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Abstract: Bitumen is a major construction material that can emit harmful fumes when heated. These
fumes pose health risks to workers and communities near construction projects or asphalt mixing
plants. The chemical complexity of bitumen fumes and the increasing use of additives add to the
difficulty of analytically quantifying the harmful chemicals emitted using a single technique. Research
on bitumen emissions consists of numerous sample preparation and analytical methods. There are a
range of considerations to be made when deciding on an appropriate sample preparation method
and instrumental configuration to optimise the analysis of specific organic contaminants in emissions.
Researchers investigating emissions from bituminous materials may need to consider a range of
analytical techniques to quantify harmful chemicals and assess the efficacy of new additives. This
review summarises the primary methodologies for sample preparation and analytical techniques
used in bitumen research and discusses future challenges and solutions.

Keywords: bitumen; asphalt; emissions; fumes; sample preparation; VOCs; PAHs

1. Introduction

Bitumen is a product produced from the refining of crude oil using vacuum distillation.
The resulting bitumen is used as an industrial binder in a range of road construction; this
type of refined bitumen has been used since the early 1900s [1,2]. Throughout this article,
bitumen and asphalt are referred to as specific terms. When applied in paving construction,
bitumen is defined as a binder to hold aggregate together. Aggregate often refers to a
mass of crushed rock or similar material. This bitumen-aggregate mixture is referred to as
asphalt, a viscoelastic material that can be mixed and laid using special machinery when
hot. When the material is cooled it sets and becomes much harder. This asphalt is what
constitutes road and airport pavements [3].

In a report by Eurobitume and the Asphalt Institute, paving projects account for 85%
of bitumen produced, 10% in roofing applications, and the remainder used in various
smaller applications such as waterproofing [4]. As it is part of the heavy residue resulting
from distilled crude oil [3], the composition of bitumen is a complex mixture of organic
compounds that varies depending on the crude oil source and the manufacturing methods
used at the refinery [3,5].

At room temperature, bitumen is still considered a liquid but is solid for all prac-
tical purposes. Due to the material’s high viscosity, high temperatures are used when
working with it to allow mixing with the aggregate. When used in paving applications
the working temperatures can vary widely. There are four commonly defined types of
asphalt relating to operation temperature: hot mix asphalt (HMA) (150-190 °C), warm mix
asphalt (WMA) (100-140 °C), half-warm mix asphalt (HWMA) (60-100 °C), and cold mixes
(040 °C) [6-9]. The mixing and laying temperatures can also go as high as 200 °C when
bitumen is overheated in certain situations or during spray sealing operations [10]. When
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the bitumen is heated, particularly to the upper temperature ranges, it releases fumes, the
volume of these fumes is reported to increase with temperature [11-18]. These emissions
contain an extensive range of organic compounds. Among these emissions are volatile and
semi-volatile organic compounds (VOCs/SVOCs); polyaromatic hydrocarbons (PAHs); and
heterocyclic compounds containing nitrogen, oxygen, or sulfur, as well as inorganic gases
such as hydrogen sulfide [7,8,10,12,19-26]. These are broadly categorised in Table 1. PAHs
comprise a large proportion of the chemical classes investigated in laboratory-generated
fumes due to their carcinogenicity [27] (Table 1). However, compounds from various chem-
ical classes besides PAHs may also be of concern given their adverse health effects [28,29].
In particular, benzene is poorly reported in the literature relative to PAHs but is a known
carcinogen reported in bitumen emissions [20,30,31]. Other simple arenes known to be
contaminants in bitumen are also poorly reported in this field, but they are commonly
screened as environmental contaminants due to their serious health concerns [20,30,32].

Table 1. List of broadly classified organic chemicals identified in bitumen fumes using laboratory testing.

Chemical Class References
Polycyclic aromatic hydrocarbons [7,8,17,33-38]
Nitrogen-containing polycyclic aromatic hydrocarbons [34]
Oxygen containing polycyclic aromatic hydrocarbons [37]
Sulfur-containing polycyclic aromatic hydrocarbons [7,33,34,37]
Nitrogen-containing volatile organic compounds [20]
Volatile organic compounds [20,30]
Sulfur-containing volatile organic compounds [20,30]

2. Regulations and Past Research

A report produced by National Institute for Occupational Safety and Health (NIOSH)
in 2000, drawing upon research from the 1970s onward, concluded that the information at
the time was insulfficient to quantifiably measure the health impacts of exposure to bitumen
fumes [39]. Since then, the research on bitumen fumes has been progressively expanded,
and in 2011 the world health organisation (WHO) and the IARC (International Agency for
Research on Cancer) labelled straight run bitumen used in paving as “possibly carcinogenic
to humans” (group 2B) [40].

While research into the carcinogenicity of bitumen has continued, understanding
the chemical composition of bitumen fumes and how these are released still appears to
require further investigation. The current regulatory method provided by the NIOSH
method 5042 (issue 1, 1998) for measuring total particulate matter and polyaromatics as
benzene soluble matter [41]. Method 5042 requires PTFE filters attached to pumps that
can control the air flow, the pumps are run for a set time to standardise the volume that
moves through them. Once the set volume of air has moved through the filters, they are
weighed to measure total particulate matter (TOM) and then extracted with solvents to
measure PAH content gravimetrically as benzene soluble matter (BSM) or solvent soluble
matter (5SM) if using anything other than benzene [42]. This measurement is converted to
mass/volume allowing an estimation of the concentration of particulates and aromatics
in the air at worksites or from laboratory samples. The gravimetric analysis is a simple
quantitative method, and the simplicity of this technique allows for quick testing that does
not require expensive instruments. Therefore, it is highly accessible and similar methods
have been adopted in many countries as a regulatory method [43-46].

However, the drawback of this method in a research setting is the lack of any identifi-
cation of specific chemical species present in the sample, such that two samples of the same
concentration may pose different levels of harm to humans and the environment depend-
ing on the concentration of the chemicals present [27,35,47]. To address this, researchers
commonly employ different methods for laboratory research on fuming [23]. Some of the
analytical procedures that are commonly used when investigating bitumen emissions are
generalised analytical methods for VOCs or PAHs, such as the NIOSH method 5515 for
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PAHSs, and while they can identify VOCs and PAHs, they do not provide adequate informa-
tion for sample preparation specific to bitumen [27,48]. Due to the lack of agreement on
standardised methods and some uncertainty regarding which chemicals are most prevalent
or essential to monitor, researchers have many options when planning an investigation on
bitumen fumes. While many compounds have general exposure limits attached to them,
which apply in asphalt paving worksites where compounds such as hydrogen sulfide, naph-
thalene, and other VOCs are present, there are currently no internationally standardised
methods for determining specific chemicals in bitumen fumes. Further, specific regulations
in a country or state can vary significantly making them inconsistent in a global setting [4].

Bitumen fumes are a complex mixture of chemicals, containing over 100 different
organic species in the emissions alone [16]. Although there are measures in place to ensure
worker and environmental safety is upheld, there is a general lack of understanding about
the full impact of exposure to bitumen fumes [49]. Further, the composition and release
of asphalt fumes are not clearly understood [16,50]. This means there may also be other
chemicals of concern, such as sulfur-containing polyaromatic hydrocarbons (SPAHs) or par-
ticular VOCs that are not always considered in analytical assessments and could contribute
to the overall danger of bitumen emissions to the environment and humans [20,51].

This review will cover only bitumen sample preparation techniques that have been
used in controlled laboratory settings and reported in the literature not those that are
collected in the field testing of construction sites. These field-testing methods are detailed
elsewhere in the literature [8,21,45,52-54].

3. Sample Collection and Sample Enrichment Methods

Research investigating fuming can either be performed in the field, where samples
of fumes are taken on a work site to measure worker exposure [8], or sampling can be
performed in the laboratory in a closed system as a controlled experiment [9]. When
focusing on the laboratory setting, there is a range of methods to assess fumes accurately.
Each sample preparation method seeks to collect the chemical components of the fumes
before moving them to an analytical instrument for identification. The methods of collection
that have currently been used in this area of research can be split into three main categories:
filters [7-9,17,33,35,38,48,52,55-58], headspace sampling [20,59,60], and direct evolution
of fumes into analytical instruments [19,30,56,61]. Each of these techniques has unique
advantages and disadvantages.

3.1. Filter Sampling

The collection of fumes via filtering is a commonly used technique in the
laboratory [7-9,17,33,35,38,48,52,55-58]. The use of filters allows for large volumes of
bitumen fumes to be concentrated onto a series of filters significantly increasing the concen-
tration of trace compounds that are able to be collected. Once the collected analytes are
extracted with a solvent, the extract can then be separated using gas or liquid chromato-
graphic (LC) instruments before being identified with methods such as mass spectrometry
(MS) [62].

When using filters in the laboratory, a mixing apparatus is often used to stir while
heating the bitumen (Figure 1). The agitation and heating are intended to mimic in-field
conditions and facilitate the release of particulates [9]. However, it is not a complete
simulation of such conditions, and reproducibility is difficult because factors such as
container size, bitumen surface area, agitation, air flow, wind, environmental temperature,
etc. can affect the results [9,16].
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Figure 1. Diagram of mixing apparatus and filter system [18]. Reprinted from Journal of Hazardous
Materials, vol 371, Shicong Mo, Yuhong Wang, Feng Xiong, Chunjin Ai, Effects of asphalt source and
mixing temperature on the generated asphalt fumes, pg. 342-351, Copyright (2019), with permission
from Elsevier.

The gaseous emissions from bitumen during heating and agitation are pumped
through tubing into filters to collect the sample. Various configurations of this system are
used throughout the research and there is no universally standardised
system [7-9,17,33,35,38,52,55,57,62—64]. In general, the system consists of a PTFE or glass
wool filter to physically remove particulates and downstream of this there is at least one
filter to collect the gaseous chemicals; this is often a charcoal filter for VOCs and an XAD-2
filter for PAHs. Often a combination of both filters is used to analyse a broader range
of chemicals in the emissions [9,63]. Once the emissions have been collected, the filters
can be extracted with minimal amounts of solvent to produce a concentrated extraction
of the sample. This extract can then be separated using a gas chromatogram (GC) or LC
techniques and identified using a range of detectors such as a MS [35].

3.2. Headspace Sampling

Headspace (HS) sampling can generally be categorised into static headspace (SHS) or
dynamic headspace (DHS) sampling. SHS sampling involves using a speciality syringe to
draw a gas sample from the HS of a vial containing a small mass of the sample, which is
then injected into a GC.

SHS is a non-exhaustive extraction and takes a small sample of the gas phase with
a gas tight syringe. This sample is from a single point in time and the analytes extracted
will represent the equilibrium between the sample matrix and the HS when the extraction
occurs. Taking an extraction while the HS is not at equilibrium can lead to inconsistent
results [65].

For DHS sampling, instead of taking a single sample of gas from the HS of a vial, the
gases are continuously extracted along with a carrier gas through capillaries to the GC. The
gases are often concentrated onto a sorbent trap to allow detection of trace level gases. This
concentration of analytes allows for much greater detection of chemicals that would be in
too low of a concentration in a single small volume sample. This method is an exhaustive
technique that depletes the sample during extraction [66].

Research by Boczkaj et al. [20] uses both an SHS and DHS sampling method to
investigate bitumen fumes. The SHS method took a 0.5 mL vapour sample from a 22 mL
vial containing 0.1 g of bitumen which is heated to 180 °C and held for 30 min before
injecting the gas into a GC for separation and analysis. Using SHS, the researchers analysed
sulfur containing compounds by applying a pulsed flame photometric detector (PFPD), and
nitrogen containing compounds using a nitrogen phosphorus detector (NPD) and flame
ionisation detection (FID). The use of PFPD and NPD on sulfur and nitrogen containing
compounds, respectively, allowed for the accurate trace level detection of these compounds
in a complex mixture of volatile compounds. The DHS method by the researchers used
the same vial, sample weight and preparation technique. The HS gases were moved from
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the heated sample into a sorbent trap which was held at 30 °C. The analytes were then
desorbed from the trap and transferred directly into a GC by heating the trap to 270 °C.
The compounds were identified by using mass spectrometry as the detector. Using both
SHS- and DHS-GC with MS, FID, PFPD, and NPD, the researchers successfully identified
a range of VOCs containing nitrogen and sulfur such as pyridine, carbon disulfide and
hydrogen sulfide.

This method is advantageous when examining the most volatile fraction of bitumen
fumes. Notably, hydrogen sulfide and carbon disulfide, which were measured in the fumes
by the researchers. The limits of these HS techniques are determined by larger compounds
possessing low volatility as these compounds tend to be emitted with particulate matter
generated through high temperatures and agitation [50].

3.3. Headspace Solid Phase Microextraction Sampling

Headspace solid phase microextraction (HS-SPME) is a non-exhaustive technique
similar in principle to the previous example of HS; however, instead of taking a gas sample
of the HS a SPME device is exposed to the gaseous analytes in the headspace where the
chemicals will absorb into the solid phase of the device. The device itself consists of a
thin silica needle-like structure covered in a solid phase coating (Figure 2). An example
of this coating is the nonpolar coating, polydimethylsiloxane, which is one of the most
common coating materials utilised in HS-SPME. The coating allows chemicals in the HS to
be concentrated onto the fibre; the fibre is then removed from the headspace and inserted
into the inlet linear to the GC. The analytes are then desorbed in the heated liner and the
gas flow carries the analytes into the column [66].

Extraction step for HS-SPME
] g

Thermal desorption on GC injection port

SPME
holder

SPME fiber
assembly

Sample
Hot plate
stirrer
® Pierce @ Expose @ Retract
sample fiber/ fiber/
septum extract remove

Figure 2. Diagram of HS-SPME device procedure [67]. Reprinted from Journal of Chromatography
A, vol 880, Kataoka H, Lord LH, Pawliszyn ], Applications of solid phase microextraction in food
analysis, pg. 35-62, Copyright (2000), with permission of Elsevier.

To quantify the analytes, HS-SPME relies on the equilibrium of a compound between
the sample matrix, HS, and the fibre. Quantification methods that rely on this equilibrium
relate to the concentration of analyte in the sample, so analyte concentration is generally
measured in weight/weight (w/w). In comparison, other methods for quantifying specific
analytes in bituminous material often require organic extractions and separations to obtain
the chemical of interest from the bitumen sample; however, this is time consuming and
produces waste from the organic solvents used [35].

Research conducted by Tang and Isacsson [60] demonstrated a successful HS-SPME
method for quantifying BTEX (benzene, ethylbenzene, toluene, and xylenes) in bituminous
emulsions using GC-MS. The researchers developed a method using a 100 pm diameter
polydimethylsiloxane SPME fibre. An internal standard addition method was used to
quantify the compounds, and an external calibration method using a surrogate sample
matrix was used and compared. The researchers successfully quantified the selected
volatiles in the low parts per million weight (ppmw) ranges using external calibration
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and internal standard addition methods. The authors did note that the internal standard
method performed better and that an internal isotopically labelled standard may be the
better approach. One of the advantages of this method is the ability to detect trace level
VOCs such as benzene and xylene, which can be challenging to extract from bituminous
material. These compounds are seldom reported in the literature on this topic [60]. The
method used is also quick and reproducible. It does not rely on solvents or clean up
procedures reducing the solvent waste produced.

3.4. Nonseparative Real Time Sampling

These methods involve the continuous flow of gases from the sample into an analytical
instrument. The gases are passed from the sample container into an instrument. This
provides the advantage of detecting any changes in the chemicals being emitted from the
sample over time or varying temperature ranges.

Work by Cui et al. [61] employed this analytical technique using a thermogravimetric
analyser (TGA) coupled with MS to continuously qualitatively analyse the emissions
produced by bitumen samples with varying concentrations of layered double hydroxide
additives to investigate the effect of this additive on the emission of volatile species. The
TGA records the mass loss by using a temperature program that increases temperature over
time at a rate of 10 °C/min from room temperature to 300 °C. Piping carries gasses from
the TGA to the MS, where selected molecular ions of VOCs are monitored. The intensity of
the response for each molecular ion can be used to determine the relative abundance of the
molecule passing the detector.

The advantages of this method allow for the identification of a wide range of com-
pounds. In this work the researchers can identify small volatiles including hydrogen sulfide
and larger PAHs such as fluoranthene. The real-time monitoring of sample emissions
means that the variation in fume composition can be tracked over time or with temper-
ature changes. However, the procedure described by the researchers does not quantify
the chemical concentrations. The results are described using current intensity measured
in amperes (A). The researchers use this as a qualitative measure of volatile emissions in
different bitumen samples.

Research by Borinelli et al. [30] employed a continuous sampling method to monitor a
range of VOCs using the proton transfer reaction time of flight mass spectrometry (PTR-
TOF-MS). Their method involved heating 5 g samples of bitumen in a sealed container
and the evolved gases were transferred via capillaries to a PTR-TOF-MS instrument to be
identified. Using this method, the researchers identified a wide range of VOCs categorised
into alkanes, aromatics, and sulfur containing VOCs.

In this work the investigators were able to measure analyte response over a range of
temperatures in real time. The researchers were able to quantify concentrations of specific
chemicals and their classes in terms of emission rates (umol m~2 S~1) with good sensitivity.
Their results showed differences in emission rates between modified and unmodified
bitumen and an increase in the monitored VOC emissions as temperature increased.

3.5. Summary of Sample Preparation Techniques

The sample preparation methods available based on the current research provide
a range of tools for researchers when analysing bitumen emissions. When designing
an analytical analysis, selecting an appropriate sample preparation method is vital if
working with a complex material such as bitumen. Due to the range of organic compounds
that are present in the emissions the choice of whether to investigate acetone [30] or
benzo[a]anthracene [33] would reasonably require different analytical procedures. There
are both advantages and limitations to the methods described in this work. Some of these
are outlined in Table 2.
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Table 2. Comparison of sample preparation techniques.

Sample Technique Comment

Filter sampling

The most representative of industrial application
Requires solvent extraction of analytes
Fast sampling

Headspace sampling Suited for large sample sets

Solventless
Fast sampling

Headspace solid-phase microextraction Suited for large sample sets

Nonseparative real-time sampling

Solventless
Solventless
Possible to measures organic emissions rates over time

Historical techniques, such as filter sampling, have proved essential in analysing trace
PAHs in bitumen due to the concentration of large emission volumes onto filters [9,38].
However, this method requires solvent extraction of filters, large sample volumes, and a
timely extraction process involving ad hoc mixing apparatuses. Future technologies such
as novel SPME materials designed for selective adsorption of aromatic compounds could
prove crucial for analysing trace PAHs in bitumen using fast, automated methods that have
become a mainstay in analytical chemistry [68-71].

4. Considerations for GC or LC Instruments and Detectors When Analysing Bitumen

Given the complex nature of bitumen fumes, GC and LC methods are often used to sep-
arate chemicals collected from the samples before they can be identified. Between the instru-
ments, GC is the more commonly used throughout research on bitumen
fumes [7,8,17,20,25,33,35-38,57,59,62,72]. The complex matrix of bitumen fumes and the
chemical constituents’ high volatility and nonpolar nature suit GC instrumentation. The
customisation of these instruments is extensive. Two notable points of customisation are
detectors and columns. There is a range of detectors that have been used successfully
in this area of research. The commonly available detectors (Table 3) can provide unique
advantages when analysing specific classes of chemicals [66,73].

Table 3. Common detectors and uses [66].

GC Detectors Comment
Mass spectrometer (MS) Good for identifying many unknown compounds
Flame ionization detector (FID) Good for quantitative analysis of known compounds
Flame photometric detector (FPD) Highly sensitive for sulfur containing compounds
Nitrogen phosphorus detector (NPD) Highly sensitive for nitrogen or phosphorous compounds

Columns can have a significant effect on the separation of compounds [73,74]. Different
columns will generally be required for smaller VOCs, while larger PAHs containing more
than three rings may require entirely different columns to reach a significant resolution
of analyte peaks [73]. Examples of this can be seen in the columns employed in the
EPA method 8260D [75] for VOCs and the EPA method 8275A for PAHs [76]. These
are significantly different to allow for the separation of compounds with vastly different
chemistry. The equipment described in method 8260D utilises a capillary column with a
greater volume of stationary phase and small internal diameter better suited to separating
low boiling point VOCs. In contrast, the 8275A method utilises a thinner stationary
phase allowing higher boiling point compounds to be eluted in a reasonable time. Other
considerations are the polarities of the target analytes as hydroxyl containing hydrocarbons
may be more easily separated from the nonpolar gases of bitumen emissions using a column
loaded with a polar stationary phase [74].
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LC is less commonly used in bitumen fuming research. It has been applied success-
fully by measuring larger PAHs containing three or more rings, such as phenanthrene or
benzo[a]pyrene, while employing a fluorescence detector [9,17,35,36,38,55,57,77]. This de-
tector has the notable advantage of distinguishing between isomers of some PAHs [78]. This
general method requires more sample preparation than many GC procedures as neither
bitumen nor its emissions can be directly introduced into LC instruments. Instead, samples
must be prepared in an appropriate solvent beforehand. This usually involves the concentra-
tions of emissions or liquid-liquid/liquid—solid extractions of bitumen [9,17,35,36,38,55,57].

5. Concerning Additives for Fume Control in Bitumen

Multiple recent reviews covering many commonly used additives and their meth-
ods of action in detail are available [16,23,50]. These works cover a large extent of the
current literature on additives in bitumen and only a small summary of additives will be
covered here.

A significant assortment of additives can be added to bitumen to reduce emissions.
Work by Wang et al. [23] provides a comprehensive review of bitumen additives and their
work categories emission reducing additives into organic polymer materials, inorganic ma-
terials, and composite materials. The additives essentially function by retaining compounds
within the bitumen that may otherwise become part of the fumes. In a review by Wang
et al. [16] these mechanisms of fume suppression are broadly categorised into physical and
chemical methods. The authors provide a more nuanced definition in their work. Although
additives have been shown to reduce emissions in bitumen, it has been discussed that
environmentally friendly emission reducing additives are important for the industry, given
the current selection of commonly used additives that may produce emissions [23]. The
expansion and standardisation of analytical procedures to measure the effectiveness of
future additives are essential. Quantifying the emission reducing effects of an additive
and identifying any emissions it may introduce will be essential to reduce environmental
impacts and limit the health impacts on workers while potentially improving bitumen
performance [16,23,50,79].

6. Conclusions

While a broad scope of analytical methods is available to investigate bitumen fuming,
much of the research in this area uses similar instrumentation. Researchers may need
to appropriately consider the aims of their analysis when selecting a sample preparation
method and analytical technique as each method provides advantages and disadvantages.
A single procedure detailed in this review cannot simultaneously identify and measure
all analytes in a bitumen fume sample. A combination of methodologies is required to
identify and quantify the range of chemical components present in bitumen. The ultimate
challenge would be to develop methods using existing instrumentation or design new
instruments which can detect all priority chemicals using a single technique or simplified
procedure. These methods could include future iterations of SPME technologies or novel
techniques. Achieving this may require a more robust definition of priority chemicals
in bitumen emissions. Much of the current research focuses on PAHs. Moreover, while
this class of compound is undoubtedly of concern, in comparison, arene compounds
comprise smaller areas of this research field while still possessing significant health and
environmental risks. The main chemical drivers of adverse health impacts from bitumen
emissions should be clear so that analytical methods can more accurately report on the
safety of bituminous materials.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to Puma Energy (Australia) Bitumen Pty Ltd. for
Zachary Deller’s PhD scholarship. Subashani Maniam would like to acknowledge the RMIT Early
Career Development Fund.



Molecules 2022, 27, 5068 9of 11

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have influenced the work reported on in this paper.

References

1.  Mundt, D.J.; Adams, R.C.; Marano, K.M. A Historical Review of Additives and Modifiers Used in Paving Asphalt Refining
Processes in the United States. . Occup. Environ. Hyg. 2009, 6, 705-713. [CrossRef] [PubMed]

2. Zhu, ].; Birgisson, B.; Kringos, N. Polymer modification of bitumen: Advances and challenges. Eur. Polym. ]. 2014, 54, 18-38.
[CrossRef]

3. Hunter, RN,; Self, A.; Read, J. Shell Bitumen Handbook, 6th ed.; ICE: London, UK, 2014.

4. Eurobitume; Asphalt institute. 1S-230 The Bitumen Industry—A Global Perspective; Asphalt Institute: Lexington, KY, USA, 2015;
p- 58.

5. Weigel, S.; Stephan, D. The prediction of bitumen properties based on FTIR and multivariate analysis methods. Fuel 2017, 208,
655-661. [CrossRef]

6.  Rubio, M.C; Martinez, G.; Baena, L.; Moreno, F. Warm mix asphalt: An overview. J. Clean. Prod. 2012, 24, 76-84. [CrossRef]

7. Binet, S.; Bonnet, P; Brandt, H.; Castegnaro, M.; Delsaut, P.; Fabries, ].E.; Huynh, C.K.; Lafontaine, M.; Morel, G.; Nunge, H.;
et al. Development and validation of a new bitumen fume generation system which generates polycyclic aromatic hydrocarbon
concentrations proportional to fume concentrations. Ann. Occup. Hyg. 2002, 46, 617-628. [CrossRef] [PubMed]

8. Preiss, A.; Koch, W.; Kock, H.; Elend, M.; Raabe, M.; Pohlmann, G. Collection, validation and generation of bitumen fumes for
inhalation studies in rats Part 1: Workplace samples and validation criteria. Ann. Occup. Hyg. 2006, 50, 789-804. [CrossRef]

9.  Brandt, H.C.A,; De Groot, P.C. A laboratory rig for studying aspects of worker exposure to bitumen fumes. Am. Ind. Hyg. Assoc. J.
1999, 60, 182-190. [CrossRef]

10. Autelitano, F; Giuliani, F. Analytical assessment of asphalt odor patterns in hot mix asphalt production. J. Clean. Prod. 2018, 172,
1212-1223. [CrossRef]

11. Lange, C.R.; Stroup-Gardiner, M. Temperature-dependent chemical-specific emission rates of aromatics and polyaromatic
hydrocarbons (PAHs) in bitumen fume. J. Occup. Environ. Hyg. 2007, 4, 72-76. [CrossRef]

12. Yu, M.; Wu, S.; Chen, M.; Zhang, H. Evaluation of volatile organic compounds from asphalt using UV-visible spectrometer. Adv.
Mater. Res. 2012, 472—475, 432-436. [CrossRef]

13. Gasthauer, E.; Maze, M.; Marchand, J.P.; Amouroux, J. Characterization of asphalt fume composition by GC/MS and effect of
temperature. Fuel 2008, 87, 1428-1434. [CrossRef]

14.  Autelitano, F; Bianchi, F,; Giuliani, F. Airborne emissions of asphalt/wax blends for warm mix asphalt production. J. Clean. Prod.
2017, 164, 749-756. [CrossRef]

15.  McCarthy, B.M.; Blackburn, G.R.; Kriech, A.J.; Kurek, J.T.; Wissel, H.L.; Osborn, L.V. Comparison of field- and laboratory-generated
asphalt fumes. Transp. Res. Rec. 1999, 1661, 54-59. [CrossRef]

16. Wang, M,; Li, P; Nian, T.; Mao, Y. An overview of studies on the hazards, component analysis and suppression of fumes in
asphalt and asphalt mixtures. Constr. Build. Mater. 2021, 289, 123185. [CrossRef]

17. Bolliet, C.; Kriech, A J.; Juery, C.; Vaissiere, M.; Brinton, M.A.; Osborn, L.V. Effect of Temperature and Process on Quantity and
Composition of Laboratory-generated Bitumen Emissions. J. Occup. Environ. Hyg. 2015, 12, 438-449. [CrossRef]

18. Mo, S.; Wang, Y.; Xiong, F; Ai, C. Effects of asphalt source and mixing temperature on the generated asphalt fumes. J. Hazard.
Mater. 2019, 371, 342-351. [CrossRef]

19. Long, Y.; Wu, S.; Xiao, Y.; Cui, P,; Zhou, H. VOCs reduction and inhibition mechanisms of using active carbon filler in bituminous
materials. J. Clean. Prod. 2018, 181, 784-793. [CrossRef]

20. Boczkaj, G.; Przyjazny, A.; Kaminski, M. Characteristics of volatile organic compounds emission profiles from hot road bitumens.
Chemosphere 2014, 107, 23-30. [CrossRef]

21. Riihl, R.;; Musanke, U.; Kolmsee, K.; Priess, R.; Zoubek, G.; Breuer, D. Vapours and aerosols of bitumen: Exposure data obtained
by the German Bitumen Forum. Ann. Occup. Hyg. 2006, 50, 459-468. [CrossRef]

22. Xiu, M.; Wang, X.; Morawska, L.; Pass, D.; Beecroft, A.; Mueller, ].E,; Thai, P. Emissions of particulate matters, volatile organic
compounds and polycyclic aromatic hydrocarbons from warm and hot asphalt mixes. J. Clean. Prod. 2020, 275, 123094. [CrossRef]

23. Wang, M.; Wang, C.; Huang, S.; Yuan, H. Study on asphalt volatile organic compounds emission reduction: A state-of-the-art
review. J. Clean. Prod. 2021, 318, 128596. [CrossRef]

24. Zhang, H.; Cui, P; Qiu, L.; Wu, S. Influence of VOC emission on asphalt components. Key Eng. Mater. 2014, 599, 178-181.
[CrossRef]

25.  Oestman, C.E.; Colmsjoe, A.L.; Sjoeholm, E.A. A laboratory method for the assessment of polycyclic aromatic compound emission
from heated bitumen. Fuel 1987, 66, 1720-1726. [CrossRef]

26. Lei, M.; Wu, S;; Liu, G.; Amirkhanian, S. VOCs characteristics and their relation with rheological properties of base and modified
bitumens at different temperatures. Constr. Build. Mater. 2018, 160, 794-801. [CrossRef]

27. AIOH Exposure Standards Committee. Polycyclic Aromatic Hydricarbons (PAHs) and Occupational Health Issues (Position Paper);
Australian Institute of Occupational Hygienists: Gladstone Park, Australia, 2016; pp. 1-17.

28. Binet, S.; Pfohl-Leszkowicz, A.; Brandt, H.; Lafontaine, M.; Castegnaro, M. Bitumen fumes: Review of work on the potential risk

to workers and the present knowledge on its origin. Sci. Total Environ. 2002, 300, 37-49. [CrossRef]


http://doi.org/10.1080/15459620903248994
http://www.ncbi.nlm.nih.gov/pubmed/19787533
http://doi.org/10.1016/j.eurpolymj.2014.02.005
http://doi.org/10.1016/j.fuel.2017.07.048
http://doi.org/10.1016/j.jclepro.2011.11.053
http://doi.org/10.1093/annhyg/mef081
http://www.ncbi.nlm.nih.gov/pubmed/12270886
http://doi.org/10.1093/annhyg/mel047
http://doi.org/10.1080/00028899908984433
http://doi.org/10.1016/j.jclepro.2017.10.248
http://doi.org/10.1080/15459620701385279
http://doi.org/10.4028/www.scientific.net/AMR.472-475.432
http://doi.org/10.1016/j.fuel.2007.06.025
http://doi.org/10.1016/j.jclepro.2017.06.247
http://doi.org/10.3141/1661-09
http://doi.org/10.1016/j.conbuildmat.2021.123185
http://doi.org/10.1080/15459624.2015.1009982
http://doi.org/10.1016/j.jhazmat.2019.03.025
http://doi.org/10.1016/j.jclepro.2018.01.222
http://doi.org/10.1016/j.chemosphere.2014.02.070
http://doi.org/10.1093/annhyg/mel001
http://doi.org/10.1016/j.jclepro.2020.123094
http://doi.org/10.1016/j.jclepro.2021.128596
http://doi.org/10.4028/www.scientific.net/KEM.599.178
http://doi.org/10.1016/0016-2361(87)90370-X
http://doi.org/10.1016/j.conbuildmat.2017.12.158
http://doi.org/10.1016/S0048-9697(02)00279-6

Molecules 2022, 27, 5068 10 of 11

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rajabi, H.; Hadi Mosleh, M.; Mandal, P.; Lea-Langton, A.; Sedighi, M. Emissions of volatile organic compounds from crude oil
processing—Global emission inventory and environmental release. Sci. Total Environ. 2020, 727, 138654. [CrossRef]

Borinelli, J.B.; Blom, J.; Portillo-Estrada, M.; De Maeijer, PK.; den Bergh, W.V,; Vuye, C. VOC emission analysis of bitumen using
proton-transfer reaction time-of-flight mass spectrometry. Materials 2020, 13, 3659. [CrossRef]

IARC Working Group; WHO. Benzene; International Agency for Research on Cancer: Lyon, France, 2018; Volume 120.

Li, AJ,; Pal, VK,; Kannan, K. A review of environmental occurrence, toxicity, biotransformation and biomonitoring of volatile
organic compounds. Environ. Chem. Ecotoxicol. 2021, 3, 91-116. [CrossRef]

Vu-Duc, T.; Huynh, C.-K ; Binet, S. Laboratory generated bitumen fumes under standardized conditions. clean-up scheme and ion
trap GC-MS analysis of VOC, semi-volatile and particulate PAH and PASH. J. Occup. Environ. Hyg. 2007, 4, 245-248. [CrossRef]
Trumbore, D.; Osborn, L.; Blackburn, G.; Niebo, R.; Kriech, A.; Maxim, L.D. Effect of oxidation and extent of oxidation on
biologically active PACs in asphalt products. Inhal. Toxicol. 2011, 23, 745-761. [CrossRef]

Huynh, C.K.; Duc, T.V.; Deygout, E; Le Coutaller, P.; Surmont, F. Identification and quantification of PAH in bitumen by
GC-ion-Trap MS and HPLC-Fluorescent detectors. Polycycl. Aromat. Compd. 2007, 27, 107-121. [CrossRef]

Blomberg, J.; De Groot, P.C.; Brandt, H.C.A.; Van der Does, ].J.B.; Schoenmakers, P.J. Development of an on-line coupling of
liquid-liquid extraction, normal-phase liquid chromatography and high-resolution gas chromatography producing an analytical
marker for the prediction of mutagenicity and carcinogenicity of bitumen and bitumen fumes. J. Chromatogr. A 1999, 849, 483-494.
[CrossRef]

Brandt, H.; Lafontaine, M.; Kriech, A.].; De Groot, P.; Bonnet, P.; Binet, S.; Wissel, H.; Morele, Y.; Nunge, H.; Castegnaro, M.
Inhalation study on exposure to bitumen fumes Part 2: Analytical results at two exposure levels. Ann. Occup. Hyg. 2000, 44,
31-41. [CrossRef]

Bonnet, P; Binet, S.; Brandt, H.; Kriech, A.J.; Lafontaine, M.; Nunge, H.; Morele, Y.; De Groot, P.; Wissel, H.; Castegnaro, M.
Inhalation study on exposure to bitumen fumes Part 1: Development and validation of the equipment. Ann. Occup. Hyg. 2000, 44,
15-29. [CrossRef]

NIOSH. Hazard Review: Health Effects of Occupational Exsposure to Asphalt; National Institute for Occupational Safety and Health:
Cincinnati, OH, USA, 2000.

IARC. Occupational Exposures to Bitumens and Their Emissions; WHO: Lyon, France, 2011.

NIOSH. NIOSH Manual of Analytical Methods (NMAM), Method 5042, 4th ed.; NIOSH: Washington, DC, USA, 1998; Issue 1.
Sutter, B.; Ravera, C.; Hussard, C.; Langlois, E. Alternatives for benzene in the extraction of bitumen fume from exposure sample
media. Ann. Occup. Hyg. 2016, 60, 101-112. [CrossRef]

Moo, A.; Bywood, P; Silva, D.; McMillan, J. Bitumen Contents and Fumes Health Effects Associated with Exposure to Bitumen,
Enviromental Scan 232; Institute for Safety, Compensation and Recovery Research: Melbourne, Australia, 2019.

Trumbore, D.C. The magnitude and source of air emissions from asphalt blowing operations. Environ. Prog. 1998, 17, 53-59.
[CrossRef]

Kriech, A.J.; Emmel, C.; Osborn, L.V.; Breuer, D.; Redman, A.P.; Hoeber, D.; Bochmann, F.; Ruehl, R. Side-by-Side Comparison of
Field Monitoring Methods for Hot Bitumen Emission Exposures: The German IFA Method 6305, U.S. NIOSH Method 5042, and
the Total Organic Matter Method. J. Occup. Environ. Hyg. 2010, 7, 712-725. [CrossRef]

Nies, E.; Briining, T.; Steinhausen, M.; Welge, P.; Werner, S.C.M.; Pallapies, D.; Bartsch, R.; Brinkmann, B.; Schriever-Schwemmer,
G.; Hartwig, A.; et al. Bitumen (Dampf und Aerosol bei der Heiflverarbeitung) [MAK value documentation in German language,
2019]. In The MAK-Collection for Occupational Health and Safety; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2019; pp. 1253-1371.
Andersson, J.T.; Achten, C. Time to Say Goodbye to the 16 EPA PAHs? Toward an Up-to-Date Use of PACs for Environmental
Purposes. Polycycl. Aromat. Compd. 2015, 35, 330-354. [CrossRef]

Brudi, L.C.; Adolfo, ER.; do Nascimento, P.C.; Cargnin, R.S.; Bohrer, D.; de Carvalho, L.M.; Burgo, T.A.L.; Cravo, M.C.; do
Nascimento, L.A.H. Emission and Collection of Polycyclic Aromatic Hydrocarbons From Raw Asphalt Samples Heated at 130 °C.
Energy Fuels 2020, 34, 11248-11257. [CrossRef]

Mundt, K.A,; Dell, L.D.; Crawford, L.; Sax, S.N.; Boffetta, P. Cancer risk associated with exposure to bitumen and bitumen fumes:
An updated systematic review and meta-analysis. |. Occup. Environ. Med. 2018, 60, e6—e54. [CrossRef]

Yang, X.; Wang, G.; Rong, H.; Meng, Y.; Liu, X,; Liu, Y.; Peng, C. Review of fume-generation mechanism, test methods, and fume
suppressants of asphalt materials. J. Clean. Prod. 2022, 347, 131240. [CrossRef]

Schulte, P.A. Gaps in scientific knowledge about the carcinogenic potential of asphalt/bitumen fumes. J. Occup. Environ. Hyg.
2007, 4, 3-5. [CrossRef] [PubMed]

Calzavara, T.S.; Carter, C.M.; Axten, C. Air Sampling Methodology for Asphalt Fume in Asphalt Production and Asphalt Roofing
Manufacturing Facilities: Total Particulate Sampler versus Inhalable Particulate Sampler. Appl. Occup. Environ. Hyg. 2003, 18,
358-367. [CrossRef] [PubMed]

Deygout, E.; Le Coutaller, P. Field Sampling Investigations Within the Road Paving Industry. |. Occup. Environ. Hyg. 2010, 7,
103-108. [CrossRef]

Sutter, B.; Pelletier, E.; Blaskowitz, M.; Ravera, C.; Stolze, C.; Reim, C.; Langlois, E.; Breuer, D. Sampling and analysis of bitumen
fumes: Comparison of German and French methods to determine a conversion formula. Ann. Work Expo. Health 2018, 62, 721-732.
[CrossRef]


http://doi.org/10.1016/j.scitotenv.2020.138654
http://doi.org/10.3390/ma13173659
http://doi.org/10.1016/j.enceco.2021.01.001
http://doi.org/10.1080/15459620701274382
http://doi.org/10.3109/08958378.2011.608742
http://doi.org/10.1080/10406630701268214
http://doi.org/10.1016/S0021-9673(99)00583-X
http://doi.org/10.1016/S0003-4878(99)00063-0
http://doi.org/10.1016/S0003-4878(99)00062-9
http://doi.org/10.1093/annhyg/mev068
http://doi.org/10.1002/ep.670170120
http://doi.org/10.1080/15459624.2010.529792
http://doi.org/10.1080/10406638.2014.991042
http://doi.org/10.1021/acs.energyfuels.0c01913
http://doi.org/10.1097/JOM.0000000000001202
http://doi.org/10.1016/j.jclepro.2022.131240
http://doi.org/10.1080/15459620701354424
http://www.ncbi.nlm.nih.gov/pubmed/17503268
http://doi.org/10.1080/10473220301366
http://www.ncbi.nlm.nih.gov/pubmed/12746079
http://doi.org/10.1080/15459620903435674
http://doi.org/10.1093/annweh/wxy029

Molecules 2022, 27, 5068 11 of 11

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.
73.
74.
75.
76.
77.
78.

79.

McClean, M.D.; Rinehart, R.D.; Ngo, L.; Eisen, E.A.; Kelsey, K.T.; Herrick, R.F. Inhalation and dermal exposure among asphalt
paving workers. Ann. Occup. Hyg. 2004, 48, 663-671. [CrossRef]

Gaudefroy, V,; Viranaiken, V.; Paranhos, R.; Jullien, A.; De la Roche, C. Laboratory assessment of fumes generated by bituminous
mixtures and bitumen. Road Mater. Pavement Des. 2010, 11, 83-100. [CrossRef]

Vu-Dug, T.; Huynh, C.K; Lafontaine, M.; Bonnet, P.; Binet, S. A spectrophotometric method for the determination of organic
soluble matter in bitumen fumes. Appl. Occup. Environ. Hyg. 2002, 17, 495-500. [CrossRef]

Kurek, J.T.; Kriech, A.].; Wissel, H.L.; Osborn, L.V.; Blackburn, G.R. Laboratory generation and evaluation of paving asphalt
fumes. Transp. Res. Rec. 1999, 1661, 35-40. [CrossRef]

Tang, B.; Isacsson, U.; Edwards, Y. Chemical Characterization and Screening of Emission Profiles of Bituminous Sealants Using
Solid-Phase Microextraction. Energy Fuels 2006, 20, 1528-1535. [CrossRef]

Tang, B.; Isacsson, U. Determination of aromatic hydrocarbons in bituminous emulsion sealants using headspace solid-phase
microextraction and gas chromatography-mass spectrometry. |. Chromatogr. A 2006, 1137, 15-21. [CrossRef]

Cui, P; Wu, S;; Xiao, Y.; Wan, M.; Cui, P. Inhibiting effect of Layered Double Hydroxides on the emissions of volatile organic
compounds from bituminous materials. J. Clean. Prod. 2015, 108, 987-991. [CrossRef]

Wang, J.; Lewis, D.M.; Castranova, V.; Frazer, D.G.; Goldsmith, T.; Tomblyn, S.; Simpson, J.; Stone, S.; Afshari, A.; Siegel,
P.D. Characterization of Asphalt Fume Composition under Simulated Road Paving Conditions by GC/MS and Microflow
LC/Quadrupole Time-of-Flight MS. Anal. Chem. 2001, 73, 3691-3700. [CrossRef]

Boom, Y.J.; Enfrin, M.; Grist, S.; Giustozzi, F. Recycled plastic modified bitumen: Evaluation of VOCs and PAHs from laboratory
generated fumes. Sci. Total Environ. 2022, 832, 155037. [CrossRef] [PubMed]

Law, B.E; Stone, S.; Frazer, D.; Siegel, P.D. Characterization of laboratory simulated road paving-like asphalt by high-performance
liquid chromatography and gas chromatography-mass spectrometry. J. Occup. Environ. Hyg. 2006, 3, 343-350. [CrossRef]
[PubMed]

Kolb, B; Ettre, L.S. Static Headspace—Gas Chromatography: Theory and Practice, 2nd ed.; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2006. [CrossRef]

McNair, H.M.; Miller, ].M.; Settle, EA. Basic Gas Chromatography, 2nd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2009.
Kataoka, H.; Lord, H.L.; Pawliszyn, J. Applications of solid-phase microextraction in food analysis. J. Chromatogr. A 2000, 880,
35-62.

Hagghi, A.; Dalali, N.; Abolghasemi, M.M. Synthesis of graphitic carbon nitride on 3D porous anodized aluminum wire as new
fiber for microextraction of polycyclic aromatic hydrocarbons in water and wastewater samples. Sep. Sci. Technol. 2021, 56,
2398-2406. [CrossRef]

Hagghi, A.; Dalali, N.; Abolghasemi, M.M. Selectively determination trace amounts of polycyclic aromatic hydrocarbons from
water and wastewater matrices using graphitic carbon nitride/layered double hydroxide nanocomposite on porous anodized
aluminum wire as SPME fiber. Polycycl. Aromat. Compd. 2021, 1-9. [CrossRef]

Wang, Y.; Lian, L.; Wang, X.; Yue, B.; Ding, L.; Lou, D. Velvet-like carbon nitride as a solid-phase microextraction fiber coating for
determination of polycyclic aromatic hydrocarbons by gas chromatography. J. Chromatogr. A 2022, 1671, 462993. [CrossRef]
Wang, Z.; Huang, Y.; Hu, Y.; Peng, S.; Peng, X.; Li, Z.-W.; Zheng, ].; Zhu, F.; Ouyang, G. Convenient synthesis of a hyper-cross-
linked polymer via knitting strategy for high-performance solid phase microextraction of polycyclic aromatic hydrocarbons.
Microchem. J. 2022, 179, 107535. [CrossRef]

Sutter, B.; Pelletier, E.; Ravera, C.; Langlois, E. Performances of a Bitumen Fume and Condensate Generation System for Sampling
Method Development. J. Environ. Prot. 2016, 7, 973-984. [CrossRef]

De Coning, P; Swinley, J. A Practical Guide to Gas Analysis by Gas Chromatography; Elsevier: Amsterdam, The Netherlands, 2019.
Harris, D.C.; Lucy, C.A. Quantitative Chemical Analysis, 10th ed.; W.H. Freeman: New York, NY, USA, 2020.

EPA, U.S. Method 8260D (SW-846): Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS); EPA: Washington,
DC, USA, 2006.

EPA, U.S. Method 8275A: Semivolatile Organic Compounds (PAHs and PCBs) in Soils/Sludges and Solid Wastes Using Thermal Extrac-
tion/Gas Chromatography/Mass Spectrometry (TE/GC/MS); US Enviromental Protection Agency: Washington, DC, USA, 1996.
Neumeister, C.E.; Olsen, L.D.; Dollberg, D.D. Development of a flow-injection fluorescence method for estimation of total
polycyclic aromatic compounds in asphalt fumes. AIHA J. 2003, 64, 618-624. [CrossRef]

EPA, U.S. Apendix A to Part 136 Methods for Organic Chemical Analysis of Municipal and Indutrial Wastewater, Method 610—Polynuclear
Aromatic Hydrocarbons; US Enviromental Protection Agency: Washington, DC, USA, 1984.

Mousavi, M.; Fini, E.H. Preventing emissions of hazardous organic compounds from bituminous composites. J. Clean. Prod. 2022,
344, 131067. [CrossRef]


http://doi.org/10.1093/annhyg/meh062
http://doi.org/10.1080/14680629.2010.9690261
http://doi.org/10.1080/10473220290035732
http://doi.org/10.3141/1661-06
http://doi.org/10.1021/ef0600715
http://doi.org/10.1016/j.chroma.2006.10.016
http://doi.org/10.1016/j.jclepro.2015.06.115
http://doi.org/10.1021/ac010334m
http://doi.org/10.1016/j.scitotenv.2022.155037
http://www.ncbi.nlm.nih.gov/pubmed/35395294
http://doi.org/10.1080/15459620600732795
http://www.ncbi.nlm.nih.gov/pubmed/16835160
http://doi.org/10.1002/0471914584
http://doi.org/10.1080/01496395.2020.1830293
http://doi.org/10.1080/10406638.2021.1886122
http://doi.org/10.1016/j.chroma.2022.462993
http://doi.org/10.1016/j.microc.2022.107535
http://doi.org/10.4236/jep.2016.77086
http://doi.org/10.1080/15428110308984854
http://doi.org/10.1016/j.jclepro.2022.131067

	Introduction 
	Regulations and Past Research 
	Sample Collection and Sample Enrichment Methods 
	Filter Sampling 
	Headspace Sampling 
	Headspace Solid Phase Microextraction Sampling 
	Nonseparative Real Time Sampling 
	Summary of Sample Preparation Techniques 

	Considerations for GC or LC Instruments and Detectors When Analysing Bitumen 
	Concerning Additives for Fume Control in Bitumen 
	Conclusions 
	References

