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ABSTRACT 
 
Environmental and health aspects of road materials have been discussed for a long time, mostly 
regarding bitumen and bitumen fumes. However, just a few studies on other types of road materials 
have been reported. In this doctoral study, two types of materials, asphalt release agents and 
bituminous sealants, were investigated with regard to chemical characterization and emission 
profiles. Besides conventional test methods, solid-phase microextraction (SPME) technique was 
applied for emissions profiles screening and quantitative analysis. 
 
General description of main characteristics of asphalt release agents and bituminous sealants is 
given, and a comprehensive state-of-the-art on SPME technique is presented, especially on 
methodologies for analyzing mono- and polycyclic aromatic hydrocarbons (MAHs and PAHs) in 
different sample matrices.  
 
In the experimental study, chemical characterization of the two material types was performed using 
conventional methods, including fourier transform infrared spectroscopy - attenuated total 
reflectance (FTIR-ATR), gel permeation chromatography (GPC), mass spectrometry (MS) and gas 
chromatography – mass spectrometry (GC-MS). General patterns regarding functional groups and 
molecular weight distribution were studied. In the case of asphalt release agents, more detailed 
information on chemical compositions, especially the contents of MAHs and PAHs, was obtained.  
 
General information on emission proneness of asphalt release agents was obtained using 
thermogravimetric analysis (TGA) and MS. Using headspace(HS)-SPME and GC-MS, emission 
profiles of asphalt release agents were characterized at different temperatures, whereas the profiles 
of bituminous sealants were obtained solely at room temperature. The results presented were used 
for ranking the materials with regard to degree of total emission as well as emission of hazardous 
substances. 
 
The applicability of HS-SPME for quantitative analysis of MAHs in asphalt release agents and 
emulsion-based bituminous sealants was investigated. The use of a surrogate sample matrix was 
concerned, and experimental parameters influencing the HS-SPME procedure, such as equilibration 
and extraction time, as well as effects of sample amount and matrices, were studied. The methods 
were evaluated with regard to detection limit, accuracy as well as precision. Different calibration 
approaches including external calibration, internal calibration and standard addition were 
investigated. The determination of MAHs in asphalt release agents and emulsion-based bituminous 
sealants using HS-SPME-GC-MS was conducted.  
 
 
KEYWORDS: Asphalt release agents, Petroleum oils, Vegetable oils, Bituminous sealants, 
Bitumen, Emissions, Monocyclic aromatic hydrocarbons, Polycyclic aromatic hydrocarbons, 
Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance, Gel Permeation 
Chromatography, Mass Spectrometry, Gas Chromatography - Mass Spectrometry, 
Thermogravimetric Analysis, Headspace, Solid-phase microextraction, Calibration. 
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1. INTRODUCTION 
 
Materials used in road construction and maintenance mainly include bituminous binders, 
mineral aggregates (e.g. sand, gravel and crushed rock) as well as different types of 
additives. Bitumen is a highly complex mixture of paraffinic and aromatic hydrocarbons 
and heteroatomic compounds containing sulfur, nitrogen, and oxygen. It is often 
characterized by four broad component groups, i.e. asphaltenes, resins, aromatics and 
saturates. The chemistry of bitumens is dependent on the crude petroleum source and 
production techniques. To obtain desirable characteristics, chemical additives such as 
organic amines and polymers are added to bitumen with the purpose of increasing 
pavement and service life.  
 
The environmental and health aspects of road materials have been discussed for a long 
time, especially with regard to workers’ exposure to potential hazardous substances (e.g. 
bitumen fumes) [1, 2, 3, 4]. The reports published provide some insight into the factors 
influencing exposure to bitumen among road construction workers. However, further 
research in this area is still necessary, as there is still uncertainty regarding associated 
health risks. Furthermore, there is a lack of comprehensive and well-designed studies that 
evaluate factors influencing the workers’ exposure to additives in road construction. 
Generally, studies on additives with regard to health aspects should include evaluation of 
material safety data sheets, hazard identification, exposure monitoring as well as 
adequate personal protection equipment assessment.  
 
In Sweden, studies of road materials with regard to environmental and health concerns 
have been focused on bitumen fumes [5, 6, 7], and very few studies on agents, such as 
polyamines [8], have been reported. The study described in this thesis was initiated by 
the request of the road construction industry to investigate possible potential health risks 
of two special types of materials, asphalt release agents and bituminous sealants, 
respectively. Asphalt release agents are widely used in road constructions to solve 
problems of bituminous materials sticking to the metal surface of carriers, e.g. truck beds, 
paving machines or simple paving tools. Bituminous sealants are used for sealing cracks 
in asphalt pavements caused by bitumen ageing, climate and traffic loading. Literature 
study and product sheets indicate that these two types of materials are very complex in 
chemical composition, containing different types of components, such as oils (petroleum 
and vegetable oils), bitumens and unknown additives. Chemical characterization of 
asphalt release agents and bituminous sealants as well as their emissions is an important 
step in risk assessment but also a complementary approach to occupational exposure 
study in the field. However, as far as known, very few scientific studies in this area have 
been reported.  
 
The purposes of this doctoral studies include 1) chemical characterization of the samples 
as a whole without complicated sample pretreatment, 2) identification and determination 
of potential hazardous substances in the samples, and 3) development of a simple and fast 
method for routine analysis of complex and “dirty” samples in road construction. Due to 
the complex nature of these materials, conventional sample preparation and analytical 
methods can only partly fulfill the requirements. For example, GC-MS, though a 
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powerful instrument for composition study, could not be directly applied to emulsion-
based bituminous sealants. The organic component of the sealant has to be extracted and 
high molecular weight compounds should be removed before GC-MS analysis. Based on 
purposes and considerations given, a sample preparation method, solid-phase 
microextraction (SPME), was found to be of great interest as a tool for chemical 
characterization of asphalt release agents and bituminous sealants.  
 
SPME technique was introduced in the beginning of the 1990’s as a solvent-free sample 
preparation technique [9, 10]. A few books and a large number of papers have been 
published on theory and applications [10, 11, 12]. The SPME technique represents a 
quick, sensitive and economical approach, that can be adopted for field work and easily 
integrated with present analytical instrumentation into an automation process [10]. 
However, very few studies have been reported on applications of SPME to chemical 
characterization of road materials; solely one preliminary study was found regarding 
qualitative analysis of polycyclic aromatic hydrocarbons (PAHs) in bitumen fumes 
emitted during road paving [13].  
 
In this thesis, a comprehensive literature review is presented, describing properties of 
asphalt release agents and bituminous sealants as well as a state-of-the-art on SPME 
technique used for analysis of petroleum hydrocarbons, and, especially, for mono- and 
polycyclic aromatic hydrocarbons in different sample matrices. The laboratory 
investigations include 1) chemical characterization using traditional analytical methods, 
2) screening emissions using SPME and 3) developments of SPME methods for 
quantitative analysis of monocyclic aromatic hydrocarbons (MAHs) in asphalt release 
agents and emulsion-based bituminous sealants.  
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2. LITERATURE REVIEW (Paper I) 
 
In this chapter, commonly used asphalt release agents and bituminous sealants are 
described with regard to classification, characteristics and health aspects. General aspects 
of solid-phase microextraction (SPME) as well as applications of SPME to the analysis 
of mono- and polycyclic aromatic hydrocarbons in different sample matrices are 
reviewed.  
 
2.1 Asphalt Release Agents 
 
In road construction, bituminous materials are usually produced at an asphalt plant, 
transported from the plant to the construction site using large trucks with metal beds, and 
then discharged and spread onto the pavement surface by use of pavers or tools such as 
shovels. During this process, problems of bituminous materials adhering to truck beds, 
pavers and tools may occur. Workers may have to manually scrap the sticking materials. 
Solidified pieces of bituminous materials detached may cause quality problems as the 
materials are laid down. One approach to solve this problem has been to spray asphalt 
release agents over the asphalt-carrying surfaces, thereby reducing asphalt adherence. A 
number of asphalt release agents are commercially available. General information on 
such products is mostly published in patents and manufacturers’ product sheets rather 
than in scientific papers. According to the main active ingredients, asphalt release agents 
could be categorized into three main types [14], i.e. petroleum-oil [15, 16], fatty-oil 
[17 -22] and non-oil [23 -28] based agents, respectively.  
 
The release mechanism is dependent on the interaction between the release agent, the 
bituminous materials and the metal surface. Conventionally, petroleum-oil based release 
agents (e.g. diesel oil) work by "softening", or reducing the viscosity of the bitumen, 
thereby decreasing bitumen sticking to the metal interface [19]. However, this type of 
release agent also shows several drawbacks. Petroleum oil may be incorporated into the 
bitumen, causing soft spots, particularly after migration to the surface of the pavement 
under the influence of heat and light. This impairs the structural integrity of the asphalt 
mixtures used [22, 26]. Another serious issue in using petroleum-oil based agents is the 
environmental and health effects. Generally, petroleum oils are not biologically 
degradable, and, therefore it may present potential soil and ground water contamination 
risks due to runoff from the truck to the ground. Petroleum oils may be harmful to the 
workers’ health, since it is a skin irritant, and dermatitis may occur after skin contact. 
Workers may also be exposed to emissions, when the oils are being sprayed, especially 
when bituminous materials at high temperature are loaded onto the truck. This exposure 
may cause irritant effects and potential chronic disease (e.g. cancer) in long-term 
exposure [29 -32].  
 
Because of the drawbacks of petroleum oil mentioned, fatty-oil based agents are 
attracting more interests in the industry. The terms "fatty oil" and "oil" encompass 
purified or partially purified fats and oils including synthetic or naturally occurring 
glycerides or triglycerides of fatty acids. When used as asphalt release agents, fatty oils 
are often treated (e.g. esterified) and used in their treated form or emulsified in water. 
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They may work as surfactant to reduce the interfacial tension between the bitumen and 
contact surface. The release agent may also work as a lubricant to reduce the friction 
between the asphalt and the contact surface, thereby forming a slippery film to prevent 
hot sticky asphalt from adhering to the metal surface [27, 28]. One of the advantages of 
fatty-oil based products, often declared by inventors and suppliers, is that this type of 
agent is biodegradable and regarded as an environment-friendly agent. However, 
compared with petroleum oil, fatty-oil based products are generally not as effective with 
regard to releasing power. Another drawback of fatty-oil based agents is that, if 
emulsified in water, the agents may not be capable of releasing bitumen in cold climate. 
 
Besides the oil based release agents, non-oil based asphalt release agents have also 
attracted some interests in recent years The active ingredient in non-oil based release 
agents varies from inorganic salts to organic compounds. These types of products are 
normally emulsified in water for ease of application. Generally, when these agents are 
applied, after evaporation of water, they are expected to form polymeric or crystal films, 
which prevents the bitumen from adhering to the metal surface [24, 26]. Compared to the 
oil based release agents, non-oil based release agents may present no risks of 
flammability and do not impact the integrity of bituminous materials. However, they may 
suffer from not being particularly effective in releasing more tenaciously adhering spots 
of polymer-modified bitumen from the truck beds. Furthermore, some of these agents 
may be environmentally hazardous, thermally unstable and costly. For example, 
polyamines have been used in a non-oil based product. Although the acute toxicity of 
polyamines is considered to be low to moderate, the compounds may cause severe 
irritation of the eyes and respiratory tract, as well as skin sensitization [8].  
 
The selection of asphalt release agents for practical application is depending on the 
considerations of economics, engineering performance as well as environmental and 
health aspects. An asphalt release agent, especially an oil-based one, is a complex 
mixture, and its composition may vary greatly. For example, the diesel oil based agents 
generally contain aliphatic, olefinic, cycloparaffinic and aromatic hydrocarbons in 
different portions, as well as additives to improve the engineering performance. Among 
these constitutes, the monocyclic aromatic hydrocarbons (MAHs) and polycyclic 
aromatic hydrocarbons (PAHs) are well-known contaminates, which have shown 
mutagenic and potentially carcinogenic; thus these oil based release agents may cause not 
only acute irritation but also chronic health effects. Fatty oils are regarded as 
environment-friendly, but the health effects of oil mist should not be neglected. In the 
USA, the Occupational Safety and Health Administration (OSHA) has found that 
occupational exposure to vegetable oil mist is associated with a variety of health and 
safety hazards, including interference with vision, eye tearing, and skin and other forms 
of physical irritation [33]. Besides fatty oil, certain additives added to release agents may 
also present health effects, even in small concentrations. The variety in the composition 
of non-oil based asphalt release agents also indicates that the potential hazardous 
substances should be identified individually. In conclusion, there is a great need for 
identification and quantification of hazardous substances in asphalt release agents.  
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2.2 Bituminous Sealants 
 
The performance of asphalt pavement will decrease with time due to bitumen ageing, 
traffic loading as well as climate. The degradation of an asphalt pavement is manifested 
in several forms of deterioration models, such as raveling, spalling and cracking [34]. 
Crack sealing and filling are used for crack treatment. With proper and timely application, 
these maintenance procedures may extend pavement life significantly. There are many 
different crack treatment products on the market today, each one showing distinct 
characteristics. These products essentially comprise three material families and are often 
grouped by material type, according to their components and manufacturing process. The 
principal material families and types are as following [34]:  
 
Cold-applied thermoplastic materials 
- Liquid bitumen (emulsion, cutback) [35 -43] 
- Polymer-modified liquid bitumen [44 -47] 
Hot-applied thermoplastic materials 
- Bitumen [48, 49] 
- Mineral-filled bitumen [50] 
- Fiberized bitumen 
- Bitumen rubber [51] 
- Rubberized bitumen [52] 
- Low-modulus rubberized bitumen 
Chemically cured thermosetting materials 
- Self-leveling silicone [53] 
- Other materials [54, 55] 
 
Generally, mineral-filled and fiberized bitumens are most appropriate in crack-filling 
operations. To effectively seal a crack, the material must move with the road surface and 
remain adhered to the crack walls. In this respect, liquidized bituminous materials, either 
bitumen emulsion or cutback bitumen, are most widely used as crack sealants. However, 
environmental concerns regarding cutbacks should be noted [34]. Mixtures of bitumen 
and rubber are long-wearing and flexible. One such type of material, commonly called 
“bitumen-rubber”, is a mixture of bitumen and rubber particles obtained from used car 
tires. Bitumen-rubber is especially effective on roads subjected to high traffic volume and 
heavy loads. The addition of rubber polymer to liquid or heated bitumen generally 
improves field performance, because it imparts flexibility to the bitumen. The degree of 
flexibility basically depends on the type and nature of the bitumen, the percentage of 
vulcanized rubber used, and how the rubber is incorporated into the bitumen (i.e. mixed 
or melted in). Polymer-modified liquid bitumen is a mixture of natural or synthetic 
polymers with liquid bitumen, either exclusively or along with rubber, to increase 
resilience. Chemically cured thermosetting materials are one- or two-component 
materials that cure by chemical reaction from a liquid to a solid state. The final decision 
regarding material to use depends on the specific properties needed and logistical 
considerations such as preparation time, workability, and cure time.  
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No reports regarding the environmental and health aspects of bituminous sealants have 
been found. However, studies regarding bitumen and its emissions have been reported 
widely since early 1970’s [4], and, therefore, general information from such studies may 
be applicable to bituminous sealants. Among compounds contained in bituminous 
sealants, MAHs and PAHs are of great interest. Generally, the MAHs, which are more 
volatile than PAHs, may originate from additives, especially solvent or petroleum oils. 
For cold applied bituminous sealants, MAHs and other volatile organic compounds 
(VOCs) should be of concern, while both MAHs, VOCs and PAHs should be taken into 
account for hot-applied bituminous sealants. In conclusion, in overall risk assessment, 
there is a great need for identification and quantification of hazardous substances in 
bituminous sealants.  
 
2.3 General Aspects of Solid-Phase Microextraction 
 
Since the first book on SPME was published in 1997 [10], great progress in SPME 
technique has been achieved. In this section, general aspects of SPME are briefly 
reviewed, including operating principles, method development and typical applications 
found in the literatures.  
 
A commercially available SPME device generally consists of two parts: a fiber holder 
and a fiber assembly, as illustrated in Figure 1(A). The key part of the fiber assembly as 
enlarged in Figure 1(B) is the extraction unit containing a 1–2 cm long retractable SPME 
fiber coated with polymer materials. The syringe-like SPME holder is used to protect the 
fragile fiber and make ease of extraction operation. Movement of the plunger allows the 
fiber to be extruded from the needle for extraction in the sample or introduction into an 
analytical instrument. By moving the plunger up, the fiber is protected in the needle 
during both storage and penetration of vial or injection-port septa. SPME holder can also 
be modified to auto-sampler or field sampler.  
 
SPME is a multiphase equilibration process. The detailed description of SPME theory 
can be found in literature [10, 11]. To simplify the system, a three-phase equilibration 
process, i.e. the fiber, the headspace and the sample matrix, is used to illustrate the 
operating principles of SPME as shown in Figure 1C. During fiber extraction, analytes 
migrate among the three phases until equilibrium is reached. The mass of the analyte 
absorbed by the fiber coating can be expressed as:  
 

0fh hs f s

fh hs f hs h s

K K V C V
n

K K V K V V
=

+ +       (1) 

 
where n is the mass of the analyte extracted by the coating, Kfh, Khs and Kfs are the 
distribution constants of fiber coating/headspace (gas), headspace(gas)/sample matrix, 
fiber coating/sample matrix, respectively. Vf , Vh and Vs are the volumes of the coating, 
the headspace (gas), and the sample matrix, respectively. C0 is the initial concentration of 
the target analyte in the sample matrix. The Equation 1 is the basic start-point for SPME 

 6



development and applications, and can be simplified under specific conditions. It 
indicates that there is a proportional relationship between n and C0, if all the other 
parameters are kept constant, which forms the analytical basis of quantitation in SPME.  
 
 

 
 
Figure 1. Schematic diagram of the commercially available SPME device and the 
extraction mechanism of SPME fiber: A, SPME device with sampling vial; B, enlarged 
diagram of the SPME fiber assembly; C, enlarged illustration of SPME extraction 
mechanism in three-phase syetm: SPME fiber, headspace and sample. 
 
The dynamic process of SPME extraction before reaching equilibrium can be described 
by Equation 2 [56, 57]:  
 

[1 exp( )]tn n at∞= − −        (2) 
 
where nt and n∞ are the mass of the analyte extracted at a given sampling time t and at 
equilibrium (infinity), respectively. The parameter a is dependent upon the mass transfer 
coefficient, the evaporation rate constants, partition constants and the physical dimension 
of SPME sampling system. The 0tn C∝ model makes it feasible for quantitative SPME 
under non-equilibrium conditions [56, 57].  
 
General guidelines of SPME method development are discussed in some books [10, 11] 
and comprises a few important steps:  

 
- Identification of target analytes and sample matrix 
- Extraction strategy 
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- Instrumental analysis and hyphenation technique 
- Optimization of experimental parameters 
- Calibration and validation 
- Application to real samples 

 
Identification of target analytes and sample matrix can be considered as the clarification 
of an analytical problem, which is often the very initial stage of the development of any 
analytical method. As for the SPME technique, the methodology to be used is dependent 
on the physicochemical properties of the target analytes (volatility and polarity) and the 
sample matrix (gaseous, liquid or solid phase). Depending on the origins and 
applications, the samples can be classified into environmental, food, biological, 
pharmaceutical, forensic, etc. In practice, the sample matrices can be very complex due to 
combination of different phases (e.g. solid particles suspended in water samples).  
 
The SPME extraction strategy basically include selection of SPME fibers, extraction 
mode, manual vs automated system and derivatization. Various SPME fiber coatings are 
commercially available [11], including PDMS(polydimethylsiloxane), PA(polyacrylate), 
PDMS/DVB(divinylbenzene), CAR(carboxen)/PDMS, CW(carbowax)/DVB, CW/TPR 
(templated resin) and DVB/CAR/PDMS, etc. Laboratory-made fibers have also been 
reported [58 -60]. The coatings differ particularly in their chemical composition, polarity 
and thickness, which makes it possible for flexible extraction of a given group of 
analytes. There are in principle two extraction modes: direct immersion (DI)-SPME 
(applicable to clean and simple liquid matrix) and headspace (HS)-SPME (applicable to 
all type of sample matrices). Selection of manual vs automated system depends on the 
quantity of the tests [ 61 ]. Derivatization technique in SPME is used to determine 
substances with poor instrumental behavior (e.g. poor SPME extraction efficiency or 
poor chromatographic separation) and high reactivity [62 -64].  
 
Since SPME is a sample preparation technique, the instrumental analysis and related 
hyphenation technique following the sample preparation must be considered in the early 
stage of the method development. Most SPME applications so far have been using 
chromatographic methods, e.g. gas chromatography (GC) and high-performance liquid 
chromatography (HPLC). The combination of SPME with other instrument analysis has 
also been reported, though not so frequently used.  
 
Optimization of experimental parameters in the SPME extraction procedure means 
obtaining optimized performance (extraction efficiency, repeatability, reproducibility, 
stability, etc.) of the SPME fiber for target analytes in a given sample matrix. Generally 
the experimental parameters to be optimized include, but are not limited to, sample 
and/or headspace volume, extraction and desorption time as well as extraction conditions 
(pH, salt, moisture, temperature, agitation). In a confined sampling space, increasing 
sample volume improves extraction efficiency. The extraction time is frequently studied 
by drawing an extraction time profile. When several analytes are extracted 
simultaneously, the longest practical equilibrium time is often chosen. It should be noted 
that the precisely controlled time is important for short extraction time under non-
equilibrium extraction. The desorption time chosen needs to sufficiently long in order to 
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reduce the carry-over of the SPME fiber to a negligible level. The extraction is sensitive 
to temperature. In general, high extraction temperature increases extraction rate (shortens 
extraction time), but simultaneously decreases extraction efficiency. Consequently, the 
temperature used in practice is a compromise between sensitivity and short extraction 
time. Agitation facilitates the mass transfer of the analytes and is therefore often utilized. 
Other parameters, such as pH and content of salt, are also often optimized in aqueous 
sample matrix. Generally, the moisture plays a less important role in affecting the fiber 
extraction efficiency [65]. It should be noted that, optimization of all parameters may not 
be necessary in a specific method development, as much information is available from 
the literature.  
 
Calibration methods are very important for quantitative analysis using SPME technique 
[66 -68]. In general, these methods used in SPME include traditional calibration methods 
(external standard (EX), internal standard (IS) and standard addition (SA)), calibrations 
based on equilibrium extraction (EQ), exhaustive extraction (EE), pre-equilibrium 
extraction (PE) and diffusion theory (DC). Of all these approaches, traditional calibration 
methods are most frequently used, no matter if the equilibrium is reached or not. The 
other methods may only be applied under certain circumstances using a specific 
experimental set-up.  
 
During recent years, SPME has increased substantially in popularity. Thousands of 
papers have been published so far on SPME technique, including theoretical and practical 
development of the technology as well as various applications in different areas [10-12, 
69, 70]. Comprehensive reviews have been published on: fiber coatings [58-60], in-tube 
SPME [71], SPME automation [61], coupling of SPME to LC, capillary electrophoresis, 
elemental and molecular detection [ 72 , 73 ], headspace SPME [ 74 ], derivatization 
technique in SPME [62], on-site analysis and monitoring [68] and sampling strategies for 
air [75 -77], water and sediment [78, 79]. The SPME technology can be applied, but is 
not limited, to the areas of environmental analysis [67, 80 - 86 ], physiochemical 
properties [87, 88], food and flavour chemistry [89, 90], biological [91 -95], medical 
and pharmaceutical [92, 96 -98] as well as forensic analysis [99]. Among all these 
applications, environmental applications are most widely reported. Tremendous numbers 
of chemicals, including inorganic and organic, polar and non-polar, volatile, semi-volatile 
and non-volatile compounds in gaseous, liquid (aqueous) and solid sample matrices, have 
shown to be possibly analyzed using SPME technique.  
 
Finally, in spite of a large number of successful SPME applications reported, it is 
worthwhile to address some possible problems with SPME technique, especially when it 
is used for quantitative analysis. Some papers have indicated SPME problems [75, 100-
103], however, there is lack of comprehensive review on these problems. The problems 
can be very complex and caused by SPME methodology as well as the analytes and 
sample matrices. For example, the problems of saturation and competitive extraction 
when using adsorption-based fibers (e.g. PDMS/DVB, CAR/PDMS) may result in 
erroneous quantitative results in multi-component system [104- 106]. Another issue with 
SPME fiber is short sample storage time due to reverse diffusion of analytes from the 
fiber to the environment. As SPME is an equilibrium process, the temperature has a great 
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influence on extraction efficiency [66, 100], and therefore, SPME should be operated at 
precisely controlled temperature range. Erroneous analysis may occur if there is a large 
temperature difference between field sampling and laboratory calibration. Considering 
the sample matrices, generally, SPME has been well developed for quantitative analysis 
of water matrix, especially for the analysis of relatively “clean” water sample. However, 
more uncertainties were present in analysis of air [75] and solid sample matrix [107]. In 
air analysis, the environmental variables such as air temperature, pressure, wind velocity 
and relative humidity may greatly influence SPME performance. Air calibration standard 
based on static and dynamic system may lead to different instrumental response, 
especially under non-equilibrium extraction [108,109,110]. Due to the strong matrix 
effects, the difficulty of analytes releasing and lack of standard solid matrix, the 
quantitative analysis of real solid sample (e.g. soil) may be problematic [107]. 
Calibration procedure in SPME is generally more complex than traditional sample 
preparation methods, especially in analysis of complex environmental samples [111]. It 
should be noted that, some problems mentioned could be solved either by modification of 
SPME hardware or by improvement of SPME procedure. Generally, QA/QC in SPME is 
more crucial as there are many experimental parameters to be precisely controlled.  
 
 
2.4 Analysis of Monocyclic Aromatic Hydrocarbons using SPME 
 
Monocyclic aromatic hydrocarbons (MAHs) include the volatile BTEX [benzene, 
toluene, ethylbenzene and xylene isomers (p-, m-, and o-xylene)] and alkylated benzenes 
(typically C3-C5 benzenes). The structures of a few MAH compounds are illustrated in 
Figure 2. MAHs are of primary concern with regard to health and environmental aspects 
and have been widely monitored [112 -115]. Due to their volatility, MAHs are often 
analyzed together with other volatile organic compounds (VOCs). A general assessment 
of main characteristics of SPME methodology used in analysis of MAHs in gaseous, 
liquid (aqueous) and solid matrices is given in Table 1. 
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Figure 2. Structures of the MAHs studied. 
 
Commercially available and laboratory-made SPME fibers, with different coatings and 
thickness, have been used for extraction of MAHs. Generally, CAR/PDMS, 
DVB/CAR/PDMS and PDMS/DVB show high extraction efficiency, followed by 
CW/DVB and PDMS, and PA shows the lowest extraction efficiency. However, 
generally PDMS shows better repeatability and shorter extraction time compared to 
CAR/PDMS due to different extraction mechanism (absorption and adsorption, 
respectively) [104, 116], and thereby PDMS is widely used [65, 117, 118]. In practice, 
fibers coatings based on adsorption (e.g. CAR/PDMS, DVB/CAR/PDM) are typically 
used for analysis requiring higher sensitivity, less complex environment and fast in-situ 
analysis [ 119 ]. Besides commercially available fibers, laboratory-made fibers, e.g. 
graphitized carbon black [120] and activated charcoal [121], have also been developed 
and used for BTEX sampling and analysis in air and water. In addition to coating 
materials, coating thickness as well as design of SPME device have been studied to 
maximize the extraction of MAHs. Due to the volatility of MAHs, HS extraction mode is 
suitable for all types of sample matrices, whereas DI mode is used for aqueous matrix, 
especially for relatively clean matrices. HS mode shows advantages in terms of 
sensitivity, precision, selectivity, extraction time and fiber life-length compared to the DI 
mode [117, 122]. High volatility of MAHs means preference to equilibrium extraction. 
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Table 1. General assessment of main characteristics of SPME methodology for analysis 
of MAHs and PAHs in gaseous, liquid and solid samples. 
 
SPME methodology MAHs PAHs 
 Gaseous Liquid Solid Gaseous Liquid Solid 
Extraction strategy       
Fibers coatinga       
- PDMS ++ +++ ++ +++ +++ +++ 
- PA - - - + + + 
- PDMS/DVB +++ ++ +++ ++ - - 
- CAR/PDMS +++ ++ +++ ++ - - 
- CW/DVB ++ ++ ++ - - - 
- DVB/CAR/PDMS +++ ++ +++ - - - 
Extraction mode       
- DI-SPME X √ X X √ X 
- HS-SPME √ √ √ √ √ √ 
Equilibrium status       
- Equilibrium extraction √ √ √ X X X 
- Non-equilibrium extraction X X X √ √ √ 
       
Optimization of experimental 
parameters       

- Extraction time Short Short Short Long Long  Long 
- Extraction temperature Low Low Medium High High High 
- Desorption time Short Short Short Long Long Long 
- Desorption temperature Low Low Low High High High 
- pH X √ X X √ X 
- Salt X √ X X √ X 
- Moisture √ X X √ X X 
- Agitation X √ √ X √ √ 
       
Instrumental analysis       
- GC √ √ √ √ √ √ 
- HPLC X X X √ √ √ 
       
Calibration and validation       
Traditional methods       
- External calibration √ √ √ √ √ √ 
- Internal standard X √ √ X √ √ 
- Standard addition X √ √ X √ √ 
Exhaustive calibration X X √ X X √ 
Diffusion-based calibration √ X X X X X 
       
Note: a – performance evaluation: +++, very good; ++, good; +, applicable; -, not used. 
√ – applicable or preferred; X – not applicable or preferred. 
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Gas chromatography is the predominantly used instrument coupled with SPME in 
analysis of MAHs. The standard GC injector has been used in most applications. Other 
techniques related to SPME-GC, e.g. flash desorption injector [123], auto-sampler [124] 
and field portable SPME-μGC [125,126], have also been applied.  
 
To obtain optimized performance of a SPME device in extraction of MAHs, some main 
experimental parameters should be investigated. Generally, shorter extraction and 
desorption time as well as lower extraction and desorption temperature are used for 
MAHs compared to PAHs. Increasing temperature accelerates mass transfer, resulting in 
shorter extraction time. However, extraction at high temperature may lead to decreased 
reproducibility and extraction efficiency [127 -129]. Generally, the effect of moisture in 
gaseous matrix (air) on MAHs extraction efficiency is considered to be of less practical 
importance [65]. Some other experimental parameters related to aqueous matrix are 
stirring, salt content, pH value, etc., which are often studied empirically in order to 
optimize the extraction [121, 128, 130 - 132 ]. Sonification and microwave assisted 
extraction can be alternatives to stirring [133]. Generally, the release of MAHs from  
solid matrices is difficult, but can be enhanced by increasing temperature [129] and/or 
addition of water or polar organic solvent to the solid matrix [127, 134, 135].  
 
Different calibration methods have been used in SPME procedures for quantitative 
analysis of MAHs (c.f. Table 1). External calibration (EX) is used if the sample matrix is 
simple and clean (e.g. air and drinking water) and/or a standard reference material is 
available (e.g. certified reference soil) [127, 129], whereas IS and SA are preferable for 
complex and dirty matrices [134]. The diffusion-based calibration (DC) is developed 
based on Fick’s first law of diffusion and often involves a specially designed SPME 
sampling system to facilitate in-situ application (grab and/or time-weighted-average 
sampling) [136 -138]. The calibration based on equilibrium extraction (EQ) needs the 
estimation of the distribution coefficients (Kfs), either empirically or by calculation using 
linear temperature-programmed retention index (LTPRI) [108, 122, 139]. Exhaustive 
extraction (EE) may require multiple extractions or mathematical calculations [135]. 
Preparation of calibration standards is a crucial step. It is easier to prepare the MAHs 
standard in liquid matrices than in gaseous and solid matrices. The generation of gaseous 
MAHs standards can be achieved by static or dynamic approaches [76, 140, 141]. The 
static approach is simple but not as versatile as the dynamic approach with regard to 
reproducibility, cleaning, time-saving, concentration range, ease of process control and 
capacity in generation of gaseous MAHs standards [65, 76, 140, 142 -147]. Validation 
studies show that satisfactory sensitivity, accuracy and precision can be achieved in 
MAHs analysis using SPME [101]. The SPME performance is comparable or even better 
than conventional methods (e.g. HS sampling, purge-and-trap) [65, 130, 134, 148, 149]. 
 
Applications of SPME to the analysis of MAHs in gaseous, liquid and solid matrices 
have been widely reported. In air analysis, MAHs have been extracted by SPME fibers in 
indoor air [65, 136, 144, 150 -152], ambient air [148, 153, 154] and industrial or working 
place air [120, 142, 155]. Combination of SPME with conventional passive or active 
sampling, though more complicated, shows specific advantages (increased sensitivity in 
short-term sampling and extended sample storage time) for MAHs analysis [152, 156, 
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157 ]. The most important characteristic of SPME, in combination with portable 
analytical instrument, is the capability of rapid in-situ sampling and analysis, both 
qualitative screening and quantitative determination [65, 68, 145, 153, 158]. The liquid 
matrices of environmental samples generally include aqueous and organic matrices (e.g. 
oil-based sample). The aqueous samples studied include drink water [121, 128, 159, 
160], waste water (sewage) [122, 126, 149], ground water [116, 130, 132] and seawater 
[131]. However, only a few studies on the determination of MAHs in liquid organic 
matrices have been reported [161]. Compared to analysis of MAHs in gaseous and liquid 
matrices, less studies have been reported in solid sample matrices, which include soil 
[134], sand and sludges [127, 129] as we as industrial materials [135, 162, 163]]. 
 
2.5. Analysis of Polycyclic Aromatic Hydrocarbons using SPME 
 
Determination of PAHs in environmental samples has drawn increasing concern because 
of their toxic, carcinogenic and mutagenic effects. These compounds have been 
commonly carried into the environment by petroleum products, coal tar or creosote [134, 
164]. The structures of a few PAHs are illustrated in Figure 3. PAHs may be present in 
air, water and solid matrices. However, since most PAHs are semi-volatile or non-
volatile at room temperature, generally, only low molecular weight PAHs are present in 
gaseous phase [165, 166]. For example, naphthalene and its alkylated analogues are 
extracted together with MAHs and other VOCs [149]. PAH with larger molecular weight 
are usually present in solid phase and/or adsorbed onto a solid medium [13, 150, 167, 
168 ]. The conventional methods of PAHs extraction from matrices show some 

drawbacks (cf. Section 2.3). In this connection, SPME has been found to be a useful 
alternative. The general assessment of main characteristics of SPME methodology used 
for analysis of PAHs in gaseous, liquid and solid matrices is summarized in Table 1, and 
more detailed discussions are presented in the following paragraphs.  
 
Commercially available fibers have been compared with regard to extraction efficiency 
of PAHs in aqueous matrix [169]. Generally, CAR/PDMS and PDMS/DVB fibers show 
good extraction efficiency for two-ring PAH (Nap) but bad for four-ring PAHs and larger 
[170]. In the case of PDMS, 100 μm fiber shows higher extraction efficiency but much 
longer extraction time and problems of carry-over compared to 30 and 7 μm fiber [171]. 
PA fiber can also be used in some cases [172, 173]]. Laboratory-made fibers have also 
been developed for extraction of PAHs [58, 174, 175]. Comparison of DI- and HS-
SPME have indicated that HS-SPME extraction efficiency is higher for 2-3 ring PAHs, 
whereas DI-SPME works better for larger PAHs (3-6 ring PAHs) [164, 169, 173, 176]. In 
addition, DI-SPME is found more suitable for “clean” and HS-SPME for “dirty” samples 
[177]. Due to strong affinity of PAHs to solid matrices [134], PAHs are analyzed either 
by dissolving into a liquid matrix followed by DI- or HS-SPME [134, 164, 178], or by 
direct HS-SPME extraction [179, 180]. Using the latter approach, only lighter molecular 
weight PAHs (<4-ring) were possible to detect [134, 168, 180, 181].  
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Figure 3. Structures of a few 2- to 6-ring PAHs. 
 
In analysis of PAHs, SPME has been coupled to both GC and HPLC. Due to the semi- or 
non-volatile nature of most PAHs, the GC injector temperature (desorption temperature) 
is higher for PAHs than for MAHs. However, high-temperature desorption alone can not 
remove all the PAHs completely from the fiber coating, especially PAHs with higher 
molecular weight, which leads to the frequently occurred carry-over problem. In this 
case, desorption using a solvent may be an alternative, and this approach has led to the 
development of SPME-HPLC technique [182]. Instead of the traditional HPLC injection 
loop, a desorption chamber has been designed [171, 182]. The solvent used is often 
compatible with the mobile phase of HPLC, e.g. acetonitrile[183]. Fluorescence detector 
(FLD), UV and diode array detector (DAD) have been used as HPLC detectors. Among 
these detectors, the FLD has been found the most sensitive and is, in fact, comparable 
with the MS detector used in GC.  
 
Similar to MAHs analysis, optimization of SPME for PAHs analysis also involves a few 
important parameters. Due to the non-volatile nature of PAHs, it takes much longer time 
to reach equilibrium compared to MAHs, and the equilibrium time for PAHs increases 
with molecular weight. For example, using a 100 μm PDMS fiber, the equilibrium time 
can vary from 30 min (2-ring) up to a few days (6-ring) at room temperature [184]. 
Consequently, in practice, non-equilibrium extraction is preferred [122, 171]. 
Temperature, which influences the mass transfer of PAHs, is an important factor in 
SPME, especially for solid matrices. Ideally, there is an “optimized” temperature 
showing for a specific PAH compound regarding extraction time and efficiency [169, 
185]. The other factors improving SPME performance have also been studied, including 
agitation (magnetic stirring or sonication) [171, 178, 186], microwave-assisted extraction 
(MAE) [170. 172, 181], adjusting pH value and salt content [185]. Adding a carrier 
medium (water, solvent or surfactants) can greatly facilitate the release of PAHs from 
solid matrix [164, 172, 173, 178, 187]. Since many factors have to be considered, in 
some cases, statistical experimental design has been used in the optimization procedure 
[188]. 
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Regarding calibration methods, similar to MAHs, traditional calibration methods have 
been the mostly used in analysis of PAHs. Exhaustive extraction (EE) has been used 
together with a specially designed SPME cold-fiber device for analysis of 2-4 ring PAHs 
in solid matrix [180]. Comparison of SPME with traditional extraction method, e.g. 
liquid extraction, indicates good agreement [122, 170]. Another approach of validation is 
to use surrogate matrix, e.g. a certified standard soil [164, 181]. In a study, SPME was 
found to be comparable with stir bar sorptive extraction (SBSE) but easier to be 
automated [189]. 
 
Applications of SPME to analysis of PAHs in gaseous phase are less frequently reported 
compared to aqueous and solid phase analysis. Generally, SPME has been found to be a 
fast and convenient tool for screening of PAHs in air samples [13, 150, 167, 167, 190]. 
For quantitative determination of air concentrations of PAHs, SPME combined with 
conventional active sampling methods is used [168, 170]. The possibility of analysis of 
PAHs in aqueous matrix using SPME was studied at the early stage of SPME 
development [191]; different methodologies have been developed for different degrees of 
complexity of aqueous sample matrices [177, 185, 186, 192 , 193 ]. If the aqueous 
samples contain suspended particles, DI-SPME, after sample pretreatment by 
centrifugation or alum flocculation, have been applied, and, in some cases, a membrane-
protected SPME has also been used [12, 67, 193]. Complex samples can also be handled 
by using HS-SPME to avoid direct contact between the fiber and the aqueous matrix 
[177]. By this approach, SPME has been successfully used to determine free dissolved 
PAHs in aqueous samples as well as PAHs adsorbed onto organic matter [176, 177, 178, 
186, 193]. The solid sample matrices studied using SPME include soil [134, 164, 173, 
178, 179, 194, 195], sand and sediment [172, 180, 181, 187, 196], as well as airborne 
particulates like dust and gasoline soot [134, 197]. Biological degradation of PAHs in 
creosote contaminated soils has also been monitored using SPME [179, 194]. 
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3. EXPERIMENTAL (Paper II-V) 
 
3.1 Materials           
 
3.1.1 Asphalt release agents  
 
The four commercial asphalt release agents studied, abbreviated as DIE, BIO, RME and 
AF1, were obtained from a contractor. Product information of these agents is given in 
Table 2. 
 
Table 2. Product information of asphalt release agents studied. 
 
Agents name Product description 
DIE 100% petroleum oil based product 

hydrocarbons: C9-C20, boiling point distribution: 163-357oC 
  
RME 100% derivatives of vegetable oil (rapeseed oil), 

flash point: 118oC, solidifying point: -8oC 
  
BIO 50-100% mixture of petroleum oil and vegetable oil 

hydrocarbons: C11-C16, flash point: >77oC 
  
AF1 100% vegetable oil from rapeseed and other vegetable plants, 

flash point: 140oC, solidifying point: -12oC 
 
3.1.2 Bituminous sealants 
 
The bituminous sealants studied were obtained from different contractors. In Table 3, 
general information of the sealants is given based on products’ sheets. The sealants are 
cold-applied thermoplastic bituminous materials (applied without heating or by slight 
heating).  
 
3.1.3 Chemicals          
 
A standard mixture of volatile organic compounds in methanol (revised PVOC/GRO mix, 
Supelco, Sweden) was used to prepare the calibration standards for qualitative 
identification. Neat aromatic standards, benzene (Ben), toluene (Tol), m-, p- and o-xylene 
(Xyl), ethylbenzene (Etb), 1,3,5-trimethylbenzene (1,3,5-T) and 1,2,4-trimethylbenzene 
(1,2,4-T) (Supelco, Sweden) were used to prepare calibration standards used in 
quantitative analysis. Throughout the study, ethylbenzene-d10 (Supelco, Sweden) was 
chosen as internal standard. EPA610 PAH standard (Supelco, Sweden) in 50:50 
methanol:dichloromethane, was used to prepare PAH calibration standards in 
dichloromethane (SDS, France). Hexadecane (C16H34) (Supelco, Sweden) was used as the 
surrogate sample matrice during the method development. The solvents used to dilute 
calibration standards are n-hexane and methanol (>99% by GC, Merck, Germany). 
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Table 3. Description and application of bituminous sealants studied. 
 
Sample Description Application 
NM40 40 % cutback emulsion based on bitumen 

B 300, heavy mineral oils and solvent. 
Sealants for asphalt pavement maintenance.  
Normally applied without heating. Could be 
heated up to 40°C. 

   
NM69 
 

Polymer modified bitumen  Sealants for joints and cracks in asphalt pavement. 
Applied without heating. 

   
NF65 
 

Polymer modified bitumen emulsion with 65% 
bitumen and 2% oil distillate. 

Sealants for asphalt pavement maintenance and 
surface treatment. 

   
NYSE 
 

Bitumen emulsion with 50-80% bitumen 
dissolved in white spirit, 20-50% water 

Sealants for asphalt pavement maintenance.  
Applied without heating. 

   
NYBE Bitumen emulsion  Sealants for asphalt pavement maintenance.  

Applied at 50-80°C 
   
NYBL Cutback bitumen Sealing product for asphalt pavement 

maintenance.  
Applied without heating (20-35°C). 

   
PETK Mixture of bitumen emulsions consisting of 

three components which are intermixed in-
line.  

Sealants for asphalt pavement maintenance. 
Applied without heating. 

 
 
3.2 SPME Device 
 
Different SPME fibers, 100 μm and 30 μm polydimethylsiloxane (PDMS) as well as 85 μm 
polyacrylate (PA) fiber (Supelco, Sweden), together with a manual holder have been used in the 
study. According to recommendations from the supplier, the PDMS fiber was conditioned in the 
GC injection port at 250 °C for one hour and the PA fiber at 250 °C for half an hour before use. 
Due to the properties of asphalt release agents and bituminous sealants, headspace mode (HS-
SPME) was applied. The HS-SPME system is illustrated in Figure 1A. A crimp-top borosilicate 
glass vial (capacity of about 24 ml, height 85 mm, diameter 23 mm, ScherfChroma, Germany), 
a 18 mm laminated Butyl-PTFE septum (ScherfChroma, Germany) and a plastic screw cap with 
a hole in the middle were used as headspace set-up to generate emission of bituminous sealants. 
When the sample was introduced, the glass vial was sealed by the PTFE-lined septum and the 
plastic cap. Before SPME sampling, the septum was pierced by a syringe needle. After inserting 
the SPME needle into the vial through the precored septum, the fiber was exposed in the 
headspace above the sample for a given time. After sampling, the fiber was redrawn into the 
SPME needle and ready for GC-MS analysis. Blank injections were performed routinely to 
ensure no carry-over from the previous test. 
 

 18



3.3 Analytical Instruments 
 
3.3.1 Fourier transform infrared spectroscopy - attenuated total reflectance (FIIR-ATR) 
 
The FTIR-ATR used was a Mattson Infinity 60 AR spectrophotometer (resolution 0.125 cm-1) 
fitted with a Graseby Specac ATR. The ATR accessory, fitted with a ZnSe (zinc selenide) 
crystal prism (4000 and 650 cm-1), can be heated up to 200°C. The spectra were measured at 2 
cm-1 spectral resolution using 128 scans. The neat samples of asphalt release agents were 
measured in order to avoid interference of solvent bands. To eliminate the water effects on IR 
spectrum in analysis of bituminous sealants, especially emulsions, the ATR plate was heated up 
to and kept at 110 ºC throughout each test. The sealant sample was loaded on the ATR plate and 
scanned consecutively until a stable IR spectrum (water effects eliminated) was obtained.  
 
3.3.2 Gel permeation chromatography  
 
The gel permeation chromatography (GPC) system used was Waters Styragel columns in the 
order of HR2, HR2, HR1 and a refractive index detector (Waters 410). The mobile phase was 
tetrahydrofuran (THF) at a flow rate of 1 ml min-1. Asphalt release agents were prepared as a 
5% solution (by weight) in THF. The bituminous sealants studied were prepared as 5% 
solutions (by weight) in THF. NM40 could not be dissolved in the solvent at 5%, but has to be 
prepared as 0.5% solution. The injection volume was 50 µl, and the GPC system was calibrated 
with narrow polystyrene standards. 
 
3.3.3 Thermogravimetric analysis (TGA) 
 
In thermogravimetric analysis (TGA), neat asphalt release agents were tested directly without 
any sample pretreatment. 40±3 mg of the sample was weighted into a 70 μl aluminium oxide 
crucible with open lid. The test crucible was placed in the equipment (Mettlet Toledo 
TGA/SDTA 851) under a shielding gas (N2) at a flow rate of 50 ml min-1. The sample was 
heated from around 30 to 350 °C at 10 °C min-1. The weight of sample was recorded 
continuously every 2 sec during the heating process. 
 
3.3.4 Mass spectrometry 
 
The mass spectrometer (MS) (Finnigan SSQ 7000) was operated at 70ev EI mode. The source 
and the manifold temperatures were 150°C and 70°C, respectively. 1 μl sample solution 
(asphalt release agents at 1 mg g-1 in hexane) was introduced into the MS system using probe 
inlet method. The heating of the sample was programmed from 50°C (0.5 min hold) to 400°C at 
a rate of 100°C min-1, and then held at 400°C for 4 min. MS scan range was 40-1500 m/z at 2 
scans per sec. The computer-based MS spectrum library used was the NIST mass spectral 
search program, version 1.7. 
 
3.3.5 Gas chromatography–mass spectrometry  
 
The gas chromatography–mass spectrometry (GC-MS) system used for all the tests (except 
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quantitative analysis of PAHs in DIE) was Varian 3400 GC coupled with a Finnigan SSQ 7000 
MS detector. The GC columns used were DB-5MS non-polar capillary column (30m×0.25 
mm×0.25 μm) and DB-wax polar capillary column (30m×0.25mm×0.25μm), and both columns 
were obtained from J&W Scientific, Folsom, CA, USA. Carrier gas was helium at a 1 ml min-1 
flow-rate in a constant pressure mode. The selections of GC injector temperatures, GC column 
and temperature programs vary with the different testing procedures (c.f. Paper II-V). The mass 
spectrometer was operated at 70ev EI mode. The source temperature was 150 °C and the 
manifold temperature 70 °C. MS full scan mode at a range of 40- or 45-400 m/z (2 scans per 
second) was used for qualitative screening analysis of the samples, whereas selected ion 
monitoring (SIM) mode was used for quantitative analysis. In MAHs analysis, the selected ions 
monitored included m/z 78* for benzene; 91* for toluene; 91* and 106 for ethylbenzene and 
xylene isomers; 98* and 116 for ethylbenzene-d10, 105* and 120 for 1,3,5-trimethylbenzene and 
1,2,4-trimethylbenzene. If not mentioned in the text, all peak areas were integrated based on the 
primary ion (marked with star) in SIM mode. In PAHs analysis, the selected ions were 128, 
152, 166, 178, 202, 228, 252, 276 and 278 m/z at 2 scans per sec. The computer-based MS 
spectrum library used was the NIST mass spectral search program, version 1.7.  
 
In quantitative analysis of PAHs in DIE, a HP 5890 GC coupled with a HP 5971A MS detector 
was used. HP5-MS capillary column (30 m × 0.25 mm × 0.25 μm), carrier gas was helium at a 
1 ml min-1 flow-rate in a constant pressure mode. Detailed sample treatment procedure before 
GC-MS analysis is given in Paper II.  
 
3.4 Testing Procedures 
 
3.4.1 Chemical characterization 
 
To obtain general information regarding the chemical properties of the samples studied, a few 
conventional analytical methods were used. The methods and the properties studied are 
summarized in Table 4. Due to the experimental difficulties, TGA, MS and GC-MS were not 
performed in the analysis of bituminous sealants.  
 
Table 4. Conventional analytical methods performed in chemical characterization of asphalt 
release agents and bituminous sealants. 
Analytical 
methods 

Properties studied Asphalt 
release agents 

Bituminous 
sealants 

FTIR-ATR Functional groups Yes Yes 

GPC Molecular weight distribution Yes Yes 

TGA Fuming tendency Yes No 

MS Fuming tendency and identification of substances Yes No 

GC-MS Chemical composition Yes No 
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3.4.2 Screening emission profiles using HS-SPME 
 
In the case of asphalt release agents, a SPME device (manual holder) with a 30 mm PDMS fiber 
was used. Approximately 0.5 mg of each asphalt release agent was introduced into a 24 ml 
glass vial. The glass vial was sealed and put in a heating metal block at the selected 
temperatures (20, 80, 130 and 170 °C, respectively) for 1 hour to generate emission into the 
headspace. The heating block was proved to maintain stable headspace temperature in the glass 
vial within the SPME sampling period. The extraction time used was 5 sec and the desorption 
time 5 min. For analysis of bituminous sealants, a 100 mm PDMS fiber and a 85 μm PA fiber 
was used. Approximately 1 g of each sealant was introduced into the glass vial, which was then 
sealed by the PTFE-lined septum and the plastic cap. Since most of the bituminous sealants 
studied were applied without heating, vials were kept at room temperature (around 20 °C) for 1 
hour to generate emission in the head space. The extraction time used was 60 seconds and 
desorption time 5 min.  
 
3.4.3 Quantitative analysis of MAHs using HS-SPME 
 
3.4.3.1 MAHs in asphalt release agents 
 
In the course of method development, hexadecane was used as surrogate sample matrix to 
asphalt release agents. A few key experimental variables of the HS-SPME procedure were 
studied, namely equilibration time required for target analytes to reach equilibrium between 
headspace and liquid sample, extraction time, sample amount and sample matrices effects. The 
equilibration time was investigated by performing HS-SPME on 1 g hexadecane containing 100 
ppm of each of the target analyte at every 60 min up to 360 min as well as at 520 min and 24 h. 
The extraction time profile was obtained by performing HS-SPME on 1 g hexadecane 
containing 50 ppm of each of the aromatic standards at extraction time 10, 20, 40, 60, 120, 300, 
600 and 1200 seconds, respectively. After each extraction, the sample was re-equilibrated for 
60 min. In order to find out if the sample amount affects the amount of analyte extracted, 
samples of different amount (0.5, 1, 2 and 4 g hexadecane spiked with each target analyte at 20 
ppm) were analysed using the HS-SPME procedure. Sample matrices effects were investigated 
by spiking a series of internal standard of ethylbenzene-d10 in 1 g DIE, BIO, RME and AF1, 
respectively. The concentrations were 0.2, 2, 20 and 200 ppm, respectively. HS-SPME was 
performed following the procedure optimized in the tests just described. The peak areas of 
ethylbenzene-d10 at m/z 116 were integrated.  
 
After a preliminary experimental study, three series of calibration standards were prepared in 
hexadecane covering different concentration levels close to MAHs concentration profiles in 
asphalt release agents. All these standards were analysed using the HS-SPME procedure based 
on optimized parameters. Triplicate samples (hexadecane spiked with MAHs standards) were 
tested and linearity, detection limit, relatively standard deviation (RSD) and percentage of 
recovery of analytes were calculated. To further evaluate the applicability of the HS-SPME 
method for asphalt release agent samples, two different calibration approaches (external 
calibration and standard addition) were investigated for determination of MAHs in DIE. 
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Besides hexadecane, AF1 was also used as a surrogate matrice for preparation of external 
calibration standards at high concentration level. Furthermore, a conventional analytical method 
(syringe injection) was also applied for DIE as a control method. All calibration standards, as 
well as the DIE solution, contain 1 mg/ml ethylbenzene-d10. After the comparison of the results 
obtained from different calibration approaches for DIE, standard addition approach was chosen 
for determination of MAHs in other asphalt release agents, BIO, RME and AF1. In these cases, 
corresponding series of calibration standards at medium or low concentration range was used. 
 
3.4.3.2 MAHs in emulsion-based bituminous sealants 
 
Similar to Section 3.3.3.1, a few important experimental variables of HS-SPME procedure 
studied include equilibration and extraction time as well as effects of sample matrix. For 
emulsion-based bituminous sealants, a commercially available product, PETK, was used as 
surrogate sample matrix. The choice of PETK was based on the fact that this product did not 
contain detectable amount of target analytes studied. The equilibration time was investigated by 
performing HS-SPME on 1 g PETK containing 100 ppmw of each MAHs at every 60 min up to 
300 min as well as at 420 min and 600 min. The extraction time profile was obtained by 
conducting HS-SPME on 1 g PETK containing 50 ppmw of each target analyte at extraction 
time 0.5, 1, 2, 5, 10 and 20 min, respectively. After each extraction, the sample was re-
equilibrated for 60 min. Sample matrix effects were investigated by spiking ethylbenzene-d10 
(50 ppmw) in 1 g PETK, NM40 and NYBE, respectively. Triplicate samples were analyzed by 
HS-SPME using the optimized procedure described above (equilibration time 120 min, and 
extraction time 5 min). The peak areas of ethylbenzene-d10 at m/z 98 were integrated.  
 
After studying the experimental parameters, the HS-SPME method was validated by 
determination of spiked target analytes in PETK. Calibration standards were prepared in 1 g 
PETK samples. Based on the estimated content profile of individual aromatic hydrocarbons in 
the sealants studied, calibration standards were prepared covering different concentration 
ranges. All these standards were analyzed using the HS-SPME procedure developed. Triplicate 
samples (PETK spiked with aromatic standards) were tested, and linearity, detection limit, 
relative standard deviation (RSD) and percentage of recovery of analytes were calculated.  
 
Two different calibration approaches (external calibration and standard addition, respectively) 
were investigated for the determination of aromatic hydrocarbons in two bituminous emulsion 
sealants, NM40 and NYBE, respectively. The calibration standards prepared in PETK were 
used to generate external calibration plots. For the standard addition approach, a series of 
calibration standards were added into 1 g of the sealant sample. All samples spiked with the 
calibration standards also contained 5 ppmw ethylbenzene-d10. The linear regression curve was 
formed by interpolation and the concentrations of target analytes were calculated from the 
regression curve. 
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4. RESULTS AND ANALYSIS (Paper II-V)       
 
4.1 Chemical Characterizations  
 
Conventional analytical methods (cf. Table 4) were used for characterization of asphalt release 
agents and bituminous sealants. The analytical results regarding functional groups, molecular 
weight distribution, general composition as well as fuming tendency are given in this section.  
 
4.1.1 Asphalt release agents 
 
Functional groups determined by FTIR-ATR could reveal the types of compounds in the 
samples. The spectra of the investigated asphalt release agents obtained by FTIR-ATR are 
shown in Figure 4. Most of the peaks are related to the structure of hydrocarbons. As indicated, 
DIE contains solely hydrocarbons, whereas the spectra of the other agents show a characteristic 
absorption peak of C=O. The content of C=O varies in the order of BIO<<RME<AF1. Both 
RME and AF1 contain C=C, whereas in BIO, the content is too low to be detected in FTIR 
spectrum. It is interesting to observe, that AF1 may contain dimers of carboxylic acid, while 
this may not be the case for RME.  
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Figure 4. Spectra of asphalt release agents obtained using FTIR-ATR. 
 
GPC separates the materials based on molecular sizes and MS based on boiling point. The GPC 
and MS chromatograms of asphalt release agents are shown in Figure 5. As indicated, similar 
major peak patterns were obtained. Based on MS spectra, three major groups of compounds are 
identified as hydrocarbon mixtures (group 1, mostly aliphatic type), fatty acid methyl esters 
(group 2, FAMEs) and glycerides (group 3, mono-, di- and triglycerides of octadecenoic acids), 
respectively. More detailed composition profiles of the asphalt release agents studied were 
obtained by GC-MS (cf. total ion gas chromatograms in Figure 6). DIE contains predominately 
hydrocarbons (C9-C22 normal and branched alkanes, cycloalkanes and MAHs). BIO and RME 
contain not only hydrocarbons but also FAMEs (C13-C25, saturated and unsaturated fatty acid 
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methyl ester with 1-3 double bonds). It should be noted GC-MS solely reveals small amount of 
hydrocarbons (mostly C12-C16 n-alkanes) and certain amount of FAMEs and fatty acids (FAs) in 
AF1. Glycerides, the major component of AF1, were identified using MS. The chemical 
compositions of asphalt release agents determined are generally in agreement with the product 
information (cf. Table 2). However, the results indicate that RME is not totally based on 
derivatives of vegetable oils but also contains some petroleum oil.  
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Figure 5. Gel permeation chromatograms (a) and MS analysis using heated probe inlet (b) of 
the asphalt release agents studied. 
 
After being identified by GC-MS, MAHs (BTEX and two trimethylbenzenes chosen as target 
analytes) concentrations were further estimated. In this analysis, benzene could not be 
determined due to solvent effects. The ranking of the content of MAHs analyzed in asphalt 
release agents is in the order of DIE (approximately 100-1000 ppm) >> RME (approximately 3-
150 ppm) > BIO (approximately 1-10 ppm) >> AF1 (not quantified except 1,2,4-
trimethylbenzene, 3 ppm). In the preliminary test using GC-MS, no significant chromatographic 
peak was found, which could be attributed to PAHs. This may be due to background 
interference and/or low concentrations of PAHs. To obtain more detailed information of PAH 
content, a further quantitative analysis was performed on DIE solely, because DIE is mainly 
composed of petroleum hydrocarbons and thus assumed to contain higher concentration level of 
PAHs. The method used was specifically established for analyzing PAHs (>2-ring) in 
petroleum oils, which involved sample fractionation to remove most of the aliphatic 
hydrocarbons, thus reducing background interference. About 40 PAHs were studied and the 
total concentration is approximately 80 ng.μl-1. The PAHs with 3 rings dominate the PAH 
content profile in DIE, while PAHs with 4 rings only marginally contribute. Generally, the 
PAHs content of the DIE used in this study is relatively low compared to other similar fuel oils 
used in the industry. 
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Figure 6. Total ion gas chromatograms of the four asphalt release agents studied. 
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TGA examines the mass change of a sample as a function of temperature, or as a function of 
time at a given temperature. Consequently, it could be used to estimate the fuming tendency of 
asphalt release agents in this study. As indicated in Figure 7, mass change starts at 
approximately 80 oC for the asphalt release agents (except for AF1), and finishes at 
approximately 200 °C for BIO, 220 °C for DIE and 290 °C for RME. Based on the results 
obtained, the first stage of each TG curve (up to approximately 220 oC) should be due to 
evaporation of hydrocarbons. The overlapped stages in the TG curve of RME indicate that 
evaporation of FAMEs, which show higher boiling points, follows the evaporation of 
hydrocarbons. AF1 shows a unique TG curve with high onset temperature (approximately 220 
°C), and even at the highest temperature used (350 °C), only about 30 % loss of mass is 
observed. The first mass loss of AF1 should be due to evaporation of FAMEs and FAs, and the 
majority of nonvolatile glycerides in AF1 could not be evaporated within the testing 
temperature range used. In conclusion, the fuming tendency of the different release agents 
studied, as measured by TGA, can be ranked as follows: BIO ≈ DIE > RME >> AF1.  
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Figure 7. Thermogravimetry analysis of the four asphalt release agents studied. 
 
4.1.2 Bituminous sealants 
 
The IR spectra of the investigated bituminous sealants obtained by removing water are shown 
in Figure 8. As indicated, all sealants studied show similar IR spectra, typically observed for 
bituminous materials, though there is a slight difference in the “fingerprint” region between 700 
and 1800 cm-1. PETK and NYSE are different compared to the other sealants regarding some 
characteristic absorption peaks, which are attributed to C=O. Furthermore, NYSE shows a 
unique absorption at 1124 cm-1. However, it is difficult to attribute this absorption to a specific 
function group without verification by other analytical techniques. The GPC chromatograms of 
the bituminous sealants studied are shown in Figure 9. Major GPC peaks observed in the 
regions of molecular weight 700-1000 and 10000-20000 indicate that the major organic 
component of all sealants consists of large molecular weight substances, which are typically 
found in bituminous materials. Due to low concentration solution (cf. Section 3.3.2), no 
significant GPC chromatogram was observed from NM40. The molecular weight range 100-200 
is of great interest as substances in this range contribute to the emission of volatile organic 
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compounds. In this connection, NYSE shows a more significant GPC peak in this region 
compared to the other sealants studied, which indicates that NYSE may contain more volatile 
organic compounds. This observation is supported by other experimental data given in Section 
4.2.2. Due to the complex nature of the sealants studied, MS, GC-MS and TGA method could 
not be directly applied.  
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Figure 8. Spectra of bituminous sealants as obtained using FTIR-ATR. 
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Figure 9. GPC chromatograms of bituminous sealants studied. 
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4.2 Screening Emission Profiles using HS-SPME 
 
4.2.1 Asphalt release agents 
 
During road construction, the workers are exposed to asphalt release agents at different 
temperatures, i.e. from ambient temperature (e.g. 20 oC) up to high temperatures (e.g. 160 oC). 
Consequently, it is important to know the emission profiles of asphalt release agents at different 
temperatures. In our investigation, four temperatures (20, 80, 130 and 170 °C) were chosen to 
obtain qualitative profiles of emitted compounds from the asphalt release agents using HS-
SPME followed by GC-MS analysis. The test results are illustrated in Figure 10. At 20 oC, The 
emitted hydrocarbons are up to C13, C17, C20 and C22 at 20, 80, 130 and 170oC, respectively. No 
emitted FAMEs and FAs are detected at 20 oC, and only negligible amount of these types of 
compounds are emitted at 80oC. However, a large amount of these types of compounds were 
observed in the emission profiles at higher temperatures, especially at 170 oC. Among these 
four asphalt release agents, AF1 is the one least prone and DIE the one most prone to emissions, 
while BIO and RME show intermediate behavior in this connection. The results of emission 
profiles at different temperature could be used as a general guide for selecting agents with the 
purpose of minimizing workers’ exposure to hazardous compounds. 
 

0 5 10 15 20 25

Retention time (min)

R
el

at
iv

e 
in

te
ns

ity

20 oC 

170 oC 

130 oC 

80 oC 

DIE

0 5 10 15 20 25

Retention time (min)

R
el

at
iv

e 
in

te
ns

ity

20 oC 

170 oC 

130 oC 

80 oC 

BIO

0 5 10 15 20 25

Retention time (min)

R
el

at
iv

e 
in

te
ns

ity

20 oC 

170 oC 

130 oC 

80 oC 

RME

0 5 10 15 20 25

Retention time (min)

R
el

at
iv

e 
in

te
ns

ity

20 oC 

170 oC 

130 oC 

80 oC 

AF1

 

Figure 10. Emission profiles of asphalt release agents obtained at different temperatures using 
HS-SPME and GC-MS. 
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As PAHs content in asphalt release agents is low, it is of more interests to compare the emission 
level of MAHs. As shown in Figure 11, the emission of MAHs from DIE was much higher than 
from the other three agents studied (in the case of BIO approximately 10-100 times, RME 10-
40 times and AF1 100-1000 times). Except benzene and toluene, the emission of MAHs from 
BIO was less than that from RME. It was not surprising that AF1 generated the least emission 
of MAHs.  

 
Figure 11. Comparison of MAHs emitted from asphalt release agents at 20 oC using HS-SPME 
and GC-MS (relative response is the ratio of peak area count of analyte to that of the internal 
standard, ethylbenzene-d10). 

 
4.2.2 Bituminous sealants 
 
Emission profiles of MAHs from the bituminous sealants studied are illustrated in Figure 12. 
The majority of emitted compounds are the groups of alkanes (C9 to C12 normal and branched), 
cycloalkanes (C1-C5 alkylated cyclohexane and different hydronaphthalenes), MAHs (C1-C5 
alkylated benzene) and light PAHs (C1-C2 alkylated naphthalene). These groups of compounds 
are common in petroleum oils, indicating petroleum oil based solvent as one of the additives in 
most of the bituminous sealants studied. Some other compounds such as alkylated indane, fatty 
acid methyl esters (FAMEs) and benzothiophene were also observed in some bituminous 
sealants. PETK contains FAMEs (e.g. methyl ester of octanoic acid and decanoic acid), which 
indicates that this sealant may contain components originated from treated vegetable oils. PETK 
was also distinguished from other bituminous sealants studied in that no detectable MAHs were 
found in the emission. Due to the health effects of sulfur containing aromatics, it is interesting 
to note that benzothiophene and its derivatives were identified solely in NF65, though the 
content was very low.  
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Although MS and TGA are not applicable to emulsion-based bituminous sealants, the results 
obtained using HS-SPME can be used for ranking different bituminous sealants with regard to 
emission proneness. In this study, total emission (the sum of all chromatographic peak area 
accounts) was used as an indicator of emission proneness of a sealant. As shown in Figure 13 
(horizontal axis), the emission proneness of the bituminous sealants studied at room 
temperature follows the ranking:  
 

NYSE >> NYBL >> NM40 > PETK > NF65 > NYBE > NM69 
 

The similar ranking except PETK is also observed for the emission levels of MAHs, as 
indicated on vertical axis by the sum of peak area accounts of aromatics (alkylated benzenes). 
When both rankings are compared (excluding PETK), a good correlation between total 
emission and the emission of MAHs was observed (R2 > 0.99). The HS-SPME results also 
agree with GPC results, which show that NYSE has the highest content of light hydrocarbons 
among all sealants studied. NYBL also generates more emission than the other sealants studied, 
though less than NYSE. It can be concluded that cutback bitumens (e.g. NYSE and NYBL in 
this study) caused more emission of VOCs. Due to the fact that NM69 is a polymer modified 
bitumen without oil additives according to the product sheet, it is no wonder that very little 
emission was observed at room temperature. MAHs emissions from PETK were not detected. 
The explanation is probably, as already mentioned in the previous paragraph, that PETK does 
not contain petroleum but treated vegetable oils. In addition to the emission levels of total 
aromatics, the emission levels of BTEX from different sealants were also compared, as 
illustrated in Figure 14. The same ranking as total aromatics was observed.  
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Figure 12. Total ion chromatograms of emissions of bituminous sealants extracted by SPME 
fiber (100 μm PDMS fiber, extraction time 5 min and desorption time 5 min).   
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Figure 13. Correlation between total emission (sum of all peak area accounts) and the emission 
of aromatics (sum of peak area accounts of aromatics) from bituminous sealants obtained by 
HS-SPME and GC-MS (100 μm PDMS fiber and DB-WAX GC column). 
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Figure 14. Comparison of emission levels of BTEX from bituminous sealants studied at room 
temperature using HS-SPME. 
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4.3 HS-SPME Analysis of MAHs in Asphalt Release Agents 
 
4.3.1 Extraction strategy 
 
In screening test of emission profiles at different temperatures as described in Section 4.2, a 
PDMS 30 μm fiber was used, as fewer carry-over problems observed for this type of fiber 
compared to 100 μm fiber, when extracting non-volatile compounds at high temperature. 
However, in quantitative MAHs analysis described in this section, a PDMS 100 μm fiber was 
chosen because of its higher sensitivity at room temperature compared to the 30 μm fiber. 
Because asphalt release agents are organic liquids, HS-SPME is preferred to DI-SPME. As the 
target MAH compounds are volatile, the equilibrium extraction approach is utilized. The 
selection of a surrogate sample matrix has also been considered. The requirements of such a 
standard matrix at least include: 1) having chemical and physical properties similar to the 
samples tested; 2) containing negligible amount of target analytes; 3) being non-reactive with 
the target analytes; 4) containing negligible interfering compounds. Based on these 
requirements, neat hexadecane (no MAHs were found by GC-MS) was selected in this study. 
Hexadecane is a long-chain non-polar alkane solvent with a high boiling point (283-286 oC) and 
a lower volatility compared to the target analytes, which means that the hexadecane peak in the 
gas chromatogram does not mix with the peaks of the target analytes.  
 
4.3.2 Optimization of HS-SPME procedure 
 
The experiment parameters considered are equilibration and extraction times as well as effects 
of sample amount and matrices. The equilibration process involves the three phases, fiber 
coating, headspace and liquid organic matrix, respectively. Equilibration and extraction time 
profiles obtained are shown in Figure 15 and 16. Based on the assumption that the equilibrium 
is reached for all target analytes, 60 min of equilibration time and 5 min of extraction time were 
chosen. The desorption time, 5 min, was chosen based on regular checking of the cleanness of 
the SPME fiber by GC-MS. SPME theory indicates that sample amount (volume) may effect 
the amount of analytes extracted in a confined vial (cf. Section 2.3). However, the test results 
indicate that such effects on amount of target analytes extracted is not significant in the range of 
sample amounts investigated (0.5-4 g hexadecane spiked with 20 ppm of each target analyte); 
the relative standard deviation (RSD) for a give analyte obtained varied between 1% to 8%. 1 g 
sample was chosen in all tests. As shown Figure 17, different slopes of calibration curves 
obtained using the same series of internal standards but in different matrices were observed, 
indicating clear matrices effects on the response. In general, matrices effects may be attributed 
to competitive extraction of other organic compounds co-existing with the target analytes, as 
well as physico-chemical properties of the sample matrices. Due to the observed matrices 
effects, the calibration approach of standard addition should be more appropriate than the 
external calibration approach. On the other hand as illustrated in Figure 17, the variation range 
in the target analyte response at 200 ppm is about 10 % due to sample matrices (at 0.2 ppm, the 
corresponding variation range is 20 %). The data indicates that external calibration using a 
surrogate matrix may be feasible at least for semi-quantitative analysis.  
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Figure 15. Equilibration of spiked MAHs (100 ppm each) in hexadecane (1 g) between head 
space and hexadecane (SPME extraction time 5 min).  
 
 

0

1000000

2000000

3000000

4000000

5000000

6000000

0 200 400 600 800 1000 1200

Extraction time, sec

A
re

a 
ac

co
un

ts

Benzene

Toluene

Ethylbenzene-d10

Ethylbenzene

p-xylene

m-xylene

o-xylene

1,3,5-trimethylbenzene

1,2,4-trimethylbenzene

 
Figure 16. Extraction time profiles of spiked MAHs (50 ppm each) in hexadecane (1 g). 
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Figure 17. Sample matrices effects on extraction of ethylbenzene-d10 (peak area at m/z 116 was 
integrated) in asphalt release agents at different concentration level (0.2, 2, 20 and 200 ppm, 
respectively). 
 
4.3.3 Method validation 
 
The validation of the HS-SPME method was conducted by determining the concentration of 
target analytes spiked in surrogate sample matrice (hexadecane) at different (low, medium and 
high) concentration levels. The linearity, detection limit, accuracy as well as repeatability were 
investigated. The linearity (the square of correlation coefficient, R2) is greater than 0.999 for 
each target analyte in the range of low, medium and high concentration level. The detection 
limits were estimated as the concentration where a signal/noise ratio (S/N) is 3:1 and found to 
be in the range of 0.03 to 0.08 ppmw. The accuracy was estimated by determining the analyte 
recovery (amount of analyte measured divided by amount of analyte spiked in %). The mean 
recovery (Rec.%) is between 85-106 %, which can be considered acceptable. Generally, the 
accuracy at high and medium concentration levels is better compared to the accuracy at low 
level. The repeatability of the HS-SPME method developed was evaluated in two different 
ways by analyzing triplicate aliquots of spiked samples and the one and the same sample at 
consecutive tests. In most of the cases, the RSD is lower than 7% at triplicate tests and 2% at 
eight consecutive tests of the one and the same sample, indicating good repeatability.  
 
4.3.4 Determination of MAHs content 
 
To further evaluate the applicability of the method described for MAHs analysis in asphalt 
release agents, external calibration using hexadecane and AF as surrogate matrices as well as 
standard addition approach were investigated for DIE. In all cases, calibration with and without 
internal standard was used. For comparison, analysis using conventional method (syringe 
injection) with internal standard calibration was also conducted. The test results are given in 
Table 5. Due to solvent effects, benzene was not determined using the conventional method. As 
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shown in Table 5, the content of individual MAHs (except benzene) in DIE varies from 
approximately 100 to 700 ppm. The content of benzene is much lower (around 10 ppm). The 
different calibration approaches for the HS-SPME method were evaluated. As shown in Table 
5, all calibration approaches, with or without internal standard, show good precision with RSD 
values less than 5%. Accuracy of the three calibration approaches was evaluated by comparing 
the concentration measured to the “true” concentration (determined by GC-MS using syringe 
injection). A statistical method, Dunnett's pairwise multiple comparison t test, was conducted. 
Dunnett's test compares a set of treatments against a single control mean and is widely used in 
natural and social science research [198]. Dunnett's test (n=3, at 0.05 risk level) was performed 
for all analytes (except benzene) using the statistical software, SPSS 12.0, and the test results 
are given in Table 5. It is observed that no significant difference exists between the 
concentration mean of a given analyte determined by standard addition approach (with or 
without internal standard) and the mean obtained using the conventional method. Based on the 
results presented in Table 5, it can be generally concluded, that the standard addition approach 
can be the most appropriate one among the three approaches studied. The significant 
differences observed using external calibration may be partially attributed to matrices effects, 
since no surrogate matrix could be identical to the sample analyzed. 
 
Standard addition approach was used for determination of MAHs in BIO, RME and AF1. The 
results in form of mean concentration and relative standard deviation obtained from triplicate 
samples are shown in Table 6. For BIO sample, a large variation (RSD 9–20% for all analytes) 
was observed without internal standard. However, the RSD was reduced to less than 7% after 
internal standard calibration. For RME, the RSD is less than 10% in all cases. Both BIO and 
RME show similar content of benzene (around 0.1-1 ppm), ethylbenzene and p-, m, and o-
xylene (around 4-12 ppm). However, higher content of toluene was found in BIO and higher 
contents of 1,3,5-trimethylbenzene and 1,2,4-trimethylbenzene in RME. Compared to BIO and 
RME, the MAHs content in AF1 is much lower. The concentrations of toluene, ethylbenzene 
and p-, m-, and o-xylene are between 0.1-1 ppm, while 1,3,5-trimethylbenze and 1,2,4-
trimethylbenzene are in the range of 1 to10 ppm. For AF1, RSDs are below 15%, indicating 
comparably good repeatability of HS-SPME for analysis at low concentration levels.  
 



Table 5. Comparison of HS-SPME methods based on different calibration approaches with conventional method of syringe injection 
at determination of MAHs in DIE sample 
  Concentrations determined by HS-SPME (ppm) 
Analytes Quant

. Ion 
External calibration using AF1 as a 

surrogate matrice 
External calibration using 

hexadecane as a surrogate matrice 
 Standard addition approach  

Concentration 
determined by 
conventional 

method (ppm) 
  No I.S.#  I.S. No I.S. I.S.  No I.S. I.S.  I.S. 
  Mean RSD%  Mean RSD% Mean RSD% Mean RSD%  Mean RSD% Mean RSD%  Mean RSD%

Ben 78 11.0 1.6  12.1 1.5 11.3 1.5 10.2 1.6  9.9 1.9 10.2 1.8  nd nd 
Tol 91 196.8 1.3  213.0* 0.8 216.1* 1.3 203.4* 0.8  198.3 2.0 199.5 1.2  193.8 2.4 
Etb 105 95.1* 2.6  102.5 1.4 111.1* 2.5 104.6 1.4  104.5 3.4 105.0 1.8  105.7 0.4 

p-Xyl 105 92.2* 2.6  99.3 1.5 111.1* 2.6 104.7 1.5  97.6 3.4 98.1 2.2  102.0 1.0 
m-Xyl 105 286.0 0.8  309.9* 1.1 340.3* 0.8 321.2* 1.1  294.8 1.4 297.2 2.1  291.8 1.8 
o-Xyl 105 183.8* 1.5  198.8* 0.2 209.0* 1.5 197.1 0.2  189.7 2.4 190.8 0.2  191.3 1.1 

1,3,5-T 120 190.2* 1.4  205.5 1.3 246.8* 1.4 231.3* 1.3  213.7 2.1 215.1 2.2  213.5 3.8 
1,2,4-T 120 615.7 1.9  668.1 1.0 747.4* 1.9 704.6* 1.0  614.9 5.0 621.3 2.3  637.1 1.7 

# I.S. - internal standard; nd - not determined; * - The mean difference is significant at 0.05 level by Dunnett's pairwise multiple comparison t test (different 
calibration approaches against the conventional method, n=3, two-sided)
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Table 6. HS-SPME determination of MAHs in BIO, RME and AF1 using standard addition approach. 
 Determination of aromatic hydrocarbons in BIO, RME and AF1 samples (ppm) 
Analytes BIO  RME  AF1 
 No I.S.  I.S.  No I.S.  I.S.  No. I.S.  I.S. 
 Mean RSD%  Mean RSD%  Mean RSD%  Mean RSD%  Mean RSD%  Mean RSD% 
Ben 0.53 14.2  0.59 3.6  0.27 7.0  0.27 5.2  nd nd  nd nd 
Tol 12.5 19.0  14.3 1.7  4.6 3.3  4.6 1.3  0.15 12.9  0.15 12.9 
Etb 3.6 12.5  4.0 4.0  5.3 7.7  5.4 5.4  0.39 2.2  0.37 3.2 
p-Xyl 3.5 11.8  3.9 4.8  3.8 4.1  3.9 2.0  0.43 1.9  0.41 2.7 
m-Xyl 7.8 13.9  9.0 6.8  11.7 10.0  11.9 7.0  0.92 5.8  0.88 1.8 
o-Xyl 5.1 13.3  5.8 4.7  11.7 5.0  11.9 1.9  0.78 4.2  0.72 1.4 
1,3,5-T 2.7 10.5  3.0 3.4  25.9 5.0  26.3 2.5  1.32 2.0  1.26 2.3 
1,2,4-T 10.1 18.2  11.9 3.8  74.1 7.3  81.6 1.7  7.32 14.2  6.41 4.1 
I.S. – internal standard; nd – not determined as less than the detection limit. 
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4.4 HS-SPME Analysis of MAHs in Emulsion-Based Bituminous Sealants 
 
4.4.1 Extraction strategy 
 
Similar to the considerations described in Section 4.3.1, a PDMS 100 μm fiber and HS-
SPME were used for analysis of MAHs in emulsion-based bituminous sealants. In the 
case of surrogate sample matrix, it was observed in the screening tests that one of the 
sealants studied, PETK, met the requirements of a surrogate sample matrix. In selected 
ion gas chromatograms of PETK, no detectable peaks (signal/noise ratio <3) were 
identified as target analytes. Furthermore, the other peaks in such chromatograms are 
weak and may not lead to interference to target analytes. Consequently, PETK is 
considered to be a suitable surrogate sample matrix in this study.  
 
4.4.2 Optimization of HS-SPME procedure 
 
The optimization of SPME procedure is similar to Section 4.3.2 except that sample 
amount is not considered as it is the same in all tests. The equilibration and extraction 
time profiles are shown in Figure 18 and 19, respectively. As can be seen in Figure 18, 
the equilibrium (headspace/emulsion matrix) is not reached at 60 min, but at about 120 
up to 600 min. In general, a trend of slight decrease in extracted amount was observed, 
but this decrease probably did not influence the experimental precision (cf. Section 
4.4.3). Based on the results obtained, an equilibration time of 120 min was chosen for all 
HS-SPME tests performed. For repeated SPME extractions of the same sample, a re-
equilibration time of 60 min was used. Based on Figure 19, an extraction time of 5 min 
was chosen. 5 min is also chosen as desorption time, after which no carry-over effects 
were observed. Due to complexity as well as varying composition of the bituminous 
sealants studied, the sample matrices effects should be concerned. In Figure 20, matrices 
effects are illustrated, where different response to the same concentration of target 
analytes in different sample matrices is observed. Therefore, external calibration using a 
surrogate sample matrix may not be appropriate. Instead, a standard addition method 
should be an alternative approach.  
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Figure 18. Equilibration of spiked MAHs (100 ppmw each) in PETK (1 g) between the 
headspace and the emulsion sample matrix (extraction time 5 min). 
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Figure 19. Extraction time profiles of spiked MAHs (50 ppmw each) in PETK (1 g). 
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Figure 20. Sample matrices effects on extraction efficiency of ethylbenzene-d10 (50 
ppmw) in the bituminous emulsion sealants studied. 
 
4.4.3 Method validation 
 
In general, SPME methods show wide ranges of linearity. The linearity of the calibration 
plot covering different concentration ranges of target analytes in PETK was investigated. 
The square of correlation coefficient, R2, greater than 0.997 was observed for each 
analyte at a given concentration range. The detection limit was estimated by analysis of a 
series of PETK samples spiked with diluted calibration standards. Generally, the 
detection limit investigated was approximately 0.1 ppmw (signal/noise ratio <3). The 
accuracy of the testing procedure was studied by analyzing a set of spiked samples and 
was estimated by determining the analyte recovery (amount of analyte measured divided 
by amount of analyte spiked in %). The mean recovery is between 82-94% without 
internal standard and between 99-116% with internal standard. These mean recovery 
ranges can be considered acceptable. In the case of repeatability, RSDs at triplicate tests 
for all target analytes were below 10%. The repeatability of the HS-SPME analysis using 
one and the same sample is also below 10%. In conclusion, the HS-SPME procedure 
developed can be used for accurate and repeatable quantitative determination of MAHs in 
emulsion-based bituminous sealants, at least in a concentration range of 0.2-800 ppmw.  
 
4.4.4 Determination of MAHs content 
 
Although all the seven bituminous sealants obtained have been studied with regard to 
chemical characterization and emission profiles, three of them were used in the method 
development of quantitative SPME for MAHs analysis. The reasons were: 1) some 
sealants are not emulsion-based, e.g. NM69 and NYBL; 2) some emulsion-based sealants 
are already broken and not homogeneous, e.g. NF65 and NYSE. Therefore, NM40 and 
NYBE are chosen as representatives of emulsion-based sealants for further analysis. 
Generally, the non-emulsion-based bituminous sealants can be dissolved in a solvent, 
after which the quantitative SPME methodology for organic matrices can be applied (cf. 
Section 4.3).  
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Standard addition approach (internal standard, 5 ppmw) was used for the determination 
of MAHs in NM40 and NYBE samples. The results in form of mean concentration and 
relative standard deviation obtained from triplicate samples are shown in Table 7. In 
NM40, the content of the individual MAHs varies greatly from <1 ppmw for toluene up 
to approximately 150 ppmw for 1,2,4-trimethylbenzene, whereas in NYBE, the 
corresponding concentrations are generally much lower; in fact, toluene was not 
detectable (cf. Table 7). In both samples, benzene could not be detected.  
 
For comparison, the concentrations of MAHs are also calculated by the external 
calibration approach, using PETK as a surrogate sample matrix. A paired t test at a risk 
level of 0.05 was performed to compare the mean concentrations obtained by standard 
addition and external calibration, respectively. As shown in Table 7, all p values except 
that of ethylbenzene are less than 0.05, indicating significant difference in results 
obtained using the two calibration approaches. It is understandable that, due to matrices 
effects, the external calibration method may not be appropriate in the determination of 
MAHs in complex emulsion-based bituminous sealant. However, it is interesting to note 
that, for both NM40 and NYBE, no significant difference in the mean concentrations of 
ethylbenzene is observed (p>0.05). This fact could be due to the usage of the internal 
standard ethylbenzene-d10, the chemical structure of which is closer to ethylbenzene than 
to any other target analytes studied. As a matter of fact, in selection of an internal 
standard for the determination of a specific compound, the corresponding deuterated 
counterpart is the best choice. It is a reasonable assumption that, if such deuterated 
standards were used for all the target analytes studied, probably no significant difference 
between the two calibration approaches would be observed. In other words, the matrices 
effects could, at least partly, be eliminated by use of deuterated analyte counterparts. 
Consequently, the external calibration approach, being time-effective compared to the 
standard addition approach, could be utilized. However, further research is needed to 
prove this assumption.  
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Table 7 HS-SPME determination of MAHs in NM40 and NYBE 
 
Analytes Concentration determined by HS-SPME (ppmw)  
 External calibration (I.S.)  Standard addition (I.S.) Paired t test* 
 Mean RSD%  Mean RSD %  p value 
NM40        
Ben - -  - -  - 
Tol 0.37 0.8  0.45 0.6  <0.0001 
Etb 5.2 3.6  5.0 5.8  0.072 
p-Xyl 4.4 2.4  3.1 6.9  0.002 
m-Xyl 12.3 2.3  11.4 4.5  0.020 
o-Xyl 18.6 2.3  17.1 4.2  0.013 
1,3,5-T 39.9 3.2  34.4 6.4  0.010 
1,2,4-T 164.1 3.5  148.0 6.8  0.023 
        
NYBE        
Ben - -  - -  - 
Tol - -  - -  - 
Etb 0.62 7.6  0.64 9.7  0.080 
p-Xyl 0.41 7.7  0.35 12.2  0.012 
m-Xyl 1.4 7.4  1.6 8.8  0.013 
o-Xyl 1.3 7.2  1.6 9.7  0.014 
1,3,5-T 4.4 3.7  2.5 10.5  0.001 
1,2,4-T 15.2 3.7  13.1 6.4  0.006 
- not determined; I.S. internal standard; * two-sided paired t test at 0.05 level, n=3 
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5. DICUSSIONS AND CONCLUSIONS 
 
In the literature study, information on asphalt release agents and bituminous sealants was 
not found to be widely reported in scientific journals but in patents, reports as well as 
product sheets. General characteristics of these materials were summarized based on the 
scattered information found. Possible environmental and health aspects of these two 
types of materials were briefly discussed. SPME technique, developed since the 
beginning of the 1990’s, has been extensively reported. General aspects of SPME were 
briefly reviewed. In the case of MAHs and PAHs analysis, as indicated in Table 1, SPME 
methodologies differ between the two compound groups as well as between different 
types of sample matrices (air, liquid and solid). It should be noted that, the review 
presented can solely be used as initial guidelines for methodology choosing. For a 
specific application, detailed studies regarding extraction strategy, parameters 
optimization, calibration and validation approaches as well as choice of analytical 
instrument need to be considered. The development of the SPME technique is still 
expanding and the numbers of applications steadily increasing. It can be expected that, 
the development of new fiber coatings and design as well as automated and portable 
analytical instruments, will facilitate the real-time decision of environmental issues 
caused by MAHs and PAHs. 
 
As an initial step in the experimental study, chemical characterization was performed 
using conventional methods, such as FTIR-ATR, GPC, MS and GC-MS. In the case of 
asphalt release agents, different products can be distinguished from each other using 
FTIR-ATR and GPC. However, the FTIR and GPC “finger-prints” show similar patterns 
for the bituminous sealants studied, which is due to similarity in the organic component. 
Generally, the information obtained by FTIR and GPC is limited and other 
complementary analytical methods are needed. MS, using a fast heating program, not 
only separates the groups of compounds based on boiling point, but also elucidates the 
chemical structures of molecules in the group. For asphalt release agents, MS 
chromatograms are similar to GPC chromatograms, especially for groups of compounds 
of higher molecular weight, as identified by the use of MS. Among the conventional 
methods used, GC-MS is the most powerful one, as individual compounds can be 
identified, even at low contents. In the case of asphalt release agents, the most important 
groups of hazardous compounds identified are MAHs and PAHs, the contents of which 
were further determined. In the case of bituminous sealants without sample treatment, 
direct analysis using GC-MS is in principle not possible. 
 
The road workers’ exposure to road materials can occur through direct skin contact or 
respiration. In the latter case, the exposure is related to the emission proneness (fuming 
tendency) of the material. The results obtained by TGA or MS provide a general 
indication of emission proneness of the materials studied, which may be used as a guide 
for preliminary material screening with regard to health aspects. However, the methods 
mentioned cannot provide more detailed information on compounds emitted, especially 
hazardous substances at low concentration. In this respect, HS-SPME-GC-MS could be 
used as a powerful alternative for emission profiles screening. Depending upon the 
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situation in practice, e.g. temperature at which the materials are applied, an experimental 
set-up can be designed for emission generating and HS-SPME analysis. By using such a 
set-up, the emitted compounds at a given temperature can be extracted and analyzed, and 
the ranking of different materials with regard to the degree of emission can be estimated. 
 
Besides qualitative screening of emission profiles, HS-SPME has been developed for 
quantitative determination of MAHs in asphalt release agents and emulsion-based 
bituminous sealants. Generally, sample treatment is required to remove interfering 
compounds and to selectively extract and concentrate target analytes. The traditional 
multi-step sample treatment procedures are generally complicated and time-consuming, 
requiring usage of solvents, and, most importantly, possibly causing lose of target 
analytes. Consequently, there is a great need to develop simple sample treatment, or, 
preferably, to analyze samples without any treatment. In this connection, SPME 
technique was found, based on literature studies, to be very promising.  
 
As no developed method for quantitative analysis of road materials using SPME has been 
reported, various aspects had to be considered. The selection of SPME fiber (100μm 
PDMS) is based on its overall performance as well as commercial availability, and HS 
mode was chosen due to the complex nature of sample matrix. To evaluate the 
applicability and validity of the HS-SPME method, surrogate sample matrices should be 
used to prepare simulated samples, thereby facilitating investigations of experiment 
parameters and calibration approaches. In this study, a pure organic solvent (hexadecane) 
and an emulsion-based sealant (PETK) were used as main surrogate sample matrices. To 
obtain equilibrium extraction of target analytes, equilibration and extraction time were 
investigated. The equilibration times chosen differ between the two types of materials. 
However, the same extraction time (5 min) was used throughout the studies. Based on 
SPME principles, it can be shown that extraction time is depending on distribution 
coefficients of target analytes between fiber and headspace, whereas the equilibration of 
target analytes between headspace and sample matrix is depending on the sample matrix. 
Therefore, for a given analyte using the same type of SPME fiber under similar 
experimental conditions, the extraction time obtained from literature may be used directly 
without performing empirical studies. Concerning effects of sample amounts, the results 
presented indicate that, in a certain range, sample amounts do not show significant 
influence on extraction efficiency. Therefore, such a study was omitted for emulsion-
based bituminous sealants. The test results show that matrices effects always occur. 
Comparison of different calibration approaches indicates that, due to matrices effects, 
standard addition approach is more appropriate compared to external calibration. 
Generally, the use of corresponding deuterated analogues to the target analytes improves 
method precision and decreases the matrices effects.  
 
Based on the results presented in this thesis, the following conclusions were drawn: 
 

 To obtain increased knowledge on chemical characteristics of materials used 
in road construction as well as their emissions, combination of different 
analytical methods should be used. 
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 HS-SPME is a convenient tool for fast screening of emission profiles, and the 
results obtained can be used for preliminary ranking of different materials 
with regard to environmental and health aspects. 

 HS-SPME can selectively extract different compounds at different 
temperatures, as distribution coefficients are susceptible to temperature. 
However, to obtain more complete emission profiles at higher temperatures, 
an internally cooled-fiber SPME device could be appropriate. 

 The use of a surrogate sample matrix facilitates the method development. An 
ideal surrogate matrix should show similar properties to the materials to be 
analyzed but contain negligible amount of target analytes. Such a surrogate 
matrix can either be commercially available or prepared in laboratory.  

 For a specific method development, it is not necessary to investigate all the 
SPME parameters, as many of them can either be precluded or obtained from 
the literature. Generally, only the most important parameters (showing the 
greatest influence) must be investigated empirically.  

 Matrix effects often occur in complex sample matrices, and, therefore, the 
standard addition approach is generally more appropriate compared to 
external calibration. However, due to time-saving and possibility of large 
quantity analysis, the external calibration approach should be explored, 
whenever possible, especially for routine analysis.  

 The results presented in this study indicate that SPME technique is a valuable 
tool for chemical characterization of materials used in road construction and 
their emissions. 
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