Vol. 35, Issue: 6, 2001,
pp. 1111-1117.

[52]

Cuypers, C., Grotenhuis, T. and Joziasse, J.: Rapid persulfate oxidation
predicts PAH bioavailability in soils and sediments. Environmental Science
and Technology, Vol. 34, Issue: 10, 2000, pp. 2057-2063.

[53]

Kelsey, J.W., Kottler, B.D. and Alexander, M.: Selective chemical extractants
to predict bioavailability of soil-aged organic chemicals. Environmental
Science and Technology, Vol. 31, Issue: 1, 1997, pp. 214-217.

[54]

Johnsen, A.R., de Lipthay J.R., Reichenberg, F., et al. Biodegradation,
bioaccessibility, and genotoxicity of diffuse polycyclic aromatic hydrocarbon
(PAH) pollution at a motorway site. Environmental Science and Technology,
Vol. 40, Issue: 10, 2006, pp. 3293-3298.

[55]

AFNOR NF X 12619, 1999.

[56]

McNally, C., Enell, A., Wik, O., Quinn, A., Ličbinský, R., Huzlík, J. and
Jandová, V. 2012. Re-Road Deliverable D3.3 Environmental Risk Assessment
on the Use of Reclaimed Asphalt.

[57]

Enell, A., Wayman, M., McNally, C., Wik, O., Andersson-Sköld, A., Bergman,
R., Parry, T., Huang, Y.,Raaberg, J., Quinn, A., Ličbinský, R., Huzlík, J. and
Jandová, V. 2012. Re-Road Deliverable D3.5 Final Report - Environmental
performance of RA.

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 148 of 148

Grant SCP7-GA-2008-218747
File : D1 6_final.doc

Re - Road

Deliverable 1.6 – Appendix 1

WP 1

1.0

Test methods for Environmental Characterization of All partners 2012-11-05
Reclaimed Asphalt
of WP1.3

PP

Re-road – End of life strategies of asphalt pavements

Deliverable 1.6

Appendix 1 Examples of national practice of potential
hazardous RA material

EUROPEAN COMMISSION
DG RESEARCH

A FP7 Collaborative Project
Work programme:
Sustainable Surface Transport
SST.2007.1.2.2 End of life strategies
for vehicles/vessels and infrastructures

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 1 of 16

Grant SCP7-GA-2008-218747
File : D1 6_Appendix 1.doc

Re - Road

Deliverable 1.6 – Appendix 1

WP 1

Test methods for Environmental Characterization of All partners 2012-11-05
Reclaimed Asphalt
of WP1.3

Anja Enell (task 1.3 leader)

Ola Wik

Aoife Quinn

Roman Ličbinský

Ciaran McNally

Vincent Gaudefroy

Jiří Huzlík

Virginie Mouillet (WP1 leader)

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 3 of 16

1.0
PP

Grant SCP7-GA-2008-218747
File : D1 6_Appendix 1.doc

Re - Road

Deliverable 1.6 – Appendix 1

WP 1

Test methods for Environmental Characterization of All partners 2012-11-05
Reclaimed Asphalt
of WP1.3

1.0
PP

Table of contents
1

Introduction .................................................................................................... 6

2

National practice in France ........................................................................... 6
2.1 Legal regulations............................................................................. 6
2.2 Detection/quantification methods for tar .......................................... 7
2.3 Recycling conditions of tar products ............................................... 9

3

National practice in Czech Republic .......................................................... 10

4

National practice in Sweden ....................................................................... 13
4.1 Legal regulations........................................................................... 13
4.2 Detection/quantification methods for tar ........................................ 14
4.3 Recycling conditions of tar products ............................................. 15

5

References.................................................................................................... 16

Tables
Table 3-1 Test procedures for identification of tar content in RA. .................. 11

Figures
Figure 2-1 The tar test spray commercialised as PAK-Marker® ...................... 8
Figure 2-2 The Staining Test using Toluene .................................................... 8

Beneficiary - WP1.3 partners
Author : WP1.3 partners

Page 5 of 16

Grant SCP7-GA-2008-218747
File : D1 6_Appendix 1.doc

Re - Road

Deliverable 1.6 – Appendix 1

WP 1

Test methods for Environmental Characterization of All partners 2012-11-05
Reclaimed Asphalt
of WP1.3

1.0
PP

1 Introduction
The practice across Europe with respect to reusing materials such as coal tar or
asbestos varies quite widely and was covered in depth in the DIRECT_MAT project
(http://direct-mat.fehrl.org/). Some countries (e.g. Ireland and the Netherlands)
consider coal tar as a hazardous material and do not allow its use in road
construction under any circumstances. Other countries, however, have a more
expansive approach. This appendix presents some examples of national practice in
Europe (examples from France, the Czech Republic and Sweden).

2 National practice in France
In France, RA coming from asphalt pavement may be reused in new asphalt mixtures
provided that they don’t contain tar or asbestos. To determine this, different tests for
identifying and quantifying these hazards are performed when there are doubts
concerning the material composition. If the presence of these contaminants is
confirmed, the materials are discarded inside a storage facility for inert materials from
Public Works. One can note that RA has to be characterized and approved before
use in the asphalt mix. In particular, it may be important to record the presence of
foreign elements such as road markings, but more often it is done by visual
assessment.
Moreover, in France, the management of RA is the responsibility of the road owner,
who must guarantee the absence of hazardous compounds. To achieve this, the
material characterization is done by drilling and investigating cores from the old
asphalt construction, and by investigating historical data of the old asphalt layers.
These data are provided to the contractor in tender offer documents. Depending on
local (environmental) legislation, both technical and environmental requirements (e.g.
PAH) are needed.

2.1 Legal regulations
Improved understanding of the environmental hazards of the high concentrations of
PAHs in tar has changed the public attitude towards tar-containing products.
Reflecting this, the legal regulations for waste classification were defined in the
decree 2002-540 of April 18th 2002. The wastes are specifying according to an
acronym of 6 numbers. As RA is a bituminous material, it is described in the chapter
17 03 entitled “Bituminous mixtures, tar and tar-containing materials”, in which there
are 3 sub-classes:




17 03 01 (*) : bituminous mixtures containing tar
17 03 02 : bituminous mixtures different from those above
17 03 03 (*) : tar and tar-containing materials

The products that are classified in sub-classes 17 03 01 (*) and 17 03 03 (*) are
Hazardous Wastes because they contain tar, that is a carcinogenic substance. So,
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these bituminous mixtures must be sent to a Class 1 Storage Facility for Dangerous
Materials to be safely stored. The decree of December 30th 2002 specifies what kinds
of hazardous wastes are authorized in Storage Facility for Dangerous Materials and
the operating conditions of these plants. In practice, no PAH thresholds are specified
but, generally, the admission criteria are defined by local legislation (from the
prefectures), namely the content of PAHs of dry wastes and the necessity of a pretreatment (by hydraulic binders, for example).
The presence of tar in bituminous materials excludes their admission in Class 3
Storage Facility for Inert Materials. However, the decree of March 15th 2006
specifies what kind of inert wastes are authorized in Storage Facility for Inert
Materials and the operating conditions of these plants. For RA, only the wastes from
the sub-class 17 03 02 are authorized and before admission, the presence of tar in
bituminous mixes wastes must be checked. A limit of PAH content for admission of
wastes in Storage Facility for Inert Materials is also set: 50 mg/kg of dry wastes is the
maximum value.
Note: the regulation is based on the content of PAH, considered the hazardous
components of tar.

2.2 Detection/quantification methods for tar
A literature survey indicates that a series of methodologies are available for the
detection of tar in asphalt wastes. However, when selecting a particular method, it is
advisable to adopt a ‘step by step’ approach depending on the goal of analysis (use
in the field or analysis in the laboratory). In France, road owners who need
information on the presence of tar products on their network, initially find it useful to
use historical information and a “rough” method on drilled cores. They use a
screening approach to detect the presence or absence of coal tar. Generally, two
common identification techniques are used in the field because of their easiness to
perform and the time to deliver results (in a few minutes):
 The PAK-Marker® is a tar test spray commercialised by a Dutch enterprise. It
consists of a standard road paint spray with minor modifications in order to
optimise the detection of tar. The principle of the test is to spray
homogeneously the paint onto the asphalt sample and the appearance by
using UV-light ( = 366 nm) of a yellowish colour is indicating the presence of
tar:
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Figure 2-1 The tar test spray commercialised as PAK-Marker®
 The Staining Test using toluene is a test developed by the Belgian Road
Research Centre. It consists in dropping a few drops of toluene on the
surface of asphalt debris lying on a piece of paper filter. The toluene partially
dissolves the binder and is absorbed by the paper, resulting in a coloured
stain. If the binder contains tar, an orange edged ring is obtained:

Figure 2-2 The Staining Test using Toluene
Criticism however has focused on the reliability of these procedures and on doubts
about the detection limit that can exceed restrictions set by legislation, in particular
with respect to the PAH content.
A false identification that RA contains tar has significant economic consequences as
it restricts admission in Storage Facilities for Inert Materials and removes the
possibility for the material to be recycled. Therefore, the preferable testing protocol
has to be reliable in identifying the hazard linked to the presence of tar, namely PAH
content. Therefore, it is considered better to have a test for the hazardous chemicals
themselves (PAH) with respect to the relevant French legislation (decree of March
15th 2006 specifying a PAH limit of 50mg/kg in dry wastes for admission in Storage
Facility for Inert Materials) rather than simply for the presence or absence of coal tar.
As such, contract issues would require more sophisticated methods, namely
quantitative detection methods that permit a precise, reliable and sensitive
quantification of individual PAHs. Currently, 2 quantitative methods are used in
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France for measuring PAHs in RA, the experimental conditions being not yet
standardized are chosen by the laboratory:
 High Pressure Liquid Chromatography (HPLC)
 Gas Chromatography with Mass Spectrometric Detection (GC-MS).
These quantitative detection methods permit a precise, reliable and sensitive
quantification of individual PAHs. However, these analytical methods require very
high quality laboratory resources and are expensive, time-consuming and complex in
their nature. Moreover, there are not suitable as field measurement techniques but
they permit the precise assessment of the environmental acceptability of the material
prior the recycling step. In particular, the results of PAH-analysis in laboratories
would permit to validate the admission to Storage Facility for Inert Materials
(maximum value of 50mg PAHs/kg of dry wastes according the French decree of
March 15th 2006).

2.3 Recycling conditions of tar products
The problems raised by PAHs, both for the environment (e.g. emissions) and for the
health of workers, are critical when heating tar-contaminated RA. For that reason, in
France the decree 2001-39 of June 18th 2001 specifies how the wastes of national
road networks should be managed, and in particular how RA should be recycled with
precaution. In practice, it means that the limit of PAH content in RA for recycling
should be the same that the one used for the admission in Storage Facility for Inert
Materials, namely 50 mg/kg dry waste. It should be clarified however what
concentrations of tar in RA are hazardous to worker health and the environment in
hot-mix recycling. This would enable policy-makers to set a maximum tar content that
can be allowed in hot asphalt regeneration. In practice, if tar is present in RA,
contractors do not choose the hot recycling option for RA.
Indeed, the main exposure routes to PAH from reclaimed asphalt tar contaminated
are inhalation of PAH-containing fumes or dust or skin-contact with PAH-containing
materials. Hot recycling will lead to high exposure levels which are difficult to control
by safety measures. Reuse in the form of cold applications prevents exposure to
fume but may result in exposure to PAH-containing dust. However, this means of
cold recycling of RA containing tar is sometimes realized in France under certain
conditions:
 By taking the limit of PAH content into account
 Reuse as in bound sub-bases, where the material is cold mixed and is
encapsulated by the added new binder.
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3 National practice in Czech Republic
Generally used methods for identification of the tar/PAH in RA in the Czech Republic
are described in Technical standards No. 150 “Maintenance and reconstruction of
roads containing tar binders”. These standards were approved in January 2011 by
the Ministry of transport of the Czech Republic and came into the force in February
2011. These standards contain chapters that generally describe possible methods
used for identification of tar (PAH) content in RA; methods are described in detail in
the annexes.
Identification and quantification of tar and related PAHs within RA are the basis for
decision of technical preparation and consequent realization of road covers. Six tests
can be used for this purpose:
1.
2.
3.
4.
5.
6.

Organoleptic test
White colour test
UV-fluorescence/UV-luminescence,
Thin-layer chromatography
Lateral flow assay
GC-MS or HPLC.

Test procedures for identification of tar content or higher PAH concentrations are
summarized in
Table 3-1; this also includes a short characterization of these methods.
Use of the appropriate method depends on the purpose of measuring. The
organoleptic test, white colour test, UV-fluorescence or UV luminescence and thinlayer chromatography can be used when the goal of the measurement is only to
identify the presence of tar in the construction layer of the original road or in milled or
crushed material from the original road. When cold recycling methods are used after
confirmation of the presence of tar in the original material, quantitative analyses of
PAH concentrations are not necessary. However, PAH concentrations must be
checked by water leaching (monolithic batch test) of road structure parts made by
cold recycling and the sum of the total PAH content in leachates of three road
structure parts must be <0.03 mg/l. When the content of PAH in material is low and
the material is used in other applications than cold recycling it is necessary to
perform quantitative analyses using GC-MS or HPLC. Value of 0.25 %-weight of tar
in the material and 25 mg/kg of PAH in dry material respectively are assumed as a
low content of tar with respect to PAH.
The organoleptic test is not ideally suited for PAH identification in RA and as such it
is not described in detail. The white colour test is used for tentative identification of
tar content in materials usually used in-situ during road construction. The test is
performed on dry cores or on RA containing tar samples. White colour is sprayed on
the sample (spray with aromatic non-polar solvents is necessary). Tar content is
detected by the colour change (from white to yellow/brown) due to diffusion of
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specific tar components during the test. The higher the tar content in the material, the
more intensive the yellow – brown colour that arises.
Table 3-1 Test procedures for identification of tar content in RA.
Organoleptic test

White colour test

UV-fluorescence/UVluminescence

Only qualitative

Only qualitative

Qualitative, very limited
quantitative

Time consumption

Very low

Low

Low

Procedure difficulty

Very low

Low

Low

The
necessary
qualifications of staff

Small

Small

Small

Purchase costs

None

Low

Low

Operating costs

Low

Low

Low

Suitable

Suitable

Suitable

High

High, even
unacceptable

Middle even high

Inadequate

Inadequate

Low

Thin-layer
chromatography

Lateral flow assay

GC-MS/HPLC

Limited quantitative

Limited quantitative

Quantitative

Time consumption

Middle

Low

Very high

Procedure difficulty

Middle

Very low

Very high

The
necessary
qualifications of staff

Middle

Low

Very high

Purchase costs

Low

None

Very high

Operating costs

Low

Low even midle

Very high

Limited suitability

Suitable

Not suitable

Middle

Middle

Very low

Sufficient

Good, sufficient

Very high

Procedure
Procedure type

Suitability for
performance

in-situ

Uncertainty
Accuracy

Procedure
Procedure type

Suitability for
performance

in-situ

Uncertainty
Accuracy
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UV-fluorescence/UV-luminescence serves for qualitative determination of tar content
or for tentative quantitative determination of tar volume in material. The principle of
this method is yellow – orange fluorescence or intensive blue luminescence (after
addition of ethanol) under UV light due to content of PAH in tar. For the test a small
amount of binder is dissolved in toluene or benzene. Mineral components in solution
are replaced after they are settled (centrifugation can be used also) and solvent is
evaporated. 1 % solution in toluene of prepared sample (binder solution) is used in
analyses. Tar volume/PAH concentration is determined after comparison of sample
fluorescence or luminescence with standards.
Thin-layer chromatography is used for identification of tar content and is a semiquantitative determination of tar volume in tested material. The principle of this
method is again fluorescence under UV light due to content of PAH in tar. A 1%
solution in toluene of prepared sample (binder solution) is used in the analysis.
Plates with the spot of sample are put into steam chamber and are washed with nhexane up to high of 150 mm. When n-hexane reaches 150 mm (from the middle of
spots), plates are removed from steam chamber and are shortly dried in drier under
80°C. Second washing of plates is performed with toluene till the high of 100 mm.
Plates are observed after this process under UV light. At high of 93 mm arise yelloworange spot when sample contains tar (PAH).
Lateral flow assay (LFA) serves for qualitative determination of tar content or for
tentative quantitative determination of PAH volume in material. This test is based on
the principle of immunological-chemical reactions of antigens and antibodies with the
targeted use of the properties of these substances. A small amount of binder (20g) is
dissolved in trichloroethylene and a 1% solution is prepared. A low volume of solution
is taken by silica gel thin layer segment and is placed to the bottom part of an LFA
strip. The strip is subsequently drizzled with acetone and water methanol solution
that transports the PAH to the reaction zone of strip. PAH detection is indicated by
one red line on the edge of strip reaction zone after approximately 2 minutes. This
method reliably indicates PAH concentrations higher than 5 mg/l, the limits set by the
US EPA.
GC-MS or HPLC techniques are used for accurate determination of PAH
concentrations in the tested material and are used as a reference analysis. Material
binder is extracted using an appropriate solvent. The solvent is then distilled on a
rotating vacuum distillation device. The binder content is determined by weight using
process. The prepared binder sample is subsequently analysed by GC-MS or HPLC
to determine PAH concentrations in accordance with specific requirements of these
methods.
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4 National practice in Sweden
The Swedish transport administration keep track of what they recycle and it has been
estimated that 1-1.5 million tons of RA from road pavements is generated and
recycled yearly in Sweden, although no official statistics are kept for the complete
road network. The amount of RA generated is about 10% of the yearly production of
new asphalt. The larger part is generated on state owned and managed roads. Most
of RA is recycled hot or warm where in-plant corresponds to ca 40% and remixing ca
20% of the total RA generation. Reuse in unbound applications (deep-mixing,
subbase in roads and surface layer on gravel roads, parking areas or paths) is the
second most common recycling option corresponding to 30% of the total RA
generation. Cold recycling in bound applications is used in ca. 10% of the recycling
options [1]. There are official guidelines on recycling of RA [2][3][4]. Quality control of
the processed RA is related to SS EN13108-8 and the economic value of RA is
normally approx. 10-25 Euro per ton of RA granulate [1].

4.1 Legal regulations
For the last decade the presence of tar in old pavements has been widely recognised
as an important element influencing in the recycling of asphalt pavements but there is
no national Swedish regulation that specifies precise limit values or thresholds for
contaminants in RA. The need for a guideline values was emphasised by the
introduction of a hazardous waste classification and double entry for bituminous
mixtures in the European list of waste (2000/532/EC):



17 03 01 (*) : bituminous mixtures containing tar and
17 03 02 : bituminous mixtures different from those above)

The presence of PAH in tar contaminated RA is used as an indicator for
environmental and health hazards. Widely used threshold categories are ([3][4][5][6]):





>1000 mg/kg 16-PAH: Reuse possible only after environmental auditing
process (potentially hazardous waste). ·
300- ≤1000 mg/kg 16-PAH: Restricted reuse in bound (unbound) application
in road base or binder course after notification to local environmental
authorities.
70 - ≤ 300 mg/kg 16-PAH: Reuse in bound or unbound application in road
sub-base, base or binder course after notification to local environmental
authorities.
≤ 70 mg/kg 16-PAH: Uncontaminated RA, free use including surface layers
and unbound application.

It should be noted though, that since there are no regulated limit values admission
criteria vary locally and from site to site. Guidelines from Swedish EPA specify more
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stringent criteria for hazardous waste classification (300 ppm 16-PAH, [7]) and free
use in unbound application (3.1 ppm 16-PAH, [8]).
In many cases RA recycling is not considered as a waste handling operation and the
recycling within a specific contract is normally operated and handled by the
contractor. Data on contamination if available are provided to the contractor in tender
offer documents. The legal responsibility of a safe environmental handling of RA is
still the responsibility of the road owner though.

4.2 Detection/quantification methods for tar
The PAK-Marker test or equivalent (see section 2.2.1.2) is recommended for field
identification of tar contaminated pavements and in many guidelines. It is uncertain
though if this method is sensitive enough for identifying contamination at the
guideline level of free use of RA (70 ppm 16-PAH [5]). It is generally accepted that
the characteristic smell of tar is easily recognised if tar contaminated pavements are
encountered in recycling and that it is at least as sensitive as the PAK-Marker test.
The tar contamination of pavements is usually restricted to single low-lying layers,
(often as impregnated chippings), which facilitates its identification in the field.
Some Swedish Road administration regions have been surveying governmental
owned pavements for the presence of tar by studies of the type and age of asphalt
used based on historical documentation of pavements. Mapping of contamination by
coring and chemical analysis of the road pavements have been used in some cities.
At storage facilities it is common that the PAH-content of RA is documented at a
yearly basis or at a frequency of one sample per 10 000-20 000 tons of RA.
If contamination with tar is noticed the quantification of tar content in relation to
guideline values are based on extraction and chemical analysis of the PAH.
Recommendations on sampling at storage facilities or from pavements by coring are
based on general recommendations for RA-characterization [9]. It is recognised that
the large heterogeneity that is often associated with tar contamination imply an
extended sampling frequency [5][6]. When sampling from pavements, an average
sample is usually prepared for the pavement although tar contamination normally is
restricted to single layers.
Although there are recommendations related to sample pre-treatment, PAH
extraction and analysis in Swedish guidelines [3][5][6][10]), a variety of procedures
are used by laboratories analysing PAH in asphalt samples. Extraction is either
performed in the same manner as asphalt bitumen extraction methods (2 kg
analytical samples) or contaminated soil extraction methods (down to 5-10 g
analytical samples) using a wide variety of solvents. Laboratory sample pre-treatment
ranges from simple spot sampling to crushing and mechanical subsampling.
Crushing routines varies from crushing or crumbling by hand (with or without gentle
heating) to cryo-crushing. One laboratory mixes asphalt samples with quartz rock
(50/50) before using an ordinary laboratory crusher to prevent clogging of the crusher
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(analytical results are adjusted with respect to the amount of quartz added). Final
quantification of PAH-16 is done using GC-FID, GC-MS or HPLC. A round–robin test
on crushed (< 4 mm) and homogenised RA contaminated with tar revealed a 16-PAH
within laboratory precision (repeatability) of 17% and a between laboratory precision
(reproducibility) of 37 % at a 95 % confidence level (expanded uncertainty) [10].

4.3 Recycling conditions of tar products
Tar containing binders has been widely used in road pavements but the use ceased
in the mid-seventies. As a result contaminated pavements often have been overlaid
with new uncontaminated bitumen asphalt layers and contaminated asphalt is
confined to lower-lying layers. Maintenance of pavement top layers and surfaces thus
usually can proceed without any risk of generating RA contaminated with tar. Tar
contamination of RA is usually encountered where the road pavement is demolished
in full depth.
RA has to be characterised and approved before recycling. If tar contamination is
encountered different strategies are applied to handle the RA. Even when the RA is
contaminated recycling is the most frequently used option.
In larger contracts where the RA is reused within the same road conventional asphalt
coring techniques are used to sample the pavement. Reuse of the RA is based on
the estimated content of PAH-16. It is recommended that uncontaminated surface
layers are removed separately to preserve RA quality [5]).
In smaller contracts and in cities where RA often is generated during road works the
asphalt is dismantled and sent to a storing facility. At the storing facility RA is directed
to different stockpiles depending on the presence of tar either based on coring and
sampling or on detection in the field.
Leaching at storage sites for heavy contaminated RA should be prevented either by
covering of the stockpiles or by collecting the leachates [5].
Reuse of RA contaminated with tar is often based on the PAH-16 content guidelines
given in section 2.2.3.1 and reuse in surface layers or in direct contact with ground
water should always be avoided. Hot in-plant or in-place recycling is discouraged to
avoid excessive emission of fumes. Half warm (60-80 °C) in-plant recycling or cold
in-plant/in-place recycling in bound layers is recommended but use in unbound subbase or base course is potential for RA with low tar contamination [5].
The site and execution of recycling of tar contaminated RA in roads should always be
documented and reported to local environmental authorities and for governmental
roads also to the Swedish Transport Administration ([4][5][6]).
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1 Introduction
In order to aid in the selection of a suitable characterisation testing method for the
materials of interest in this report, a simple permeability test was carried out. The
permeability of stone mastic asphalt (SMA) cylinders with 20% reclaimed asphalt and
5% and 10% air voids was measured and found to be in the range 8.4x10-5 m/s to
4.5x10-4 m/s. Consequently, in this study we have included the pre-standard
percolation test (CEN/TC351, 2010) to characterise leaching of RA with increased
liquid to solid ratio (L/S-ratio).

2 Test method
2.1 Sample preparation
SMA cylinders were prepared in the transport laboratory at UCD. The asphalt mix
was designed to include 20% RA. Cylinders with two different voids contents, 5% and
10% were prepared in order to investigate the effect of voids content on sample
permeability. The resulting cylinders were 75mm high with a diameter of 100mm.

2.2 Permeability test
Figure 1 below shows the experimental set-up of the simple permeability test. The
SMA cylinder was placed in a very tight membrane in order to minimise flow along
the edges of the cylinder during the test. The cylinder and membrane were then
placed on a slatted metal stand so that the base of the cylinder was raised off the
bottom of the inner bath. The height of the inner bath was so that it was the same
height as the cylinders when raised above the floor of the bath on the metal stand.
The inner bath was then placed inside the outer bath and the Perspex column then
fitted on top of the cylinder, inside the membrane. Water was then allowed to flow
into the column through the cylinder and out through the outlet for approximately 30
minutes in order to saturate the cylinder.
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Inlet
Water column
Overflow

300mm

Outer bath

Membrane
Metal stand

Inner bath

Outlet
Figure 1 Permeability test set-up
After 30 minutes, the water flow was adjusted so that a constant head of water (water
height = 300mm) stood above the cylinder. The overflow outlet ensured that the
water did not rise above 300 mm. A bottle was placed at the outlet and the output
was collected for 1 minute. The mass (g) of the output was found and recorded. This
was repeated and the average of the two masses was used in the equations below to
calculate the permeability of the cylinders.
Firstly, the flowrate of the water through the cylinders was calculated according to
equation 1.
10
Where

Equation 1

= flowrate (m3/s)
= average mass (g)
= time (s)

Then the saturated hydraulic conductivity was calculated according to equation 2.

Beneficiary - XX-UCD

Grant SCP7-GA-2008-218747
Page 4 of 5

Author : Aoife Quinn

File :

Re - Road

Deliverable 1.6

WP 1

Appendix 3, Permeability testing

2012-06-04

4
Where

1.0
PP

Equation 2

= Saturated hydraulic conductivity (m/s)
= cylinder height (m)
= height of water column (m)
= diameter of cylinder (m)

3 Results
Results of the permeability test for 9 specimens are shown below, 5 with 5% air voids
and 4 with 10% air voids. As would be expected, most of the specimens with 10% air
voids exhibit a slightly higher permeability than those with 5%.
Table 1 Permeability test results
Sample

Voids Content (%)

RA Content (%)

Permeability (m/s)

5-4

5

20

8.226 x 10-5

5-5

5

20

1.228 x 10-4

5-6

5

20

1.627 x 10-4

5-7

5

20

8.463 x 10-5

5-8

5

20

1.208 x 10-4

10-1

10

20

3.178 x 10-4

10-2

10

20

2.817 x 10-4

10-3

10

20

4.554 x 10-4

10-4

10

20

2.889 x 10-4

4 Conclusions
The test described above is a simple and quick method to determine the permeability
of asphalt materials when high precision is not required. It allows the determination of
the order of magnitude of the permeability of the material so that a choice of suitable
leaching test method can be taken.
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1 Materials and Methods
1.1 Asphalt materials
Three different types of asphalt pavements that are suitable for recycling were used
for identification of possible hazardous compounds that could be released from these
materials and could bring contamination of waters in contact with these materials.
The first material is represented by open porous asphalt modified with SBS used as a
surface layer of roads in Germany in duration of 10 years sampled from stockpile.
The second one is also open porous asphalt physically modified with SBS used in a
surface layer in France sampled from milling process. The third material was a
Swedish porous asphalts made from a penetration grade 70/100 bitumen, modified
through addition of crumb tyre rubber. This material was sampled directly after
production (i.e. this material has not yet been in use in a road construction).

1.2 Production of eluates - Leaching
Leaching of these materials was conducted by SGI in accordance with ISO/TS
21268-1:2007. In addition, leaching of a blank “sample” (i.e. leaching without
material) was conducted. Samples characterisation is digestedly summarised in
Table 1. CDV sample numbers are used in the following pictures and text for
description and characterization of their composition.
Table 1.2 Samples identification
CDV sample
number

SGI sample
number

Sample characterization

Line color in
chromatograms

W-045_10

none

Open porous asphalt modified
with SBS, Surface layer,
Germany, ~10 years

pink

W-099_10

10123

Open porous asphalt physically
modified with SBS, Surface layer,
France

blue

W-0100_10

10124

Leachate from a blank leaching

brown

E-094_10

A1

Extract of leachate from rubber
asphalt

black
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1.3 Methodology of analyses - sample preparation
Leachates from the materials were firstly prepared for consequent GC/MC analyses.
350 ml of water sample was filled into a stoppered separating funnel of 500 ml
volume. 3.5 g of NaCl and 21 ml of extraction agent dichloromethane (DCM) were
added into the funnel. After that the separating funnel was closed with a plug and the
solution was flapped for 5 minutes including regularly discharging of originated fumes
of solvents. The stoppered separating funnel was placed in a quiet after flapping for
30 minutes till extraction agent was settled. This process was repeated 3 times in
order to receive 63 ml of extract. 3.5 g of Na2SO4 was added to obtain a bright
extract. This extract was discharged to Turbovap cartridge and funnel with the
sediment was flushed out 3 times with 5 ml of DCM and discharged again to
Turbovap cartridge. Extract was concentrated in Turbovap device to 0.5 ml, overfilled
to vial and cartridge was flushed out with 0.5 ml of DCM. Hence, the total amount of
sample for the GC-MS analysis was 1 ml.
This modified extraction process without discharge of non-polar fraction was used for
screening analyses to find out as much potentially dangerous organic compounds as
possible.
Detection limits for SCAN method was estimated to range between 0.05 and 0.1 µg/l
when using 1 L of leachate for each screening test.
The extraction of the leachates of W-045_10, W-099_10 and W-0100_10 was
performed by CDV, while SGI extracted the leachate of E-094_10.

1.4 GC/MS screening analyses
Chromatograms of four samples were measured on GC/MS unit SHIMADZU QP
2010 (Japan) in temperature program (Start Temperature = 70°C, Hold Time = 2 min,
Rate = 10°C/min, Final Temperature = 320°C, Final Hold Time = 10 min). Zebron ZB5ms capillary chromatography column was used for measuring (Length = 30m, ID =
0.25 mm, Stationary Phase Layer Thickness = 0.25µm). Splitless injection mode was
used, Injection Temperature = 300°C, Carrier Gas Pressure = 122.8 kPa, Linear
Velocity = 50 cm/sec (velocity flow control mode). Sample Amount was 1 µl. Mass
spectrum was measured in SCAN mode (Start m/z = 100, End m/z = 400, Scan
speed = 625), Ion Source Temperature = 220°C, Interface Temperature = 280°C, EI
mode. EPA Phtalate Esters Mix 2000 µg/ml was used for phtalates identification. Its
concentration during the analyses was 20 µg.l-1 that corresponds to 57 µg.l-1 in the
leachate. EPA PAH Mix 63 and dr. Ehrenstorfer Coronene neat standard were used
for PAHs analyses. Concentrations of all 16 PAHs in accordance with US EPA
correspond to concentration approximately of 28.6 µg.l-1 in the leachate. Coronene
concentration corresponds to concentration approximately of 23.4 µg.l-1 in the
leachate.
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2 Results
Measured chromatograms were analyzed for individual m/z records to single
compounds, compounds type (isomers of compound) and compounds groups (group
of basic substance derivates) identification. Standards of some PAHs, some
Phthalates and n-Alcanes were used for comparisons to these compounds
identification. Results of sample comparison are shown only on Figures without dotsignification in their caption (chromatograms with yellow background). Mass spectra
compounds that were measured and for which were not available standards are
shown on figures with dot-signification in the caption (mass spectra with white
background). Brief comments for separate compounds are given below the separate
figures.

2.1 Qualitative results of GC/MS screening analyses
2.1.1 PAH

Figure 2.1.1.1 m/z=178; Phenanthrene, Anthracene (standards in green)
Phenanthrene and Anthracene were identified by comparison with the standards and
were detected probably in all samples.

Beneficiary - CDV/SGI
Author: R Ličbinský, J Huzlík, A Enell

Page 7 of 25

Grant SCP7-GA-2008-218747
File :

Re - Road

D1.6 Guide for environmental characterisation of
RA
Appendix 4. GC/MS screening analyses

WP 1
CDV/SGI

2012-04-04

PP

Fig. 2.1.1.2 m/z=202; Fluoranthene, Pyrene (standards in green)
Fluoranthene and Pyrene were identified by comparison with the standards and were
detected probably in all samples.

Fig. 2.1.1.3 m/z=228; Benz[a]anthracene, Chrysene (standards in green)
Benz[a]anthracene and Chrysene were identified by comparison with the standards
and were found in all samples.
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Fig. 2.1.1.4 m/z=252; Benzo[b]fluorene, Benzo[k]fluorene, Benzo[a]pyrene
(standards in green)
Benzo[b]fluorene, Benzo[k]fluorine and Benzo[a]pyrene were identified
comparison with the standards and were detected probably in all samples.

by

Fig. 2.1.1.5 m/z=276; Indeno[1,2,3-cd]pyrene, (Dibenz[ah]anthracene),
Benzo[ghi]perylene (standards in green)
Indeno[1,2,3-cd]pyrene, (Dibenz[ah]anthracene) and Benzo[ghi]perylene were
identified by comparison with the standards and were detected probably in all
samples.
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Fig. 2.1.1.6 m/z=278; Dibenz[ah]anthracene (standard in green)
Dibenz[ah]anthracene was identified by comparison with the standard and was
detected probably in all samples.

Fig. 2.1.1.7 m/z=300; Coronene (standard in green)
Coronene was identified by comparison with the standard, but was only detected in
W-045_10.
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2.1.2 Alkanes

Fig. 2.1.2.1 m/z=113; n-Alkanes C16, C18, C20, C22, C24, C26, C28, C30, C32
(standards in green)
n-Alkanes C16, C18, C20, C22, C24, C26, C28, C30, C32 were found especially in
W-045_10, W-099_10 and W-100_10, but not in E-094_10. C17, C19, C21 may be
contained in W-045_10, too.
2.1.3 Adipates

Fig. 2.1.3.1 m/z=129; Adipates (plasticizers) – group of compounds
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Group of adipates between RT 22 min and 23.5 min was detected only in E-094_10.

Fig. 2.1.3.2 MS spectrum at 22.819 min – 82 % similarity
2.1.4 Phthalates

Fig. 2.1.4.1 m/z=149; Phthalates (plasticizers) Diethyl-, Bis(2-methylpropyl)-,
Dibutyl-, Benzyl butyl-, Bis(2-ethylhexyl)-, Di-n-octyl phthalate (standard in
green)
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Group of phthalates between RT 23 min and 25 min is identified in all samples,
especially in W-100_10.

Fig. 2.1.4.2 m/z=163; Dimethyl phthalate (standard in green)
Compounds may be detected in W-099_10
2.1.5 Compounds possibly with rubber origin

Fig. 2.1.5.1 m/z=135; Benzothiazole (peak overflowed)
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Compound identified only in E-094_10. Sample contains very high amount of
benzothiazole, (greater than unit extent).

Fig. 2.1.5.2 MS spectrum at 7.980 min – 98 % similarity with Benzothiazole.

Fig. 2.1.5.3 m/z=119; Methylacetophenone
Compound detected only in E-094_10.
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Fig. 2.1.5.4 MS spectrum at 7.355 min – 96 % similarity
It is not possible to decide, whether it is the one form of methylacetophenone
isomers, or alkylbenzene isomers (tetramethylbenzene, tert. butylbenzene,
dimethylethylbenzenes etc.). The similarity all of these compounds is greater than 90
%. It seems to be rather alkylbenzene isomers because some of them are used for
manufacturing curing agents, adhesives, coating materials and in manufacturing raw
material of engineering plastics (polyimides) and cross-linking agent for alkyd resin.
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2.1.6 Degradation products of PAH

Fig. 2.1.6.1 1-Indanone? MS spectrum at 8.768 min – 95 % similarity
1-Indanone detected in E-094_10, in W-045_10, probably too. It is the product of
PAHs degradation so it could be the marker of PAHs content in the material.
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Fig. 2.1.6.2 9-Fluorenone? MS spectrum at 14.629 min – 72 % similarity
9-Fluorenone detected in E-094_10, and probably in W-045_10, too. It is the product
of PAHs degradation so it could be the marker of PAHs content in the material.
2.1.7 Other compounds only found in E-094_10 (leachates of rubber asphalt )

Fig. 2.1.7.1 2-Methylbenzothiazole? MS spectrum at 9.006 min – 84 % similarity
2-Methylbenzothiazole was detected in E-094_10.
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Fig. 2.1.7.2 MS spectrum at 14.768 min – 94 % similarity
3,5-di-tert-butyl-4-hydroxy benzaldehyde detected in E-094_10. Probably product of
oxidation of butylated hydroxytoluene.
2.1.8 Chromatograms for TIC (Total Ion Current)

Fig. 2.1.8.1 Chromatograms for TIC (Total Ion Current) of four samples
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2.2 Semi quantitative results of GC/MS screening analyses
Very approximate amount of identified compounds was estimated in percents as the
ratio of sample peak area/standard peak area (table 2.2.1).
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Tab. 2.2.1 Peak areas and peak area ratios for compounds with measurements of chromatograms of standards (based on
MC).
Standard
Compound

Ret.
Time

W-045-10

W-099-10

W-100-10

E-094-10

W-045-10

W-099-10

E-094-10

Mass

Area

7.41

128

5 166 694

9 756

8 863

17 056

47 976

0.189

0.172

0.330

0.929

Acenaphthylene

11.16

152

2 781 477

4 595

3 188

1 144

27 850

0.165

0.115

0.0411

1.00

Acenaphthene

11.59

154

1 605 868

5 025

506

1 978

2 107

0.313

0.0315

0.123

0.131

Fluorene

12.85

166

1 366 114

6 631

2 534

1 654

2 928

0.485

0.185

0.121

0.214

Phenanthrene

15.14

178

1 091 778

91 340

19 979

17 867

8548

8.37

1.83

1.64

0.783

Anthracene

15.26

178

1 096 097

91 340

9 910

17 867

2 562

8.33

0.904

1.63

0.234

Fluoranthene

18.01

202

535 454

29 146

16 299

12 543

4 845

5.44

3.04

2.34

0.905

Pyrene

18.53

202

515 782

36 614

21 994

24 249

8 625

7.10

4.26

4.70

1.67

Benz[a]anthracene

21.46

228

209 634

84 651

53 130

40 373

513

40.4

25.3

19.3

0.245

Chrysene

21.54

228

238 069

91 214

56 538

46 005

2 309

38.3

23.7

19.3

0.970

Naphthalene
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W-045-10

W-099-10

2012-04-04

W-100-10

PP

E-094-10

W-045-10

W-099-10

W-100-10

E-094-10

Compound

Ret.
Time

Mass

Area

Benzo[b]fluoranthene

23.89

252

184 733

63 463

46 214

48 146

1 695

34.4

25.0

26.1

0.918

Benzo[k]fluoranthene

23.95

252

196 471

66 728

47 491

48 146

1 158

34.0

24.2

24.5

0.5894

Benzo[a]pyrene

24.55

252

150 353

47 515

37 845

31 886

521

31.6

25.2

21.2

0.347

Indeno[1,2,3cd]pyrene

26.66

276

137 593

20 175

15 577

17 097

5 525

14.7

11.3

12.4

4.02

Dibenz[a,h]anthracene 26.72

278

140 319

20 332

12 513

10 741

2 740

14.5

8.92

7.65

1.95

Benzo[ghi]perylene

27.09

276

190 467

28 677

16 940

15 300

6 497

15.1

8.89

8.03

3.41

Coronene

30.25

300

85 682

7 188

2 015

1 347

8.39

2.35

1.57

Dimethyl phthalate

11.04

163

4 309 188

1 943

15 052

684

1 439

0.0451

0.480

0.0159

0.0334

Diethyl Phthalate

12.79

149

3 671 531

39 373

62 728

13 635

39 046

1.07

1.71

0.371

1.06

Bis(2-methylpropyl)
phtalate

15.83

149

977 139

359 027

177 884

155 647

55 272

36.7

18.2

15.9

5.66

Dibutyl phthalate

16.81

149

643 744

472 589

112 488

68.6

14.6

10.7

2.56
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Standard

WP 1
CDV/SGI

W-045-10

W-099-10

2012-04-04

W-100-10

PP

E-094-10

W-045-10

W-099-10

W-100-10

E-094-10

Compound

Ret.
Time

Mass

Area

Benzyl butyl phthalate

20.41

149

331 327

9 857

1 931

2 867

12 760

2.98

0.583

0.865

3.85

Bis(2-ethylhexyl)
phthalate

21.92

149

427 231

463 446

187 073

357 852

645 225

108

43.8

83.8

151

Di-n-octyl phthalate

23.42

149

543 867

39 908

121 752

1 989 072

625 704

7.34

22.4

366

115

Beneficiary - CDV/SGI
Author: R Ličbinský, J Huzlík, A Enell

Area
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WP 1
CDV/SGI

2012-04-04

PP

Table 2.2.2 Retention times and peak areas for compounds without
measurements of chromatograms of standards (based on TIC).
Sample

W-045-10

W-099-10

Ret.Time

W-100-10

Area

E-094-10 Estimated compound or group of
compounds

7.36

5 605 294 Methylacetophenone

7.49

4 026 695 Dibromobenzene

7.65

2 144 646 Thiophene derivate

7.98

18 895 023 Benzothiazole

8.763

205 371

1-Indanone

9.01

2 774 252 Methylbenzothiazole

10.30

1 428 360 Trihydroxybenzaldehyde?

10.49

275 749

209 944

unknown

10.80

227 690

322 893

unknown

11.17

395 767

483 178

201 564

665 059 3-tert-Butyl-4-hydroxyanisole

11.77

599 365

1 415 772

367 675

477 202 di-(tert-Butyl)phenole

14.76

200 372

274 867

20.53
21.67

1 397 121 1 879 473
164 268

242 872

1 079 286 3,5-di-tert-butyl-4-hydroxy benzaldehyde
6 472 133

unknownX

2 515 825

372 800 unknownX

22.07

179 720 adipates

22.19

185 885 adipates

22.29

453 123 adipates

22.41

651 361 adipates

22.48

1 153 901 adipates

22.63

1 489 647 adipates

22.70

1 136 582 adipates

22.82

1 626 290 adipates

22.93

1 164 291 adipates

23.00

1 010 409 adipates

23.10

726 419 adipates

23.22

238 588

391 625

5 225 337

unknownX

23.22

403 976 adipates

23.30

327 771 adipates

23.44

665 133

293 647

23.53
23.59

5 008 531

446 049 phtalates

1 895 753

3 565 102 phtalates

392 738

Beneficiary - CDV/SGI
Author: R Ličbinský, J Huzlík, A Enell
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W-045-10

W-099-10

Ret.Time
23.63

W-100-10

Area
239 401

633 227

WP 1
CDV/SGI

2012-04-04

PP

E-094-10 Estimated compound or group of
compounds
205 174 phtalates

23.69

11 331 803

199 870 phtalates

23.86

9 747 613

252 120 phtalates

23.93

458 337 Squalane?

23.93

5 287 324

phtalates

24.06

2 135 962 1 921 227 15 821 943

phtalates

24.17

1 502 305

phtalates

8 909 464

270 926 phtalates

5 375 015

386 735 phtalates

6 998 732

203 465 phtalates

2 543 408

phtalates

24.25

496 893

24.35

419 704

24.44

427 895

1 266 693
765 096

24.55
24.64

439 182

526 345

3 925 709

236 428 phtalates

24.84

260 766

178 217

1 079 058

phtalates

177 282

phtalates

24.94

Group of phthalates (Figure 2.2.1) shown in Table 2.2.2 is group of esters of phthalic
acid with various alcohols (e.g. di-n-octyl-, di-isooctyl, di-n-nonyl-, bis(x-ethylhexyl)-,
n-heptyl—octyl-, ...). Each peak represents one phthalate.
Similarly, group of adipates (R-C6H8O4-R’, e.g. Figure 2.2.2 and
esters of adipic acid with various alcohols. Each peak represents
phthalates group and adipates group are plasticizers, they can be
plastics (e.g. PVC), but they can be widespread in environment.
TIC, comparing to MC, are very little precise for interferences.

2.2.3) is group of
one adipate. Both
present in various
Results based on

Figure 2.2.1 Phthalates formula (R, R’ are various alkyls)
Beneficiary - CDV/SGI
Author: R Ličbinský, J Huzlík, A Enell
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WP 1
CDV/SGI

2012-04-04

PP

Figure 2.2.2 Bis(2-ethylhexyl) adipate formula (R=R’ = Bis(2-ethylhexyl))

Figure 2.2.3 Dioctyl adipate formula (R=R’ = Octyl)

3 Conclusions
Aim of the screening analyses was to identify “new” compounds that could occur in
leachates of these materials. However, only PAHs were detected in all analysed
samples except coronene. Other compounds or groups of compounds were also
identified but only in some of the analysed samples. Group of n-alkanes was
detected in W-045_10, in W-099_10 and W-100_10 samples but not in E-094_10.
Group of adipates was identified only in the sample E-094_10. Group of phthalates
was detected mostly in all samples, especially in W-100_10 (i.e. the blank). There
were identified compounds possibly with rubber origin (only in E-094_10) including
Benzothiazole, Methylacetophenone. Sample E-094_10 contained also 2Methylbenzothiazole and 3,5-di-tert-butyl-4-hydroxy benzaldehyde which is probably
product of oxidation of butylated hydroxytoluene. In addition, 1-Indanone and 9Fluorenone detected in the E-094_10 sample and in the in W-045_10 sample
indicate PAH degradation process.
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WP 1

1.0

Test methods for Environmental Characterization of All partners 2012-11-05
Reclaimed Asphalt
of WP1.3

PP

Re-road – End of life strategies of asphalt pavements

Deliverable 1.6

Appendix 5 Characterization of Contaminated-RA –
Determination of binder content, PAHs and particle size
distribution
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