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Introduction

The World Health Organization (WHO) estimates that approximately a quarter of
current human diseases occur because of prolonged exposure to environmental
pollution [1]. Therefore, over the last three decades, there has been increasing global
concern about the sources, sinks, distribution and pathways which release
environmental contaminants into the global environment. Among these environmental
contaminants, organic contaminants are of major interest because of their ubiquitous
presence in the environment and their adverse effects on human health and the
environment, even at very low levels. Some of these organic contaminants can occur
naturally in the environment, such as isoprene and terpenes emitted from vegetation
[2] or polycyclic aromatic hydrocarbons (PAHs) emitted during volcanic eruptions [3].
Although anthropogenic emissions are nowadays controlled by different legislation in
most countries, and emissions of some contaminants have been banned or reduced, the
major source of organic contaminants is through daily anthropogenic activities. The
main pathway of anthropogenic organic contaminants into the environment is through
emissions into atmospheric and aquatic environments.

The atmosphere is a complex mixture of gases, liquids and solids and organic
contaminants can be distributed in all of the different phases. In recent decades, air
quality has become a major concern as studies have shown the great impact of
atmospheric pollution on environmental health [4]. Clean air is considered to be a basic
requirement of human health and well-being. However, air pollution still constitutes a
significant threat to health worldwide [5]. Globally, ca. 2.4 million people die each year
from causes directly attributable to air pollution, with 1.5 million of these deaths
attributed to indoor air pollution [6]. Therefore, exposure to air contaminants requires
action by public authorities at national, regional and even international levels.

Anthropogenic emissions into the atmosphere include emissions related to fuel
production, industrial and domestic combustion (fossil fuel and biofuel), transportation,
waste disposal, industrial processes, solvent production and use and agriculture, among
others. The main contaminants in outdoor atmospheres are ozone and aerosol
precursors: nitrogen oxides (NO,), carbon monoxide (CO), methane (CH,4), volatile
organic compounds (VOCs), sulphur dioxide (SO,), ammonia (NH3) and particulate
matter (PM) [4]. Although atmospheric emissions are controlled by current legislation
and have decreased in recent years, other factors such as climate change can influence
the occurrence and toxicity of atmospheric contaminants. For instance, increases in
temperature may enhance the toxicity of contaminants and increase concentrations of
tropospheric ozone regionally, but also increase rates of chemical degradation. While
further research is needed, climate change coupled with air contaminant exposures may
have potentially serious adverse consequences for human health in urban and polluted
regions [7]. Furthermore, the atmosphere is considered the main long-range transport

3
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medium of persistent organic pollutants (POPs), resulting in their widespread
distribution, even in remote non-anthropogenic regions [8].

Indoor air quality has also been of great concern for many years because most people in
developed countries spend up to 90% or their time indoors. Taking into account that
each person inhales about 22 m?® of air per day, inhalation of indoor air is potentially the
biggest way in which humans are exposed to many different kinds of contaminants.
VOCs are commonly-present in indoor air because they are emitted from a wide range
of products used indoors such as paints, cosmetic products and building materials. VOCs
are related to sick building syndrome and their concentration indoors is 2-5 times higher
than outdoors [9]. Semi-volatile organic compounds (SVOCs) are also a major class of
indoor contaminants, which mainly come from indoor sources, such as environmental
tobacco smoke, cooking, cleaning or the use of personal care products [10]. However,
indoor pollution can also be highly influenced by the outdoor levels of contaminants
and, therefore, typical industrial organic contaminants can be also found in indoor
environments [9-11].

Because of their nature, some VOCs and SVOCs can be present in indoor air and dust.
Indoor dust is a complex mixture of inorganic and organic materials, such as skin tissues,
hair fibres, mites and particulate matter that acts as a sink and repository of SVOCs. The
study of the composition of indoor dust is of major concern because numerous
contaminants have been found in this matrix in high concentrations and with a higher
degree of persistence than in outdoor environments [12]. The organic contaminants
bound onto house dust may enter the human body by inhalation of suspended
particles, through non dietary ingestion, through ingestion of particles adhered to food,
as well as by absorption through the skin [13]. Therefore, house dust is an important
route of toxicant exposure, especially for children, who are estimated to ingest about
100 mg of indoor dust per day [14]. Determinations of compounds in house dust are not
only a measure of indoor contamination, but may also provide valuable information for
the assessment of human indoor exposure.

As well as clean air, free access to clean water is a fundamental human right. In most
countries, the direct emissions of organic contaminants into environmental waters are
controlled by water pollution policies. However, one of the most important sources of
anthropogenic emissions to environmental waters is through industrial and municipal
waste waters. The use of waste water treatment plants (WWTPs) has drastically
reduced the discharges of contaminants. After the use or intake by humans, thousands
of organic chemicals are flushed down drains and into sewer systems before arriving at
the WWTPs. They are then dispersed through rivers and seas to other environmental
waters, including aquifers, estuaries and marine systems. Therefore, the efficiency with
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which WWTPs can remove the organic contaminants is very important. However,
common waste water treatment methods are not efficient at removing some organic
contaminants. These contaminants are released through WWTP effluents into the
aquatic environment [15]. Therefore, WWTPs are a major pathway of organic
contaminants into environmental waters [16]. In order to improve the removal, some
advanced tertiary treatments can be applied including advanced oxidation processes,
membrane processes (microfiltration, ultrafiltration, nanofiltration and reverse
osmosis), or adsorption into sorbents, such as granular activated carbon.

Besides the partial removal of some organic contaminants, degradation products more
oxidized and sometimes more toxic than their respective precursors can be formed
during WWTP abiotic and biotic processes and released into the environment through
WWTP effluents [17]. Additionally, a major pathway of removal of the more apolar
contaminants is through their adsorption into sewage sludge [15]. Sewage sludge can
also be reused, for instance as manure in agriculture, creating another pathway to re-
introduce organic contaminants into the environment.

Scarcity of freshwater is one of the most serious environmental problems and many
strategies will have to be implemented in order to deal with water shortage. One of
these strategies is the reuse of waste water effluents for the irrigation of crops [18].
These practices, in addition to landfill leachate of the products dumped at landfill sites,
are a possible source point contamination of ground waters and surface waters. Since
surface waters are the main sources of drinking water, there is a clear potential risk of
drinking water contamination involving organic contaminants. Furthermore, the
technologies used in some drinking water treatment plants are not able to reduce the
levels of trace organic contaminants and can even produce some disinfection by-
products (DBPs) as a result of processes such as chlorination [19]. In addition, the more
persistent contaminants can accumulate through the food chain in aquatic biota tissues,
creating an important route of human exposure to some organic chemicals [8].

Taking into consideration the impact of the organic contaminants in environmental
atmospheres and waters commented on before, the control of the occurrence of
organic contaminants in these matrices is of major importance. In this sense, analytical
chemistry plays an important role in developing analytical methods for the reliable
determination of these contaminants in different environmental matrices. Since most of
the target organic contaminants are present at trace levels, highly sensitive analytical
methods are required. Furthermore, the complexity of some environmental matrices,
such as indoor settled dust or waste water, also demands methods with high selectivity.
Current trends in analytical chemistry focus on the development of high throughput
analytical methods with a reduction of the consumption of organic solvents during the

5
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whole process. To that end, sample preparation methods for air and water
contaminants based on sorption into sorbents followed by thermal desorption are
especially useful because they provide high sensitivity and selectivity and avoid the use
of organic solvents [20]. Among them, the enrichment into solid sorbents, both by
passive or active sampling, has been widely used for determining air contaminants,
whereas several methods based on solid phase microextraction (SPME) and stir bar
sorptive extraction (SBSE) can be found in the literature for determining water
contaminants. Furthermore, other strategies that reduce the amount of solvents have
been used for the extraction of solid samples such as airborne particulate matter and
house dust, including pressurised liquid extraction (PLE) and microwave assisted
extraction (MAE). So far, the most widely-used determination methods reported in the
literature for environmental organic contaminants are based on gas chromatography-
mass spectrometry and liquid chromatography-mass spectrometry. Despite the fact that
in the last few years some studies have focused on the development of high throughput
environmentally friendly analytical methods, more studies are needed to cover the wide
range of organic contaminants.

In light of the above, the introduction of this Thesis highlights some of the most
important organic contaminants and the most widely-used analytical methods applied
to their determination in environmental atmospheres and waters. First, the main
characteristics of these contaminants, as well as their occurrence and main
environmental and health effects, are reviewed. This is followed by an overview of
current analytical techniques. After the introduction, the main objectives of this
Doctoral Thesis are laid out. The third chapter presents the results and discussion of the
studies derived from the experimental research included in paper format. Finally, the
main conclusions that can be drawn from the studies are presented.
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Environmental organic contaminants

Currently, a wide variety of organic contaminants have been identified in environmental
atmospheric and water samples. As previously mentioned, some of these contaminants
are regulated by current legislation. As an example of the increasing interest in the
regulation of contaminants, the European Union constituted the REACH program
(Registration, Evaluation, Authorisation and Restriction of Chemical substances).
Through the EC 1907/2006 law [21], the European Union intends to improve the
protection of human health and the environment through the better and earlier
identification of the intrinsic properties of chemical substances. At the same time,
REACH aims to enhance innovation and competitiveness of the EU chemical industry.

Some environmental organic contaminants are active compound that can react with
other chemicals in the different environmental matrices causing their degradation or
the formation of new compounds. These are, for instance, volatile organic compounds
(VOCs), which take part in most atmospheric photochemical reactions [22]. The
degradation of VOCs can lead to a more active volatile species and also produces ozone.
Furthermore, the more volatile compounds formed from the degradation of some VOCs
can migrate to the condensed phase, forming secondary organic aerosols (SOAs), which
can modify the global climate [23].

However, some other groups of organic contaminants remain intact for long periods of
time as they resist photolytic, chemical and biological degradation. These are called
persistent organic pollutants (POPs) and are highly toxic chemicals that can accumulate
and pass from one species to the next through the food chain. As POPs are semi-volatile
compounds, they can be transported over long distances in the atmosphere or by the
movement of both fresh and marine waters [8]. Consequently, POPs are globally
distributed, including regions where they have never been used, such as the Antarctic
[24]. In fact, Polar Regions are the final sink of some POP compounds that arrive there
through atmospheric or oceanic transport. To address this global concern, the United
Nations Environmental Protection Stockholm Convention [25,26] and the United
Nations Economic Commission for Europe Aarhus Protocol on POPs [27] regulates or
eliminates the production, use and release of some POPs, such as organochlorine
pesticides (OCPs, including aldrin, chlordanes, DDT, dieldrin, endrin, heptachlor, mirex,
and toxaphene); industrial chemicals (polychlorinated biphenyls — PCBs - and
hexachlorobenzene, which is also used as a pesticide); flame retardants such as
polybrominated diphenyl ethers (PBDEs); and unintentional by-products such as dioxins,
furans and polycyclic aromatic hydrocarbons (PAHSs).

In recent years, the scientific community has shown a growing interest in new kinds of
organic contaminants. These are called emerging organic contaminants (EOCs) and are
compounds which can be persistent or not in different environmental matrices. They

9
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are characterized by their continuous introduction into the environment because of
their widespread usage or formation in anthropogenic processes. An organic pollutant
can be called “emerging” because of a new route of human exposure or new analytical
methods which enable scientists to detect them, among other reasons [28]. Because of
the definition of EOCs mentioned above, the list of these compounds is continuously
increasing [19]. Table 1.1 summarizes the main studied families of EOCs and some
examples of each family.

Table 1.1. Main studied families of EOCs and some examples of each group.

Group of EOC

Examples

Pharmaceuticals
Hormones

Brominated flame retardants (BFRs)

Perfluorinated compounds (PFCs)

Drinking water disinfection by products
(DBPs)

Personal care products (PCPs)

Pesticides (new and transformation
products)

Phthalate esters

Organophosphate esters

Illicit drugs

Phenolic Endocrine Disrupting
Chemicals

Benzotriazoles

Solvent stabilizers
Siloxanes

Naphthenic acids

Analgesics, antibiotics, psychoactive drugs
17 B-estradiol, estriol, norethindrone

Polybrominated diphenyl ethers (PBDEs),
Polybrominated biphenyls (PBBs),

Perfluorooctane sulfonates (PFOSs), perfluorooctanoic
acids (PFOAs)

Halogenated DBPs, N-nitrosamines

Synthetic musks, UV filters, parabens

Triazines and their degradation products

Diethylphthalate, dibutylphthalte, benzylbutylphthalte,
bis(2-ethylhexyl)phthalate

tri-n-butyl phosphate (TBP), tris(2-chloroethyl)
phosphate (TCEP) and tris(2-chloropropyl) phosphate
(TCPP)

Heroin, cannabinoids

Bisphenol A, phenylphenol

Tolyltriazole, benzotriazole, benzosulfamides,
benzothiazoles

1,4- dioxane
Cyclic and linear siloxanes

n-butylcyclohexylbutanoic acid

4-methylcyclohexaneacetic acid
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Data concerning the occurrence, ecotoxicity and risk assessment for most of these
emerging contaminants is scarce, so it is difficult to predict their effects on the
environment and health. Therefore, most of these EOCs are currently unregulated, but
may be candidates for future regulation depending on future research on their potential
effects on health [29].

Although there is a lack of regulation for most EOCs, some of them are considered to be
priority pollutants. In this sense, the USEPA Contaminant Candidate List-3 (CCL-3) [30]
includes drinking priority contaminants, which can occur in drinking water systems and
will be considered for potential regulation. This list includes three pharmaceuticals,
eight hormones, several disinfection by-products (including five nitrosamines),
pesticides and pesticide degradation products among other organic, inorganic and
microbial contaminants. Some EOCs are emerging POPs, such as the polybrominated
diphenyl ethers (PBDEs) used worldwide as flame retardants, which have been
considered in recent POP regulations because of their impact on the environment and
their increasing contamination at high latitudes of the northern hemisphere [26].

In this section, an overview of some of the most detected environmental contaminants
is provided. These contaminants have been selected as the focus of this Thesis because
of their occurrence in environmental atmospheres and waters, and their adverse effect
on the environment and health. These selected contaminants are volatile organic
compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs) and some groups of
emerging organic contaminants (EOCs), such as personal care products (PCPs),
especially synthetic musk fragrances, parabens and insecticides, and nitrosamines
including N-nitrosamines and tobacco-specific nitrosamines (TSNAs).

1.1.1. Volatile Organic Compounds

Volatile organic compounds (VOCs) consist of thousands of organic compounds (i.e.
paraffinic, olefinic and aromatic hydrocarbons, and various oxygen-, nitrogen-, sulphur-,
and halogen- containing molecules) and are characterized by their low boiling points,
large vapour pressures and atmospheric photochemical reactivity [2,31,32]. Since VOCs
are naturally emitted and widely-used as ingredients in paints, adhesives, solvents,
fragrances and in other processes and consumer products, they are ubiquitously
present in the environment. VOCs can be found in environmental waters and solids.
However, because of their high volatility, they are especially present in the atmosphere.

Every day, large quantities of VOCs are released into the atmosphere from both
anthropogenic and natural sources. The global emission of anthropogenic VOCs in the
year 2000 was estimated to be 186 Tg y ™ [33]. Figure 1.1 shows, on a global average,

11
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the most important sources of these anthropogenic VOC emissions [33]. The major
anthropogenic source of VOCs is from the use and production of fossil fuels,
predominately due to road transport and oil production, followed by biomass and
biofuel combustion (mainly from the transport sector). Industrial processes contribute
16% of all anthropogenic VOC emissions.

¥ Fossil use and production

B Biomass burning
Industrial processes

B Biofuel combustion

B Waste managment

Figure 1.1. Major sources of anthropogenic VOC emissions [33].

However, the majority of VOCs in the atmosphere are related to biogenic emissions,
with estimated global emissions up to 1150 TgC y [34]. These originate almost
exclusively from vegetation with smaller contributions coming from oceans and soils.
Although globally VOCs biogenic sources dominate, in urban and industrial areas the
majority of VOCs come from anthropogenic sources [22].

Some VOCs are controlled by air quality legislation. For instance, most compounds listed
in the US EPA Clean Air Act list of Hazardous Air Pollutants (HAPs) are VOCs [35]. In
Europe, VOC emissions into the atmosphere are controlled by several Council
Directives, such as Directive 94/63/EC which controls the VOC emissions from the
storage of petrol and its distribution from terminals to service stations [36]; the
1999/13/EC, which limits the emissions of VOCs from the use of organic solvents [32];
and the 2008/50/EC, which recommends the monitoring of ozone precursor VOCs [37].
However, only the ambient concentration of benzene is regulated by the Directive
2008/50/EC [37] and limited to an annual average of 5 ug m since 2010.

Although VOCs are usually in low concentrations in the atmosphere (from pg L to pg L?

levels), these contaminants have a major impact on atmospheric chemistry. Figure 1.2
summarises the tropospheric chemistry of VOCs including direct emissions, chemical
transformations, transport and deposition.
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Figure 1.2. Tropospheric chemistry of VOCs [2]

In the troposphere, VOCs can be chemically transformed by photolysis, reaction with
the hydroxyl radical (HO', typically during daylight hours), reaction with the nitrate
(NO3') radical (especially during evening and night-time hours), reaction with O3, and in
coastal and marine areas, reaction with chlorine atoms during daylight hours [38]. These
chemical reactions can cause the degradation of VOCs or the formation of new VOC
compounds. Depending on the atmospheric conditions and the reactivity of the
compound, the lifetime of VOCs in the atmosphere can range from hours to thousands
of years [22].

Among the environmental effects of VOCs, the most relevant is the formation of
tropospheric ozone and secondary organic aerosols. The photochemical ozone
formation is probably the most important environmental effect of atmospheric VOCs.
Tropospheric ozone can be formed by the oxidation of organic compounds in the
presence of NO, and sunlight [38]. Ozone is toxic to humans and plants and can become
a major air quality problem in cities and larger areas such as the Mediterranean.
Furthermore, tropospheric ozone is considered the main cause of photochemical smog
formation. The potential of the different VOC compounds to form ozone depends on
the spatial and temporal pattern of emissions, the photochemical reaction rates, and
the molecule-dependent potential for producing ozone. According to their ozone
production ability, VOCs can be ranked using the Photochemical Ozone Creation
Potential (POCP) [39,40] or the Maximum Incremental Reactivity scale (MIR, [41]). Table
1.2 shows the list of the VOC precursors recommended for measuring by the European
Council Directive 2008/50/EC [37]. Most of the VOCs listed are paraffinic, olefinic
hydrocarbons with at least 8 carbons in their structures, and some aromatic
hydrocarbons.

13



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.
14

I

54-2011 .
Introduction

Table 1.2. Ozone precursor VOCs recommended for ambient air measuring by the directive
2008/50/EC [37].

Ethane trans-2-Butene n-Hexane m-Xylene

Ethylene cis-2-Butene i-Hexane p-Xylene

Acetylene 1,3-Butadiene n-Heptane o-Xylene

Propane n-Pentane n-Octane 1,2,4-Trymethylbenzene

Propene i-Pentane i-Octane 1,2,3-Trymethylbenzene
n-Butane 1-Pentene Benzene 1,3,5-Trymethylbenzene

i-Butane 2-Pentene Toluene Formaldehyde

1-Butene Isoprene Ethylbenzene Total non-methane hydrocarbons

Another relevant VOC environmental effect is the formation of secondary organic
aerosols (SOAs). SOAs are airborne particulate matter formed by the chemical
transformation of atmospheric organic compounds. The most important mechanism of
SOA formation is the oxidation of VOCs, forming products of lower volatility that
migrate to the condensed phase [42]. SOAs are a major component of the total aerosol
mass and can contribute to the modification of the radiative balance of the atmosphere
induced by particulate matters and, therefore, to the global climate [23].

Because of their low boiling points, the main exposure route to most VOCs is through
inhalation, with indoor environments being the most relevant source of exposure
[43,44]. Some relevant indoor sources of VOCs are environmental tobacco smoke,
organic solvents from paints, cleaning and cosmetic products, office equipment and
building materials and furnishings [9,45]. However, several studies have demonstrated
that one of the main sources of indoor VOCs is the infiltration of outdoor pollution into
buildings [46,47]. Besides atmospheric VOC exposition, VOCs can be also ingested
through drinking water, especially chlorinated drinking water, or adsorbed through the
skin [14].

As mentioned previously, the term VOCs comprises a broad range of compounds, which
consequently involves a broad range of possible health effects. These health effects can
be mainly classified as carcinogenic and non-carcinogenic. According to a study of the
US Environmental Protection Agency (USEPA), ambient VOCs are responsible for
between 35% and 55% of the outdoor air cancer risk in the US [48]. Besides lung cancer,
the ambient VOC emissions also correlated with the incidence of cancers affecting the
brain, nervous system, endocrine system and skin [49]. The International Agency for
Research on Cancer (IARC) [50] classified several VOCs as carcinogenic to humans, and
the World Health Organization (WHO) has associated a lifetime unit risk (UR) for
exposure to 1 pg m™ for some of them [51]. Table 1.3 shows the IARC classification and
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WHO UR values for some VOCs typically found in urban and industrial areas. Included in
the IARC Group 1 are VOCs considered carcinogenic to humans, such as benzene or
formaldehyde; Group 2A includes those probably carcinogenic to humans (those that
have shown strong evidence to cause cancer in humans, such as tri- or
tetrachloroethene); and in Group 2B are those possibly carcinogenic to humans (those
that presented some evidence to cause cancer in humans, such as ethylbenzene or
styrene) [50].

Table 1.3. Health data of some typical VOCs: cancer classification by IARC
[50], lifetime unit risk levels (UR) by WHO [51] or IRIS [52] and
non-cancer reference values by IRIS [52] or ASTDR [53].

Group Unit risk RfC
VOCs 34 3

IARC (ngm?) (ngm™)
Benzene 1 6.0x 10° 9.6
1,3-Butadiene 1 2.8x10" 2
Formaldehyde 1 1.3x10° n.g.
o-Toluidine 1 n.g. n.g.
2-Naphtylamine 1 n.g. n.g.
Vinyl chloride 1 8.8x 10° 1
1,2-Dibromoethane 2A 6.0x 10" 9
Tetrachloroethene 2A 5.9x10° 271
Trichloroethene 2A 43x107 600
1,2,3-Trichloropropane 2A n.g. 0.3
Acrylonitrile 2B 1.7x107° 2
Chloroform 2B 2.3x10” 98
1,2-Dichloroethane 2B 2.6x10° 2430
Dichloromethane 2B n.g. n.g.
Carbon tetrachloride 2B 6.0 x 10 100
1,4-Dioxane 2B 7.7x10° 3600
1,3-Dichloropropene 2B 40x10° 31.8
Ethylbenzene 2B 2.5x10° 1300
Styrene 2B n.g. 852
1,4-Dichlorobenzene 2B 1.1x10° 60
Hexachloroethane 2B 4.0x10° n.g.
1,2-Dibromo-3-chloropropane 2B 2.0x10° 0.2
Naphtalene 2B 8.7x107° 3.7

n.g.: data not given

VOCs can also exhibit non-carcinogenic effects, such as acute irritation (eye, nose, and
throat), sensory problems (headaches, loss of coordination, nausea); chronic damage to
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liver, kidney, and central nervous system; and chronic respiratory effects, such as
asthma, and negative impacts on the reproductive system and birth defects [43,51,54].
Risk assessment of human exposure to these non-carcinogenic effects is calculated
comparing the VOC ambient concentration with a concentration (Reference
Concentration, RfC) considered to be at the minimum risk level, established by the
Agency for Toxic Substances and Disease Registry (ATSDR) [53] or the USEPA Integrated
Risk Information System (IRIS) [52]. Table 1.3 shows the RfCs of some VOCs given by
these international agencies.

Recently, some studies have estimated the cancer risk by inhalation of VOCs in several
outdoor and indoor environments. For instance, lifetime cancer risks (LCRs) for benzene
found in industrial and urban indoor and outdoor environments of La Plata, Argentina,
were higher than 1 case per million people (1 x 10'6) [55], which is the benchmark
recommended by the USEPA [56]. In New York City and Los Angeles, VOC LCRs of 666
and 486 cases per 1 million, respectively, were found in an exposure study of teenagers
living in the inner city [57]. Furthermore, higher risks have been found in industrial
workplaces. For instance, global LCRs for inhalation of 7 VOCs emitted from the facilities
of a steel plant in Taiwan ranged from 3.7 to 30 x 107 cases [58].

There is an extensive bibliography focused on the presence of atmospheric VOCs in
urban, suburban and industrial outdoor locations, as well as indoor environments such
as private houses, schools and offices. Below, the results of some recent studies are
discussed.

The spatial and temporal distribution of VOCs in the atmosphere depends on the
location of their sources, their reactivities and regional and global transport phenomena
[2]. In urban atmospheres, VOCs exhibit certain recurrent patterns due to the time-
dependent contribution of different sources. For instance, in most cities, VOCs are
emitted predominantly by vehicular traffic, and therefore the highest concentrations of
atmospheric VOCs correlate with the episodes of major traffic intensity [2]. As an
example, this pattern was found in the air of Tarragona (Spain) when a previous study
by our group showed total VOC concentrations ranging from 306 ug m3in high intensity
traffic hours to 87 ug m~in low intensity hours [59]. In general, the most determined
VOCs are the BTEX (benzene, toluene, ethylbenzene and xylenes) because they are the
most abundant compounds in urban environments. These compounds are mainly
emitted in the combustion of fossil fuels and, therefore, can be used as indicators of
traffic sources. Table 1.4 shows an overview of some VOC measurements in big urban
areas in different parts of the world.
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Table 1.4. VOC concentrations in urban areas from different cities of the world, expressed in pug m*.

Houston London Athens 43 cities Rio de Karachi
VOCs USA UK Greece China Janeiro Pakistan
[60] [61] [62,63] [64] Brazil [65] [66]
n-Pentane 2.26 0.7-1.0 1.7-14.2 0.2-7.7 - 13.4
n-Hexane 0.86 0.2-0.4 0.6-4.1 0.1-3.6 - 7.5
1,3-Butadiene 0.08 0.2-0.4 - 0.02-2.5 - 0.8
cis/trans-Pentene 0.11 0.3-04 - 0.04-14.7 - 0.4
Benzene 0.42 1.2-1.9 2.5-11.7 0.7-10.4 11 5.2
Toluene 0.5 2.7-3.6 6.7-21.2 0.4-11.2 4.8 7.1
Ethylbenzene 0.08 0.5-0.7 1.3-4.0 0.1-2.7 3.6 1.1
m,p-Xylene 0.28 1.5-2.1 3.2-11.1 0.4-15.3 10.4 2.1
o-Xylene 0.09 0.7-0.8 1.5-5.5 0.1-6.0 3.0 1
Formaldehyde 2.44 - 10.7-17.2 - 151 -

As seen in the table, in general VOC concentrations found in developing country
megacities are higher than those found in Western Europe and North America. Toluene
was in general the most abundant urban BTEX with average concentrations ranging
from 0.5 pg m? in Houston to 21.2 ug m?> in Athens. In most cities, average
concentrations of benzene did not exceed the European threshold of 5 pg m?3, except
for locations in Athens, some Chinese cities and Karachi. It is also worth mentioning the
high levels of formaldehyde found in some cities, such as the average concentration of
151 pug m”> found in Rio de Janeiro (Brazil). As previously shown in Table 1.3,
formaldehyde is considered carcinogenic for humans by the IARC with an attributable
UR of 1.3 x 10” for exposure to 1 pg m>, therefore the control of formaldehyde
emissions is of major concern for human health. The worldwide regulations of VOC
emissions have led to a reduction of urban VOCs in recent years. For instance, a
comparative study of VOC concentrations in Zurich for the years 1993-1994 and 2005-
2006 [67] suggested that the contribution of most VOC sources decreased by a factor of
about 2 to 3. The air quality control restrictions implemented for the Olympic games of
2008 in Beijing also led to a reduction of 35% of non-methane VOC concentrations [68].

Several studies have also determined VOC concentrations in industrial atmospheres. For
instance, Cetin et al. [69] demonstrated that VOC concentrations around a chemical
complex and a refinery in lzmir (Turkey) were 4 to 20 times higher than those found in a
suburban area of the same city. Massolo et al. [55] found total industrial VOC
concentrations were anything from 3.5 to 5.6 times higher in industrial areas than in
urban and semi-rural areas of Argentina. Jobson et al. [70] observed that the abundance
of ethene, propene, 1-butene, C,-C, alkanes, hexane, cyclohexane, methylcyclohexane,
isopropylbenzene, and styrene at Houston were systematically affected by
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petrochemical industry emissions. Other sources of anthropogenic VOC emissions are
industrial and urban waste water treatment plants (WWTPs). Industrial WWTPs can be
an important source of industrial-related VOCs such as acrylonitrile [71-73], whereas
urban WWTPs can be an important emission source of chlorinated VOCs [74,75].
However, few studies have focused on the determination VOC emissions from WWTPs
and their contribution to the global concentration of VOCs is often underestimated.

Humans are predominantly exposed to VOCs in indoor environments, thus VOC
concentrations are usually higher in indoor environments than in outdoor air [9].
Several studies have evaluated the different ways that outdoor, indoor and personal
environments can contribute to exposure to VOCs. These studies have found that
indoor concentrations (especially from homes, offices and vehicles) had the largest
influence on personal exposure [45,76]. Some important sources of indoor VOCs are
environmental tobacco smoke, cooking, building materials and furnishing, and the use
of consumer products such as cleaning and personal care products [9,45]. However, the
infiltration of outdoor pollution is also an important source of indoor VOCs [76]. As an
example of indoor VOC concentrations, Esplugues at al. [46] recently found average
BTEX concentrations in Valencia (Spain) of 17.6 ug m™ indoors, whereas concentrations
of 8.0 ug m~ were found outdoors. In a study in Rio de Janeiro [77], indoor office
samples presented total VOC concentrations ranging from 304 to 1680 ug m, whereas
outdoor samples ranged from 22 to 643 ug m™>. A review of indoor VOCs by Barro et al.
[9] reported total indoor VOC concentrations from 0.005 up to 2496 pg m™ in homes
and from 0.01 up to 4600 ug m~ in offices.

Because of their ubiquitous presence in the atmosphere and all the environmental and
health effects mentioned above, VOC concentrations are considered an essential
parameter for assessing the air quality in indoor and outdoor environments. Although
BTEX have been the most determined VOCs, the study of the presence of a wide range
of VOC compounds in different atmospheric samples is of major interest for a more
accurate evaluation of air quality and the health effects related to these compounds.

1.1.2. Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic contaminants
which are characterized by the presence of at least two fused aromatic rings. These
compounds come mainly from pyrolytic processes and the incomplete combustion of
organic matter at high temperatures [3]. The presence of PAHs is ubiquitous in the
environment and they have been found in all kinds of environmental matrices (air,
water, soils and sediments, and biota), as well as in various consumer products, such as
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food [78]. PAHs are classified as priority pollutants by both the Unites States
Environmental Agency (USEPA) [35] and the European Environment Agency [79].
Although European Directive 2004/107/EC only establishes a limit of 1 ng m> of
Benzo[a]pyrene (BaP) in airborne particulate matter < 10 pum (PMyg), it also
recommends the monitoring of at least benzo[a]lanthracene (BaA),
benzo[b]fluoranthene (BbF), benzo[jlfluoranthene (BjF), benzo[k]fluoranthene (BkF),
indeno[1,2,3-cd]pyrene (Ind), and dibenzo[a,h]anthracene (DahA) [80]. Figure 1.3 shows
the structures of the 16 PAHs considered to be priority pollutants by the USEPA. Some
of them are also included in the European rules.

Acenaphthylene Acenaphthene Fluorene Phenanthrene
(AcPy) (AcP) (Flu) (PA)
Anthracene Fluoranthene Pyrene Benzo[a]anthracene
(Ant) (FluT) (Pyr) (BaA)
Chrysene Benzo[b]fluoranthene Benzo[k]fluoranthene Benzo[e]pyrene
(Chr) (BbF) (BkF) (BeP)
Indenol[1,2,3- . .
Benzo[a]pyrene c.dlpyrene Dibenzo[a,h]anthracene Benzo[g,h,l]'perylene
(BaP) (Ind) (DahA) (BghiP)

Figure 1.3. Chemical structures of the 16 USEPA priority PAHs.
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PAH concentrations are also regulated in other matrices besides airborne particulate
matter. For instance, the European Directive 98/83/EC [81] limits the content of BaP to
0.01 pg L™ and the sum of four PAH concentrations (BbF, BKF, BghiP and Ind) to 0.10 ug
LYin drinking water. PAHs are also regulated in extender oils and tyres by the European
Directive 2005/69/EC [82], which limits the content of PAHs to less than 3% of the mass
of these materials, the content of BaP to less than 1 mg kg'l, and the sum of the ten
listed PAHs of the Directive to less than 10 mg kg'l.

PAHs can occur naturally in the environment, essentially from non-anthropogenic forest
fires and volcanic eruptions [83]. However, anthropogenic activities are the main source
of PAHs in the environment, mainly from the incomplete combustion of fossil fuels or
wood and as by-products from some industrial processes [3,83]. The global atmospheric
emissions of the 16 priority PAHs in 2004 were estimated to be 520 Gg y™ [84]. Figure
1.4 shows the relative contribution of various combustion sources to the atmospheric
emission of the 16 priority PAHs. Globally, biomass burning is the major emission source
of PAHs (56.7 % from biofuel combustion and 17 % from wildfire). Other PAH sources
are the use of consumer products, traffic oil and domestic coal combustion and coke
production. The major industrial activities contributed less than 10 % of the global PAH
emissions.

mBi
19% Biofuel

15% B Wild fire

3.6% 2.4i% ‘1,4%
|

37% M Consumer products use

M Traffic oil

B Domestic coal
Coke production
Petroleumrefining

Waste incineration

Al electrolysis

Others

Figure 1.4. Relative contributions of various sources to PAH 16 [84].

PAHs are high lipophilic contaminants which are ubiquitously present in the
environment [78]. Because of their low biodegradation, their bioaccumulation in the
adipose tissues of organisms, and their biomagnification through the food chain, PAHs
are considered persistent organic pollutants (POPs) [85]. The major pathway of these
compounds into the environment is through atmospheric emissions with the soil acting
as the ultimate deposit for them. Atmospheric PAHs can be distributed in the gas and
the particulate phase depending on their vapour pressure, the atmospheric
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temperature, the PAH concentration, the affinity of the PAH for the atmospheric
suspended particles (determined by the partitioning coefficients K,c) and the nature and
concentration of the particles [86]. In general, the most volatile PAHs (the 2-3 ring
PAHs) are mainly associated with the gas phase and the less volatile (the 4-6 ring PAHs)
to the particle fraction [3,78]. However, recent studies have also demonstrated the
presence of the most lipophilic PAHs in the atmospheric gas phase [87]. It has been
estimated that 10-80% of PAH inputs to the world’s oceans is from atmospheric sources
[88]. However, higher PAH concentrations have been found in urban and industrial
areas rather than in remote non-anthropogenic areas. For instance, in the seawater of
the western Mediterranean, higher levels of PAH content were found in the off-shore of
Barcelona (1.8 ng L) and in the Ebro river plume (2.17 ng L) than in remote stations
where concentrations were lower (0.4-0.9 ng L) [89]. Additionally, the soil system
seems to be the important long-term repository for PAHs and is considered to be a
certain indicator of the state of environmental pollution. Accumulation of PAHs in soils
may lead to further potential contamination of vegetables and food chains, and then
cause direct or indirect exposure to humans. Moreover, leaching, evaporation and
migration are possible sources of atmospheric or surface and groundwater
contamination by PAHs.

The most important transformation processes of these compounds in the environment
are the gas and heterogeneous phase reactions induced by atmospheric oxidants such
as hydroxyl, ozone or nitrogen oxides, to form nitro- and oxy-PAH derivatives [78].
These derivatives are of particular interest because they have higher potential
carcinogenic properties than their related parent PAHs [90,91].

Humans can be exposed to PAHs mainly through three pathways [92]: inhalation (of
PAH-containing air or particulate matter, such as cigarette smoke, vehicle exhaust, or air
containing industrial or domestic PAH emissions); ingestion (of PAH-containing
foodstuffs, such as fried and charcoal-grilled meat); and skin adsorption by contact with
PAH containing products. Ingestion is quantitatively the main route for human exposure
to PAH for humans non-occupationally exposed to PAHs [88]. PAHs can be found in non-
refined oils, fish, milk, roasted cereals and beverages, such as coffee and tea, among
other foodstuffs [93].

PAH health effects have been widely studied, primarily because of their potential
carcinogenic and mutagenic properties. Several organs are believed to be susceptible to
tumour formation after PAH exposure. These include lungs (in particular the bronchi),
skin, oesophagus and colon, pancreas, bladder, and women’s breast tissue [78]. In
general, the carcinogenic properties of PAHs increase with the number of aromatic
rings. The IARC classified BaP as carcinogenic to humans (Group 1), other PAHs, such as
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DahA, as probably carcinogenic to humans (Group 2A), and some others — such as
naphthalene (Nap), BaA, Chr, BbF, benzo[jlfluoranthene (BjF) and Ind — as possibly

carcinogenic to humans (Group 2B) [50].

Carcinogenic effects of BaP are the most studied and, therefore, this PAH is used as a
marker for the carcinogenic risk of the other PAHs. The WHO has established a unit risk
of 8.7 x 10” for people exposed to a chronic inhalation of 1 ng m™ of BaP [51]. For risk

assessment calculations of PAH mixtures, each PAH is ranked according to their

carcinogenic potency relative to BaP using Toxic Equivalence Factors (TEFs) [94,95].
Table 1.5 shows the most widely-used TEFs for the 16 USEPA priority PAHs. By
multiplying the individual PAH concentration for the corresponding TEF, it is possible to

express the concentration of the mixture in Benzo[a]pyrene equivalents (BaP-eq) and

then calculate the risk using BaP UR. DahA is considered more carcinogenic than BaP
(TEF value 1.1). The rest of USEPA 16 PAHSs are considered 10 times less carcinogenic

than BaP, such as BbF, to 2000 times less carcinogenic, such as Flu, PA or Ant.

Table 1.5. The most widely-used TEFs for the 16 USEPA
priority PAHs. TEFs for acenaphthene and
acenapthylene are from Nisbet and Lagoy
[94], all others are from Larsen and Larsen

[95].

PAH TEF
Acenaphthylene (AcPy) 0.001
Acenaphthene (AcP) 0.001
Fluorene (Flu) 0.0005
Phenanthrene (PA) 0.0005
Anthracene (Ant) 0.0005
Fluoranthene (FIuT) 0.05
Pyrene (Pyr) 0.001
Benzo[a]anthracene (BaA) 0.005
Chrysene (Chr) 0.03
Benzo[b]fluoranthene (BbF) 0.1
Benzo[k]fluoranthene (BkF) 0.05
Benzo[e]pyrene (BeP) 0.002
Benzo[a]pyrene (BaP) 1
Indenol[1,2,3-c,d]pyrene (Ind) 0.1
Dibenzo[a,h]anthracene (DahA) 1.1

Benzol[g,h,i]perylene (BghiP) 0.02
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Some studies have estimated the risk related to PAH inhalation. For instance, Kameda et
al. [96] found average LCRs of 1.7 x 10" for 22 PAHSs in the airborne particulate matter
of the Yokohama (Japan) residential area. In the western Balkans, a study of 16 PAHs
found LCRs for gas phase PAHs ranged from 1.11 x 10®to 2.85 x 10" and from 1.36 x
10® to 5.46 x 10°® for the particle phase PAHs [97]. However, occupational exposure can
lead to a higher risk of PAH inhalation. As an example, Liu et al. [98] found LCRs of 9.6 x
10 and 1.09 x 107 in two foundries in Taiwan.

Besides the carcinogenic effects, studies of PAH health effects have demonstrated their
influence on the development of arteriosclerosis [51], reproductive defects, such as
intrauterine growth retardation [99,100], and adverse effects on children’s neurological
development [101].

As previously mentioned, the major pathway of PAHs into the environment is through
atmospheric emissions. Therefore, some recent studies of atmospheric PAH
concentrations are discussed in this section. Table 1.6 presents a summary of total PAH
and BaP concentrations in recent studies in Spain and Europe, as well as a road tunnel in
Hong Kong. The main PAH compounds and the kind of sample in which PAHs have been
determined (total suspended particles (TSP), particles €10 um (PMy,) or gaseous phase
(air)) are also indicated.

European cities showed total PAH concentrations ranging from 1.6 ng m> to 137 ng m?
depending on the activities of the different locations, whereas those reported in the
road tunnel increased to 252 ng m’. Comparing the results obtained in the European
cities, it can be seen that the highest total PAH concentrations have been found in
industrial locations, with maximum concentrations recorded in Flanders, Belgium (from
90 to 137 ng m?). For instance, total PAH values in industrial areas of Sevilla and
Tarragona (Spain) were 1.5 to more than 2 times higher than those found in other urban
locations in the same area. In Flanders, Ravindra et al. [87] found that total PAH values
in industrial locations were almost 14 times higher than in rural areas and 4 times
higher than in urban and suburban locations.

Furthermore, traffic also makes a large contribution to urban atmospheric PAHs and
PAH concentrations in high traffic areas have been reported at almost 2 times the levels
of those found in low traffic areas. For instance, the average total PAH concentration in
high traffic locations in Toulouse (France) was 19.7 ng m whereas in the city centre it
was 12.3 ng m>. As regards BaP, average concentrations in European cities do not
normally exceed the European legal benchmark (1 ng m?), except for isolated incidents,
such as the 1.77 ng m™ found in suburban locations of Flanders, 1.10 ng m™ in Duisburg
(Germany) and 3.15 ng m in Prague (Czech Republic).
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Table 1.6. Overview of some recent studies on PAH concentrations.

Total

Location Matrix Kmd.Of PAH BaP_g Main PAHs Ref.
location 3 (ng m™)
(ngm™)
Errenteria TSP Urban 10.7 0.5 Flu, Pyr, Chr, BbF, BjF, [102]
(Spain) BkF, BeP, BaP, Ind,
BghiP
Sevilla TSP High traffic  8.6-14.6  0.5-0.9  Pyr, BaA, Chr,BbF, BkF,
(Spain) BaP, Ind, BghiP
Low traffic 2.1-5.4 0.1-0.29 Chry, BbF, Ind, BghiP [103]
Industrial 12.4 0.98 Pyr, BaA, Chr, BbF, BaP,
Ind, BghiP
Tarragona TSP + High traffic ~ 9.7-14.3 n.d.-0.04  Nap, AcPy, Flu, PA, Pyr
(Spain) air Low traffic  4.2-9.6 n.d. Nap, Flu, PA, Pyr
[104]
Industrial 4.2-22.5 n.g. Nap, AcPy, Flu, PA,
FluT, Pyr
105
Zaragoza TSP urban 8.77 0.59 Ind, BghiP [105]
(Spain)
Toulouse PMy+  High traffic 19.7 0.17 AcPy, PA, FluT, Pyr
(France) air
Urban 12.3 0.13 AcPy, AcP, Flu, PA, [106]
centre FluT, Pyr
Industrial 21.6 0.81 AcPy, AcP, Flu, Pyr
6 European PA, FluT, Pyr, Chry,
cities® PMio Urban 26-55 005315 o Bi BKF, Bep, Bap  [107]
Menen TSP Urban 6.7 0.6 Nap, PA, FluT, Chr, BbF,  [108]
(Belgium) Ind, BghiP
Flanders TSP + Urban 9.0-35 0.9-1.5 Nap, AcPy, Flu, PA,
(Belgium) air FluT, Pyr
Suburban 4.1-40.2 0.02-1.77 AcPy, flu, PA, FluT, BaP,
Ind, BghiP (87]
Rural 7.0-10.0 n.d.-0.07 Nap, PA, FluT

Industrial 90-137 0.08-0.24 Nap, Flu, PA, FluT, Pyr

Shing Mun TSP + High traffic 79.5- 2.1-11.9 Nap, Ace, AcPy (gas [109]
Tunnel air 252 phase); Flu, Pyr
(Hong Kong) (particle phase)

! European cities in this study: Duisburg (Germany), Prague (Czech Republic), Amsterdam (The

Netherlands), Helsinki (Finland), Barcelona (Spain) and Athens (Greece).
n.d., values under the limit of detection
n.q., values under the limit of quantification
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These high BaP values were reported during the winter. As a curiosity, concentrations of
BaP found in the road tunnel were up to 12 ng m>. As regards concentrations of other
PAHs, studies have shown that the less volatile PAHs were, as expected, the most
abundant in particulate matter. For instance, Ind and BghiP were reported to be the
most abundant in TSP in Zaragoza (Spain) and PA, FluT, Pyr, Chry, BbF, BjF, BkF, BeP, BaP
were the most abundant in other European cities. However, in samples of air and
particulate matter, high and mid-volatility PAHs are the most abundant because of their
high presence in the gas phase. The distribution of PAHs also depends on the PAH
sources and therefore will vary according to the sampling location, as can be seen in
Table 1.6. Therefore, the use of ratios of some PAH characteristics or certain sources
can help in some cases to assess PAH emission sources [3].

Atmospheric PAH concentrations can also have seasonal patterns. Temperature appears
to have a big impact on the concentration of PAHs in the atmosphere. In general, higher
PAH concentrations have been reported in cold seasons than in warm seasons. This
tendency can be in part explained by the increase of fuel consumption in winter in
urban locations. For instance, concentrations of total PAHs in the city of Menen
(Belgium) were 5-7 times higher in January, February and December, compared to May,
June and August [108]. Finally, PAHs in the gas phase were generally shown to have the
highest values of all PAHs, especially the most volatile ones. Gas phase PAHs were 10
times higher than those in the particle phase in Flanders (Belgium) [87] and 15 times
higher in the road tunnel in Hong Kong [109].

Because of their severe health effects and their ubiquitous presence in environmental
matrices, PAHs are one of the most studied contaminants. However, as mentioned
previously, concentrations of airborne PAHs are only regulated in PMy and the
contribution of the atmospheric gas phase PAHs is often underestimated. Therefore,
more studies on PAH concentrations in the gas phase and their influence on human
health should be a major concern in the future.

1.1.3. Emerging Organic Contaminants

As mentioned in the introduction to this section, emerging organic contaminants (EOCs)
are compounds continuously introduced in the environment because of their
widespread use in anthropogenic processes. Although most EOCs are currently
unregulated, some of them exhibit adverse effects on the environment and human
health which make them potential candidates for regulation in the future.

Therefore, some of the studies presented in the experimental part of this thesis have
focused on the determination of some groups of EOCs in different environmental
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samples. These EOCs have been chosen because of their ubiquitous presence in the
environment and their recognised effects on health. The studied contaminants include
three families of personal care products (synthetic musk fragrances, parabens and
insect repellents), which are used daily in several consumer products, and volatile N-
nitrosamines, which are by products of drinking water disinfection and considered to be
EOCs. In this section we have also included tobacco-specific nitrosamines (TSNAs).
Although TSNAs are not yet considered to be EOCs, major interest in future research is
being shown because of their potential indirect pathway to human exposure, such as
the oral ingestion of drinking water containing these carcinogens [110].

In this section, a description of these EOCs is provided, including their main
characteristics, health effects and main environmental sources, occurrence and fate.

1.1.3.1 Personal care products

The active ingredients of personal care products (PCPs) are a broad range of organic
compounds currently used as additives in cosmetic, household, food and
pharmaceutical products, among others. Because of their widespread use, PCPs are one
of the groups of EOCs most commonly detected in environmental matrices. PCPs have
been found in matrices such as water, biota, sediments, sludge, and outdoor and indoor
air, particulate matter and settled dust [111].

The interest in the determination of PCPs in the environment has been growing over the
last two decades. Some PCPs belong to the list of high production volume chemicals and
are produced in thousands of tonnes every year [112]. Since PCPs are included in many
different consumer products, they can be absorbed by the body, where they are
metabolized and excreted, or washed off after application. As a consequence, the main
route of exposure of PCPs into the environment is through waste water effluents.
Nevertheless, PCPs can also be introduced directly into the environment via the direct
release into surface waters from the skin (e.g. sunscreen filters, parabens) or volatilized
into the air (e.g. via synthetic musk fragrances and insect repellents) [113], among other
pathways.

PCPs can be transformed in the human body, biota, and surface waters or during WWTP
processes to create intermediate metabolites and degradation products. Data on the
ecotoxicity of the PCP degradation products is scarce, and it is possible that these
products produce environmental and health effects which have not been yet evaluated
[17].
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The most commonly-studied PCPs are: fragrances (e.g., synthetic musks), antimicrobials
(e.g., triclosan), UV filters (e.g., benzophenones), insect repellents (e.g., DEET),
preservatives (e.g., parabens) and siloxanes (e.g., decamethylcyclopentasiloxane).
Because of their ubiquitous presence in the environment, their high volatility, and their
effects on the environment and public health, this thesis is focused on the
determination of synthetic musk fragrances, parabens, and insect repellents.

Synthetic musk fragrances

Synthetic musk fragrances are added in high quantities to scent a wide range of
consumer products, such as detergents and cosmetics. These fragrances, synthesized to
replace expensive natural musks, include a broad range of different compounds, which
can be divided in three groups according to their chemical structures: nitro, polycyclic
and macrocyclic musk fragrances [114]. Figure 1.5 shows the structures of a
representative synthetic musk from each group.

[e)
O,N o
0O
o]
O,N \
Musk ketone Galaxolide Ambrettolide

Figure 1.5. Representative structures of three synthetic musk fragrances: musk ketone (nitromusk),
galaxolide (polycyclic musk), and ambrettolide (macrocyclic musk).

The nitromusk fragrances are two or three-fold nitrate benzene derivatives with
additional alkyl, keto or methoxy groups. These musks were the first to be produced but
their use has been drastically reduced in recent decades due to their accumulation in
environmental matrices and their potential carcinogenic effects [114]. In this sense, the
1998 amendment of the European Directive 76/768/EEC relating to cosmetic products
prohibits the use of musk ambrette, moskene and tibetene in cosmetics and limits the
contents of musk xylene (MX) to 1 % in fine fragrances, 0.4 % in eau de toilette and 0.03
% in other products. Musk ketone (MK) is limited to 1.4 %, 0.56 % and 0.042 %
respectively [115]. Furthermore, nitromusks can be transformed in WWTPs - as well as
in biota - into amino metabolites [116], which show higher toxicity [117] and higher
hormone disrupting potential [118].
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The polycyclic musk compounds are the most widely-used nowadays. These musks were
first synthesized in the 1950s and can be indane, tetraline or cumarin derivatives and
tricyclic compounds. Compared with the nitromusks, the polycyclic have better
properties such as a higher resistance to light and alkali [114]. The most representative
polycyclic musks are the commercially named: galaxolide (HHCB), tonalide (AHTN),
cashmeran (DPMI), celestolide (ADBI), phantolide (AHMI), and traseolide (ATIl). Among
these, galaxolide and tonalide represents 95% of the commercially-used polycyclic
musks [119]. However, polycyclic musks have also been found in environmental
matrices [111] and, therefore, limits have been set regarding the amounts that can be
used in cosmetic products. For instance, the maximum authorized concentration in a
finished cosmetic product for tonalide is 0.1 % for leave-on products and 0.2 % for rinse-
off products [120].

The macrocyclic musks are 15 or 17-membered ring systems, which can be found in
nature or synthesized, and are mainly divided in two groups: ketones (from animals)
and lactones (from plants). These compounds have stability to light and alkalis, high
fixation and quality odours, and seem to be more easily degradable in the environment
[121]. Although macrocyclic musks have these outstanding properties, they are not
used often because of their relatively high production costs. However, they are
expected to be of increasing interest in the future [114].

As mentioned above, polycyclic and nitromusks do not occur in nature and are
structurally and chemically very different from natural musk compounds. These
synthetic musks are more lipophilic and persistent chemicals, and therefore can
accumulate in sediments, sludge and biota and are able to biomagnify throughout the
food chain [116,122-124]. Furthermore, they are only partially biodegradable and,
therefore, are not completely eliminated in WWTPs. Removal of approximately 50 to
more than 90 % have been reported in literature, mainly caused by their sorption into
sludge [125,126]. As an example of their low biodegradation, Bester et al. [127] found
average HHCB concentrations of ca. 1900 ng L™ in influents, 700 ng L™ in effluents and
3000 ng g* in sludge in an urban WWTP in Germany. Hence, the main pathway of
synthetic musks into the environment is through waste water effluents [128].
Moreover, the digested sludge applied as fertilizer to soils is considered to be an
important source of these compounds to terrestrial ecosystems [129]. Additionally,
some degradation products of the synthetic musks can be produced during the waste
water treatment, such as the amino metabolites of the nitromusk (mentioned above) or
the galaxolidone (HHCB-lactone), which is more oxidised and hydrophilic than the
precursor polycyclic musk (HHCB) [126].
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The most widely-found synthetic musks in environmental samples are HHCB and AHTN
and the degradation product HHCB-lactone. Concentrations of these compounds in
urban WWTP effluents have been reported up to 7000 ng L™ for HHCB, up to 2000 ng L™
for AHTN [130] and up to 400 ng L™ for HHCB-lactone [127]. These compounds have
been also found in natural waters but at lower concentrations, such as 5-30 ng L for
HHCB and 3-15 ng L™ for AHTN in the Tamar and Plym Estuaries in the UK [131]. The
other musks are generally less frequently detected in natural waters. The nitromusk
compounds MX and MK have also been detected in environmental waters but usually at
lower concentrations. As an example, Sumner et al. [131] found concentrations of 4-7
ng L™ of MX and 10-30 ng L™* of MK in final effluents samples from WWTPs in UK.

Because of the low vapour pressure of most synthetic musks, another important route
of exposure is also their vaporization into the air. For instance, synthetic musks have
been detected in urban and rural air in lowa and the Great Lakes at concentrations of
up to 0.8 ng m~ for HHCB, 0.33 ng m? for AHTN and 0.022 ng m?> for MX [132].
However, most of the determinations of musks in air have focused on indoor air and
dust where musk concentrations are much higher [133-137]. For instance, Kallenborn et
al. [138,139] detected concentrations in indoor environments of up to 44.3 ng m™ for
HHCB, 13.4 ng m™ for AHTN and 1.0 ng m for MX, which were 10 times higher than
those detected outdoors.

The long-range transport and persistence of synthetic musks, as well as their exchange
between air and water matrices, has caused them to be found in remote non-
anthropogenic areas such as the Great Lakes [132,140] and Arctic waters [141]. Their
presence has been also reported in biota, such as fish, mussels, crustaceans [124,142],
birds and mammals [143]. Due to their widespread use and the detection of these
fragrances in environmental matrices, several authors have suggested the use of
polycyclic musks as chemical markers of anthropogenic pollution [144,145].

Synthetic musks have also been found in several human tissues: blood plasma
[146,147], adipose tissue [148,149] and breast milk [149-151]. The information about
the health effects of musk is scant and currently there is a debate about the estrogenic
or anti-androgenic endocrine disrupting activity of polycyclic musks [129,147]. Polycyclic
and nitromusks inhibit the activity of multidrug efflux transporters responsible for
multixenobiotic resistance in muscle, among other effects [152]. Although polycyclic
musks have not shown mutagenic potential in different tests, general data on their
toxicological effects on humans are scarce [148].
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Parabens

Parabens (p-hydroxybenzoic esters) are the most commonly-used preservatives and
antimicrobial agents used in personal care, pharmaceutical and food products. Figure
1.6 shows the general structure of parabens. The most widely used are methyl and
propyl parabens, because of the synergistic effect when using both compounds
together [111]. Other parabens commonly-used are ethyl, isopropyl, butyl, isobutyl and
benzyl parabens. The widespread use of parabens as preservatives comes from their
high  antimicrobial activity, inertness, worldwide regulatory acceptance,
biodegradability, low cost and stability to pH (effective between pH 4.5-7.5) and
temperature [153].

HO

Figure 1.6. General structure of parabens.

The European Union permits the use of parabens in cosmetic products with a maximum
concentration of each one of 0.4 % and a total maximum concentration of 0.8 % [120].
The US Food and Drug Administration regulations limit paraben concentrations in food
to 0.1% [154], while paraben concentrations in pharmaceuticals do not exceed 1%.

Parabens can occur naturally in plants. For instance, methyl paraben (MeP) has been
reported as a constituent of cloudberry, yellow passion fruit juice and white wine, and
n-propyl paraben (PrP) has been detected in the aerial part of the plant Stocksia
brahuica [155]. However, their major fate in the environment occurs because of their
anthropogenic use. As mentioned before, parabens are used as preservatives in
cosmetics, pharmaceuticals and food products. Because of their daily use, these PCPs
are continuously released into the environment through urban and industrial waste
water. They have been detected in water samples at concentrations ranging from ng L?
to mg L. Parabens can be effectively removed during conventional waste water
treatments [121,156,157] and therefore their levels in WWTP influents are usually much
higher than those found in WWTP effluents and, therefore, those in surface waters. For
instance, Gonzdlez-Marino et al. [158] found MeP and PrP in influents of a WWTP in the
surroundings of Santiago de Compostela (Spain) at 5138 ng L' and 1147 ng L,
respectively, whereas the concentrations in the effluents were under the limit of
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quantification. Concentrations of these parabens in the rivers of the area were up to 6.8
ng L™ for MeP and 5.9 for PrP. Parabens have been also found in sewage sludge at
concentrations up to 202 ug kg'1 for MeP and 10 ug kg'1 for PrP [159].

Few studies have determined parabens in air and indoor dust [160,161]. Rudel et al.
[162] studied their occurrence in 120 homes in Cape Cod (USA). The most detected
paraben was MeP with a median indoor concentration of 2.9 ng m™. More recently, the
same group of researchers detected MeP up to 17 ng m~ in an indoor environment, but
all the studied parabens were under limit of detection in outdoor samples [163].
Reported concentrations of parabens were higher with values of up to 1640 ng g for
MeP and 1050 ng g'1 for PrP in homes in the north of Spain [160,164] and up to 10600
ng g" for MeP and 10800 ng g for PrP in Canadian homes [165].

Parabens present some health effects and influence several molecular pathways within
cells. As endocrine disrupting chemicals, the most extensively described activity is their
ability to bind to human estrogen receptors (ER) and then to act via ER-mediated
mechanisms to regulate gene expression and cell growth in estrogen-responsive cells
[166,167]. Parabens act also as androgen receptor (AR) antagonists or as inhibitors of
sulfotransferase enzymes [168]. On wider cellular functions, they can disrupt lysosomal
and mitochondrial functions [169], can cause DNA damage [170] and can cause UVB-
induced damage through the production of reactive oxygen compounds and nitric oxide
[171]. Furthermore, parabens have been detected in human breast tissue and tumours
[172] and, therefore, their estrogenic activity may influence the growth of estrogen
responsive breast cancers [173].

The main human exposure route of parabens is through the skin and gastrointestinal
tract [153]. However, there is little information regarding their presence in air or their
toxicity and their absorption into the human body through the skin or the respiratory
system [174].

Current concentrations found in human samples for single parabens (in the range 10-80
nM) are 2 to 4 orders of magnitude lower than effective concentrations in in vitro
systems such as cell proliferation and aromatase inhibition in placental microsomes
[175]. However, information of synergistic effects of parabens together with other
cosmetic chemicals is unknown and should be a matter of future research [173].
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Insect repellents

Insect repellents are substances applied to skin, clothing or other surfaces which
prevent humans and animals from being bitten by insects. They also prevent the risk of
infectious diseases being spread worldwide by insects. Insect repellents can be obtained
from a natural origin or based on synthetically-produced active agents. Among the
synthetic insect repellents, DEET (N,N-diethyl-m-toluamide or N,N-diethyl-3-
methylbenzamide) is the most commonly-used insect repellent because it can repel a
broad spectrum of insects. Recently, however, a new active agent - 1-
piperidinecarboxylic acid 2-(2-hydroxyethyl) 1-methylpropyl ester (called icaridin, KBR
3023 or Bayrepel) — was introduced as a DEET substitute in some products. Both
compounds and the main degradation product of Bayrepel, the Bayrepel-acid (1-[(1-
methylpropoxy)carbonyl]-2-piperidineacetic acid), are the main insect repellents
determined in environmental matrices. Among these, DEET is the most studied. Figure
1.7 shows the chemical structure of DEET. DEET is classified by the USEPA as an indoor,
residential-use pesticide and, therefore, ecological risk assessments are not required
[176]. DEET is not regulated by any European legislation, but has been voluntarily
replaced by the main producers as a result of public concern.

N

N

Figure 1.7. Chemical structure of DEET.

DEET has been widely detected in aquatic systems, including ground, surface and
drinking water [177-179]. Recent reviews of the worldwide occurrence of DEET in the
aquatic environment have reported concentrations ranging from 40 ng L™ in fresh water
samples to 13000 ng L™ in some ground water samples [179,180]. However the
processes controlling the environmental effects of DEET have not been studied in detail
and further investigation on the effects of DEET and its metabolites in aquatic
ecosystems is required. Furthermore, there is little information about its presence in
atmospheric samples.

Information about DEET toxicity is also scarce but there is evidence that it is slightly
toxic to aquatic invertebrates, fish and birds but practically nontoxic to mammals [176].
The main route of exposure for humans is skin absorption. A few toxic side effects in
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humans have been reported when used excessively [179], most of them due to
antagonistic interactions of DEET with cholinesterase, an enzyme required for the
proper functioning of the nervous system. Research has also shown that DEET has
potential carcinogenic properties in human nasal mucosal cells [181].

1.1.3.2 Nitrosamines

Nitrosamine is the general term used to designate a vast group of N-nitroso compounds
(NOCs). Among these NOCs, N-nitrosamines are of special interest because of their
occurrence and effects on health. In this section, we overview first the N-nitrosamines
most commonly found in the environment and next the tobacco-specific nitrosamines,
which are potent carcinogens formed by oxidation of nicotine.

N-nitrosamines

N-nitrosamines are genotoxic organic contaminants widely-distributed in the
environment. The main route of formation of N-nitrosamines is by nitrosation reactions
that take place between a nitrosating agent (like nitrite (NO,) in an acidic environment,
nitrous acid (HNO,), nitrogen oxides (NO,), nitrosyl chloride (NOCI) and a nitrosable
agent such as a secondary amine. Nitrosation reactions occur in some foods such as
vegetables, fish, and especially meat products cured with nitrite. In the atmosphere, N-
nitrosamines are formed because of the presence of nitrogen-containing compounds
originated from combustion processes. The main industrial sources are those which
manufacture amines, herbicides, pesticides, pharmaceuticals and rubber. Moreover,
fertilization of arable lands and grassland soils with mineral nitrogen encourages the
formation of nitrosamines in soils. They can also be formed because of the
biotransformation of some pesticides and other precursors [182]. A source of particular
interest is the formation of N-dimethylamine (NDMA) and other N-nitrosamines as
disinfection by-products (DBPs) during the chlorination of drinking water supplies [183].
These N-nitrosamines are included in the EOC group [184]. Recently it was recorded
that the presence of other nitrogen-organic compounds present in waste waters, such
as some PCPs, can also act as NDMA precursors [185]. Figure 1.8 shows the structures
of the N-nitrosamines most commonly found in the environment.

Little current legislation regulates the concentration of N-nitrosamines in the
environment. For instance, European legislation only regulates the release of N-
nitrosamines and N-nitrosable substances from elastomer or rubber to a limit of 10 ug
kg' for total N-nitrosamines and of 200 pg kg’ for nitrosable materials such as
secondary amines [186]. N-nitrosamines in the atmosphere are only regulated by
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German legislation, which limits the airborne N-nitrosamine concentrations to 2.5 ug
m around manufacturing and storage areas and up to 1 ug m> in other atmospheric
environments [187].
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Figure 1.8. Chemical structures of the N-nitrosamines most commonly found in the environment.

Regarding levels in water, five N-nitrosamines have been included in the USEPA New
Contaminant Candidate List-3 (CCL-3) of water contaminants [30]. Although there is a
lack of directives for the maximum allowable amounts of NDMA and other
nitrosamines, a current limit of 10 ng L™ for notification is internationally accepted.
Recently, the state of California published limit levels of NDMA of 3 ng L™ [188] and the
USEPA recommends that levels of NDMA in lakes and rivers should be limited to 1.4 ng
L™, to prevent possible health effects from drinking water or eating contaminated fish
[189].

As mentioned previously, N-nitrosamines are widely-distributed in the environment and
have been detected in air, water, sediments, as well as in food and consumer products.
In a study of drinking water in Canada, levels of 108 ng L™ for NDMA, 71 ng L™ of NPyr
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and 2 ng L' of NPip were found [190]. In a recent study of our research group by Llop et
al. [191] N-nitrosamines were found in the urban drinking water of Tarragona with
concentrations of 10.3 ng L™ for NDMA, 28.8 ng L™ for NMEA, 66.6 ng L™ for NPyr and
51.1 for NMor. The highest atmospheric concentrations have been detected in the
rubber industry, with values of airborne NDMA of 0.3 ug m and of NMor of 0.23 ug m?
in a German rubber factory [192].

The main route of exposure of N-nitrosamines is through the ingestion of food and
waters containing these contaminants [183,193]. Moreover, human endogenous
formation of N-nitrosamines can occur in the acidic stomach through nitrosation
reactions of amines in the presence of nitrite and nitrate. This formation increases the
risk of gastric, esophageal, nasopharyngeal, and bladder cancer [182].

N-nitrosamines are environmental toxins that can be metabolized into potent genotoxic
agents. There are an extensive number of studies of their genotoxicity [183]. NDMA is a
model compound of this class, which is genotoxic in a wide array of systems in vitro and
in vivo. It induces gene and chromosomal mutations as well as DNA damage.
Furthermore, it is activated into a mutagen by various enzymes. IRIS identified 4
nitrosamines as probable human carcinogens (group B2) [52] and IARC found sufficient
evidence in animals for the carcinogenicity of NDMA, NPyr, NMor and NPip [50].
According to the IRIS database, 7 ng L™ in drinking water represents a 10~ lifetime
cancer risk for the average adult.

Nicotine and tobacco-specific nitrosamines

Of special concern are the so-called tobacco-specific nitrosamines (TSNAs), which are
among the most abundant carcinogens identified in tobacco and its smoke. TSNAs are
non-volatile nitrosamines formed by nitrosation of nicotine and other related tobacco
alkaloid precursors with nitrogen oxides, during the tobacco curing, ageing or
fermentation processes and during its combustion [194]. The structures of nicotine and
of the most commonly-related TSNAs are shown in Figure 1.9.

Because of their origin, the presence of TSNAs is especially important in indoor
environments. Nicotine is the most abundant organic compound emitted during
smoking and deposits almost entirely on indoor surfaces. This nicotine can also react
with atmospheric compounds (ozone, nitrous acid and nitrogen oxides) to produce
TSNAs. Given the low volatility of TSNAs and the high levels of nicotine typically found in
environments contaminated with tobacco, TSNAs can persist for weeks to months
[195].
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Figure 1.9. Chemical structures of nicotine and the most common tobacco-specific nitrosamines.

Furthermore, several experiments have suggested that airborne NNK concentrations in
sidestream cigarette smoke can increase by 50% to 200% per hour during the first 6
hours after cigarettes are extinguished [196].

The main route of exposure to TSNAs is through inhalation of environmental tobacco
smoke. The environmental tobacco smoke, most commonly called second hand tobacco
smoke (SHS), consists of diluted and dispersed sidestream tobacco smoke that is
emitted by smouldering cigarettes. SHS contains many mutagenic and carcinogenic
chemicals, and of these TSNAs are among the most potent carcinogens [194]. Whereas
direct inhalation of SHS is an exposure pathway of concern, non smokers, especially
infants, are at risk through contact with surfaces and dust contaminated with residual
smoke gases and particles [197] (called thirdhand smoke (THS)) [198]. THS has been
overlooked as a source of long-term exposure to TSNAs [195]. Several studies have
detected nicotine in indoor dust and on surfaces. Kim et al. [199] analysed 7 dust
samples of non-smoking homes and 30 of smoking homes and found that the average
concentration of nicotine in smoking homes was 43.4 ng mg™, 3 times higher than in
non-smoking homes. Similarly, Matt el al. [197] found nicotine levels 5-7 times higher in
the households of smokers, with concentrations of up to 4.43 ug per m? found on
surfaces. Rumchew et al. [200] determined nicotine concentrations of PMyg in 92 homes
in Australia. The average nicotine concentrations in smoking homes were 0.75 ug m?,
whereas concentrations in non-smoking were < 0.5 ug m=>. TSNAs have been
determined in tobacco leaves, in cigarette smoke and in SHS. However, there is no
information about their presence in house dust. Concentrations of TSNAs in SHS have
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been reported to be 4.36 ng m™ for NNN and 1.95 ng m™ for NNK [201]. Average
concentrations of TSNAs in tobacco smoke per cigarette are 159 ng of NNN, 115 ng of
NAT, 13 ng of NAB and 135 ng of NNK [202].

According to IARC, TSNAs are a leading class of carcinogens in tobacco products [203].
Of all TSNAs identified, NNK and NNN are the most prevalent and strongest carcinogens
in tobacco products [194] and so IARC classified them as the only TSNAs carcinogenic to
humans (Group 1) [203]. NAB and NAT are considered to be not as classifiable
regarding its carcinogenicity to humans (Group 3 IARC). TSNAs have been linked to
acute leukaemia [204] and lung cancer [205].

Because of the adverse health effects related to tobacco smoke, several countries have
prohibited smoking in indoor public places. This prohibition has reduced the exposure
of non-smokers to nicotine and TSNAs dramatically. However, exposure to these
contaminants is still present in private homes and cars. Hence, further investigation on
the presence of nicotine and TSNAs in indoor surfaces and dust and their implications
for human health should be carried out in the future.
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As previously commented, organic contaminants can be found at very low
concentrations in environmental atmospheres and waters. Therefore, efficient and
highly sensitive detection techniques that allow low limits of detection (LODs) are
required for their reliable determination. Liquid and gas chromatography continue to be
the predominant techniques for the identification and quantification of organic
contaminants, their metabolites and transformation products in the environment. They
are also the techniques which are recommended in most of the standard methods. Gas
chromatography (GC) is the preferred analytical technique for determining volatile
compounds but it is also used for the determination of some semi-volatile
contaminants. However, for the determination of more polar and less volatile organic
contaminants, a derivatization step is often needed prior to GC analysis. Hence, liquid
chromatography (LC) is the preferred technique for determining these contaminants.
Both GC and LC can be used in combination with several detection techniques. Mass
spectrometry (MS) is currently the most widely-used because of its high sensitivity and
selectivity.

Other analytical techniques, such as capillary electrophoresis (CE), have also been used.
Recent advances in CE coupled with MS detection make this hyphenated technique
more competitive in the analysis of environmental samples [206]. However, for the
determination of atmospheric contaminants, few applications in CE have been
published. As an example, Van Pinxteren et al. developed a capillary
electrophoresis/electrospray ionization mass spectrometry (CE/ESI-MS) for the
determination of 38 organic acids in atmospheric particles and cloud water [207]. The
preconcentration of the analytes in a solid-phase extraction cartridge and the coupling
of CE with time-of-flight (TOF) spectrometry allowed limits of detection (LODs) in the
low pg m> range. More applications can be found for the determination of organic
contaminants in waters. As an example, non-aqueous CE has been used for determining
parabens and synthetic musks in waters [208], allowing LODs of low ng L* comparable
with those found with other GC-MS methods. DEET has also been quantified by field-
amplified concentration with micellar electrokinetic chromatography (FAC/MEKC) and
spectrophotometric detection [209].

Currently, the development of more selective and environmentally-friendly techniques
is an issue of major concern. Increasing interest is being shown in immunochemical
methods [210] as techniques for trace determination of organic contaminants. These
techniques require only a little preparation, exhibit high sensitivity, and may be less
expensive in comparison with instrumental analysis based on chromatography and mass
spectrometry. Furthermore, fully automated immunosensor systems can be applied for
the routine analysis of real samples. Currently, however, there are few applications
being used to determine organic contaminants in environmental samples. One
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application by Tschmelak et al. [211] used an optical biosensor for the determination of
pharmaceuticals, antibiotics, hormones, endocrine disrupting chemicals and pesticides
in water and it showed LODs below 0.2 ng L.

Real-time determination of organic contaminants is also becoming increasingly
important because of growing concerns over toxicity and the increase in environmental
legislation. Real-time determinations are especially useful to study variations in the
levels of atmospheric contaminants and for the detection of occasional high levels that
can be produced in the atmosphere. In general, spectroscopic techniques are ideal for
on-line process monitoring because of their short analysis times. Fourier-transform
infrared spectrometry (FTIR), X-ray fluorescence spectrometry (XRF) and MS are
examples which are used for continuous, on-line monitoring.

Direct air sampling-MS (DS-MS) is the most widely-used method for continuous air
sampling and monitoring of VOCs in ambient air [212]. In DS-MS, an inlet system
extracts and transfers the analytes from the atmospheric pressure to the high vacuum
inside the MS, while an auxiliary pump is used to draw the air sample continuously into
the inlet system. The most commonly-used inlets are capillary restrictors and polymeric
membranes.

The most widely-used DS-MS techniques for the determination of atmospheric
contaminants, their times of analysis, LODs, advantages and disadvantages and some
examples of analytes are summarised in Table 1.7. Differential optical absorption
spectroscopy (DOAS) shows a fast response time and low LODs. DOAS is based on the
different light absorption of different organic molecules and gives specific differential
absorption spectra that allow their identification. DOAS instruments permit continuous,
moderately sensitive determination of VOCs in ambient air, but the presence of oxygen,
ozone and several hydrocarbons with similar spectra gives rise to severe interference
effects. Moreover, the sensitivity of the DOAS technique was shown to be reduced
under low-visibility conditions.

Low pressure and atmospheric chemical ionization combined with tandem MS systems
(LPCI-tandem MS and APCI-tandem MS) are sensitive and permit real-time continuous
determination of VOCs in ambient air. LPCl-tandem MS gives low background levels and
lower method LODs than APCl-tandem MS. However, LPCI-tandem MS instruments are
expensive and are not yet able to achieve very low LODs, so they are not very conclusive
for measuring VOCs, particularly BTEX, in ambient air at the low-pg m™ concentrations
of regulatory levels widely set by authorities in environmental and occupational health
areas. In this sense, proton-transfer reaction MS (PTR-MS) provides rapid, sensitive
measurement of VOCs in ambient air with very low LODs. However, the main drawback
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of this technique is that isomeric and isobaric compounds are not separated and

measured individually by PTR-MS instruments.

Table 1.7. Most representative real-time techniques for determining atmospheric organic
contaminants [212-214].
Real-ti Ti f
€a '|me ime o. LODs 3 Analytes  Advantages Disadvantages
technique analysis  (ugm?)

DOAS 30-60 s 1-2.6 BTEX High time resolution. Interferences caused by
Formalde- Real time-data. the r:]resence l:f oxyge;
hyde . and hydrocarbons wit

NO chemical similar spectra.
interferences.

. Reduction of sensitivity
Multi-component. o

under low-visibility

Sensitive determination  cgnditions.
of a wide range of High cost.
VOCs.

APCI- <5s 38 BTEX High ionization Not recommended for

tandem PAHs efficiency. measuring BTEX at low

MS High sensitivity. concentration.

Direct sampling. Formation of water
clusters.
High cost.

LPCI- 5s 2.0 BTEX Simplicity. Expensive.

tandem ; P

S PAHs On-site determination  presence of dilution of

of wide range of VOCs. Hs0" reagent ions.

PTR-MS 1s 0.3; 0.03- BTEX High sensitivity. Isobaric interferences

0.4 for on hydrocarbon
Alcohols Low LODs. Yy

BTEX measurements.
Terpenes . . +
| Short time analysis. Reaction time of H;0
soprene ions and flow-drift tube
Aceto- pressure limitations
nitrile from the electrical field.
THF

Since GC and LC are the most widely-applied separation techniques for the

determination of organic contaminants in environmental samples, this section is

dedicated to reviewing the current GC and LC methods.
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1.2.1. Gas Chromatography

As mentioned before, GC is a versatile technique suitable for the determination of
thermally stable volatile and semi-volatile organic contaminants. One of the main
advantages of GC is that it is compatible with sample preparation techniques that
require the subsequent liquid desorption (LD) or thermal desorption (TD) of the
analytes and therefore can be used in combination with a wide range of sample
preparation techniques. For instance, GC analysis is the preferred technique for
determining synthetic musk fragrances because these compounds have high thermal
stability and lipophilicity [122]. Furthermore, for the determination of more polar
analytes, such as amines, carbonyls, phenolic contaminants or polar degradation
products of PCPs, a derivatization step prior to the GC analysis can be used. The main
objective of derivatization is to block the polar functional groups, leading to an increase
in volatility and reduction in polarity. This enhances GC peak shape and leads to higher
sensitivity. For instance, silylating reagents like N-methyl-N-(trimethylsilyl)
trifloroacetamide (MSTFA) or N-methyl-N-tert-butyldimethylsilyl)trifluoroacetamide
(MTBSTFA) have been successfully applied for the derivatization of compounds
containing hydroxyl groups, such as UV filters, antimicrobials [215] and preservatives
[216].

The most commonly-used injection system is the split/splitless. However, the use of
large volume injection (LVI) techniques is one of the strategies used currently to
improve sensitivity. The most widely-used LVI techniques are on-column (OC) and
programmed temperature vaporizer (PTV) injection, but also newer applications, such
as direct sample introduction, at-column injection, and through oven transfer
adsorption-desorption interfaces, can be found in the literature [206]. While
split/splitless injectors are usually limited to about 4 pL of injection volume, 50 pL can
be injected to PTV and OC injectors. However, because of the large volumes that can be
injected in OC and PTV injectors, the chromatographic system can easily become
polluted and give unreliable results, thus are only recommended when very clean
samples are used [122].

One of the most common capillary columns used for the determination of organic
contaminants are those coated with a film of 5% diphenyl polydimethylsiloxane, with
0.25 mm or 0.32 mm i.d. and 30 m or 60 m of length. Although these columns allow the
separation of a wide range of compounds, more selective GC phases are needed for the
resolution of isomeric or enantiomeric compounds that usually coelute. For instance,
more polar polydimethylsyloxane phases, such as a 50% diphenyl, have been
successfully used for the enantiomeric separation of some PAHs, and 65% diphenyl
phases have been used for the separation of high polar degradation intermediates of
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PCPs [17]. However, liquid crystalline columns provide greater selectivity of 50% or 65%
than diphenyl polydimethylsyloxane columns [217]. Liquid-crystalline columns can
separate the three important pairs of PAHs that typically coelute on traditional 5%
phenyl methylpolysiloxane columns (Chr and triphenylene; BbF and BjF; and
dibenzo[a,cl-and DahA) [217]. Since these PAHs present different carcinogenic and
mutagenic effects, their accurate separation is of major concern for health studies. The
main limitations of liquid-crystalline columns are variation in selectivity, changes in the
order of elution of PAHs among different columns, and a limited temperature range,
which results in a limited mass range for the determination of organic contaminants. To
overcome this, a 50% dimethyl 50% (mole fraction) liquid-crystalline
polydimethylsiloxane phase has been developed to offer a greater operating
temperature range. Currently the most efficient enantioselective GC phase is the
(heptakis-(2,3-di-O-methyl-6-O-t-butyldimethyl-silyl)-B-cyclodextrin), which can sepa-
rate the enantiomers of the polycyclic musks and their metabolites [122].

However, the complexity of environmental matrices can provide several problems with
the identification and quantification of the target organic contaminants. The
chromatographic peaks of these contaminants can sometimes be overlapped with other
target compounds or matrix components and, therefore, cannot be resolved by one
dimensional GC. To overcome this obstacle, comprehensive two-dimensional gas
chromatography (GCxGC) has emerged over the last two decades as a powerful
analytical technique. This is an excellent choice for the determination of organic
contaminants in complex matrices. When the multidimensional GC approach based on
heart-cutting type was used previously, only a few small fractions eluting from the first
columns were selected for further separation on the second column and, therefore, its
applicability was limited to determining known target analytes. In the comprehensive
approach (GCxGC), the entire first dimension column eluate is further analysed in the
second dimension column. GCxGC increases the separation space and improves the
chromatographic resolution, allowing more confident analyte identification and
quantification [218]. The LODs of GCxGC are usually three to five times lower, and the
number of resolved peaks is up to 10 times greater than with one dimensional GC [218].
Equipment for GCxGC includes: an injector and a detector (as in the one dimension GC
equipment); a first column (15-30 m length x 0.25-0.32 mm i.d., 0.1-1 pum film
thickness); a modulator, usually a cryogenic one, which accumulates and traps the
analytes that elute from the first column, and releases each fraction to the second
column rapidly; and a much shorter, narrower and polar second dimension column (0.5-
2 m x 0.1 mmid., 0.1 um film thickness) [219]. Figure 1.10 shows the scheme of a
GCxGC system with the second column held in a separate oven. This is the most widely-
used approach these days because it enables more flexible temperature control. GCxGC
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systems have largely been applied for the characterization of air and aerosol organic
contaminants. One of the most relevant applications was the separation of more than
550 VOC species from urban air samples by Lewis et al. [220]. Amador-Mufioz et al.
[221] used GCxGC for the determination of PAHs in urban dust, obtaining enhanced
sensitivity with minimum sample treatment, compared with more traditional one
dimensional techniques. Recently, Gdmez et al. [222] used a GCxGC method for the
automatic searching and evaluation of non-polar and semi-polar contaminants (13 PCPs,
15 PAHs and 27 pesticides) in waste water and river water, obtaining excellent
separation efficiency and compound identification.
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Figure 1.10. Scheme of a GC x GC system showing 1% dimension
column, thermal modulator and 2" dimension column
located inside a secondary oven [223].

GC can be used in combination with a wide variety of detectors, such as classic
detectors like flame ionization detector (FID). An alternative involves the use of specific
GC detectors that provide higher selectivity in the determination of specific compounds,
such as the electron capture detector (ECD), nitrogen-phosphorous detector (NPD) or
the nitrogen chemiluminiscence detector (NCD). For instance, Ozel et al. [224] recently
demonstrated that GCxGC coupled with NCD, specific for organic nitrogen (ON)
compounds, allows the detection of more ON species with higher sensitivity than when
mass spectrometry detectors are used. However, the most commonly-used detection
technique coupled with GC that is used nowadays is MS. In GC analysis, the full scan
mode of MS is employed for identifying compound structures, whereas the selective ion
monitoring (SIM) can be applied to achieve high sensitivity for quantification. The
electron impact mode (El) is the most appropriate if the analysis is focused on the
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enforcement of maximum residue levels, simultaneous identification and quantification
of a very large number of target analytes.

Chemical ionization (Cl) is a softer ionization mode that provides information on the
fragmentation pattern which is useful for structure identification of organic
contaminants and their metabolites. Furthermore, Cl mode can increase sensitivity of
some compounds, such as nitromusk fragrances and their amino metabolites [111] and
volatile amines and nitrosamines [191,225]. The negative Cl (NCI) detection of these
nitrogenated compounds increases sensitivity to achieve LODs comparables to ion trap
MS (IT-MS) [226]. NCI with methane has also been shown to be highly sensitive and
selective for some isomeric PAHSs, such as the selective detection of the molecular ions
of FluT over Pyr and of BaP over BeP [217].

Several MS analysers can be found in the literature. Single quadrupole MS has been
successfully applied for determining a wide range of organic contaminants, such as
VOCs [59], PAHs [227] and PCPs [122]. Other MS analysers, high resolution MS
(magnetic or TOF), IT-MS or tandem MS allow the suppression of a matrix background
to achieve higher selectivity and sensitivity [17]. For instance, Planas et al. [228]
proposed an automated SPE method and isotope dilution GC with magnetic high
resolution MS for the determination of nine nitrosamines in water samples,
achieving LODs between 0.08-1.7 ng L. These MS analysers can also be combined
with LVI to provide higher sensitivity. Besides, TOF-MS permits full-scan screenings with
high mass resolution, and mass accuracy. For instance, one useful application of TOF-MS
is for the identification of unknown degradation intermediates of PCPs in environmental
matrices [17]. The use of TOF-MS in combination with the high chromatographic
resolution capability of GCxGC reduces the sampling pre-treatment steps, increasing the
sample throughput. For instance, Matamoros et al. [229] developed a methodology
based on a polymeric solid-phase extraction, followed by in GC-port methylation and
GCxGC/TOF-MS determination for the simultaneous determination of 97 organic
contaminants in river water, with LODs from 0.5 to 100 ng L™. More recently, Leda et al.
[230] detected highly chlorinated PAHs in environmental samples for the first time using
a GCxGC/TOF-MS method. One of the main drawbacks of this coupling is that
GCxGC/TOF-MS chromatograms are very complex and the identification of a specific
group of compounds is a very time-consuming process.

The tendencies in modern GC are towards the miniaturisation of instrumentation and
the achieving of shorter separation times. GC is the most widely-used separation
technique for the in-field determination of organic contaminants. To that end, portable
and miniaturised GC equipments are being developed, such as GC-FID or GC-MS which
are widely-used for determining VOCs in atmospheric samples [214]. One recent
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example of GC miniaturisation is the development by Hallyday et al. [231] of a
microfabricated GCxGC system (coupling the primary column to the secondary via a
differential flow modulator). This is suitable for the separation of VOCs and sub-ng
detection sensitivity to monoaromatics when coupled with a low power photoionization
detector (PID).

One of the approaches that provides shorter times is low pressure GC (LPGC). A typical
LPGC set-up involves the use of a short microbore column (typically 0.5-1 m x 0.10 mm
internal diameter) at the injector side connected with a zero dead-volume connector to
a short megabore column (typically 10 m x 0.53 mm) to be used with higher gas
velocities. This set-up maintains atmospheric injection conditions, while the analytical
column is operated under low-pressure conditions that are compatible with MS
detectors [232]. Although the use of LPGC results in a loss of separation efficiency, it
offers a 3—5-fold reduction in analysis time for organic compounds and thus increases
sample throughput and enhances the signal-to-noise ratio, leading to improved
detection limits. LPGC has been widely-used for determining pesticides in fruits and
vegetables; however it has also been applied for determining other contaminants in
environmental matrices. For instance, LPGC coupled with ITMS has been used for the
analysis of gas and aerosol phase PAHs from ambient air samples [233]. 16 PAHs were
separated in less than 13 minutes using LPGC-ITMS, whereas 40 minutes are needed
when using a conventional GC-MS. LPGC-ITMS has also been applied for determining
BTEX in environmental samples in 1 minute of analysis time [234].

Additionally, the so-called fast GC uses shorter, narrower columns and higher carrier gas
velocity to achieve faster analysis times, in the order of minutes or even milliseconds.
Fast GC is designed to minimise analysis time without compromising chromatographic
resolution and it is usually accomplished by reducing the characteristic diameter of the
GC column and the use of shorter columns. A major advantage is that peak width is
small so the signal-to-noise ratio is larger. Analysis using fast GC can give peak widths at
half height of 0.2-3 s and separation efficiencies equal to or greater than conventional
GC but 5 to 30 times faster [235]. For instance, Jurado-Sanchez et al. [236] developed a
fast GC method coupled with a NPD for the screening of N-nitrosamines in tap and
swimming pool samples in 3 minutes. Recently, Pinto et al. [237] developed a fast GC
method based on LVI-fast GC-MS for the determination of trihalomethanes (chloroform,
bromodichloromethane, dibromochloromethane and bromoform) and BTEX in soil
samples. The separation of the analytes was carried out in less than 5.50 minutes with
LODs in the range of 0.2 to 15 ug kg'l. A disadvantage of fast GC is that the stationary
phase may be substantially overloaded if the analytes are highly concentrated. The main
limitation of fast GC is the speed of detector response, and therefore is limited to GC-
FID, GC-ECD and GC-TOF-MS. The advantages of fast GC are: reduced time; greater
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throughput; feasibility of more replicate analysis resulting in greater precision; lower
carrier gas consumption; reduced cost; and applicability of field portable instruments
[235].

1.2.2. Liquid Chromatography

In contrast with GC, liquid chromatography (LC) is the preferred technique for the
determination of less-volatile, polar or thermolabile organic contaminants. For instance,
LC has been used for the determination of apolar semi-volatile compounds such as
PAHs, [217], less volatile PCPs such as UV filters [238], and some PCP degradation
products which are more polar than their respective PCP precursors [17].

Reverse phase is the most typical LC mode, with Ci3 and Cg columns being the most
frequently-used [239]. However, the overall trend in LC is for fast-LC methods that use
short, narrow bore columns, high mobile phase flow-rates and ultra-high pressures in
order to reduce the analysis time (and therefore the solvent consumption) without
compromising the peak resolution. One of the options to reduce run times is ultra-high
performance LC (UHPLC), which uses columns packed with sub-2 um particles. This
enables elution of sample components in much narrower and more concentrated
bands, resulting in better chromatographic resolution and increased peak capacity
[240]. Pedrouzo et al. [238] developed a UHPLC method for determining 11 PCPs in
environmental waters in only 9 minutes of chromatographic separation. However, the
increase in pressure when using columns packed with small particles requires the use of
specialized LC systems able to tolerate back-pressures of up to 15,000 psi. To overcome
this, shell-core columns have recently been introduced. These shell-core particles are
2.7 um in diameter, with a 1.7 um solid core and a 0.5 pum porous outershell with 9 nm
pores. This configuration allows very rapid separations at modest pressures. There are
few reported applications of these columns in the determination of organic
contaminants in environmental atmospheres or waters. Recently, it was used for
determining drugs of abuse and their metabolites in waste and surface waters in 13
minutes of analysis [241].

Another recent trend in LC is the application of hydrophilic interaction chromatography
(HILIC) for the separation of polar compounds. This involves a polar stationary phase
(such as silica gel or aminopropyl HILIC columns) and an aqueous-organic mobile phase
rich in organic solvents in which water is introduced to play the role of a stronger
eluting solvent. HILIC increases sensitivity in MS detection compared to reverse phase
LC. Because of this, applications of this technique to the determination of organic
contaminants in environmental samples have increased in the last few years. For
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instance, Esparza et al. [242] developed a HILIC method for determining diallyl-
dimethylammonium chloride in water samples with LOD of 50 ng L™. The low detection
limit achieved, in combination with the absence of matrix effects, allowed the direct
analysis of samples without any pre-treatment, pre-concentration or clean-up step. The
application of HILIC-tandem MS for determining drugs of abuse in waste water provided
limits of quantification (LOQs) in the 1-2 ng L™ range [243].

Several detectors can be used with LC such as diode array UV absorbance and
fluorescence detection, among others. For instance Silva et al. [244] used LV-diode array
detection to determine triclosan in biological and environmental matrices with an LOD
of 100 ng L™. However, hypenation with MS detection is necessary for trace analysis in
environmental complex matrices and for the identification of new compounds [210].
The use of tandem MS or TOF-MS rather than single-quadrupole is especially relevant
when it is coupled with LC because of the lower chromatographic resolution of this
technique and the often low fragmentation obtained. Since LC-tandem MS allows
separation and detection of compounds having the same molecular mass but different
product ions, even if they coelute, tandem MS detection is the preferred method
because of its increased analytical sensitivity and selectivity in complex water matrices.
Different tandem MS approaches are the triple quadrupole (QqQ), the IT and the
hybrids quadrupole-ion trap (Qtrap) and quadrupole-TOF (Q-TOF). Among them the
most commonly-used detection mode is QqQ because of its high sensitivity which
allows the determination of organic contaminants at very low levels. For instance, Rodil
et al. [245] applied a QgQ for the determination of emerging organic contaminants in
water samples with LODs between 0.3 and 30 ng L. Pedrouzo et al. [238] determined
parabens, antimicrobials and UV filters using a QqQ with limits of detection in river
waters in the range of 1-5 ng L'". In general, QqQ MS or Qtrap-MS are usually applied for
structure elucidation and quantitative analysis, whereas TOF-MS is more useful for
identification [246]. Another hybrid, the Q-TOF, permits the acquisition of full-scan
product ion spectra, with the accurate mass of the product ions. Based on the product
ion spectra, structure elucidation of unknown compounds, as well as identification of
target compounds, can be obtained with a much higher degree of certainty [247]. For
instance, Petrovich et al. [248] used Q-TOF for determining pharmaceuticals in water
samples with LODs ranging 10 to 500 ng L™.

The most commonly-used LC-MS interfaces are atmospheric pressure ionization
technologies, such as electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI). ESI is well-suited for the determination of polar compounds, whereas
APCl is very effective in the determination of medium-polarity and low-polarity
substances. For instance, an ESI interface was used by Negreira et al. [249] for
determining six polar derivatives of 2-hydroxybenzophenone, a UV filter, in water
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samples. Whereas both ESI and APCI are the most suitable for the detection of low-
molecular mass molecules, the atmospheric pressure photoionization (APPI) interface is
the best choice for the analysis of contaminants which are difficult to ionize [206].
Viglino et al. [250] used a LC-APPI-tandem MS method for determining natural and
synthetic estrogenic endocrine disruptors in environmental waters achieving LODs of 5
ng L. Matrix effects are one of the major drawbacks of the LC-MS coupling, particularly
when working in the ESI mode. It can result in the suppression or, less frequently, the
enhancement of analyte signals, leading to erroneous quantification [184]. The least
time-consuming method to compensate for matrix effects is to use isotopically labelled
standards as surrogate or internal standards. For instance, Gonzdlez-Marifio et al. [158]
used analogous isotopically labelled compounds of methyl paraben, triclosan and
tricarbam to compensate for matrix effects in (ESI)-tandem MS. Other strategies to
compensate for matrix effects include the dilution of the samples or the calibration by
standard additions in the sample matrix.

As seen from the information above, GC-MS, both single quadrupole and ion trap, are
the most widely-used techniques for determining volatile and some semi-volatile
organic contaminants in both atmospheric and water samples. Additionally, the current
methodological trends for the determination of semi-volatile and non-volatile organic
contaminants involve the use of LC-tandem MS, especially when a QgQ analyser is used.
New trends in both techniques involve a combination of strategies which allow the fast
analysis of samples without losses of sensitivity and selectivity.
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As mentioned before, the major pathway of anthropogenic organic contaminants into
the environment is through emissions into the atmosphere and aquatic systems.
Therefore, the determination of organic contaminants in atmospheric and water
samples is an issue of major concern because of the environmental and health effects of
these contaminants. Analytical methods to determine these organic contaminants come
up against two main challenges. Firstly, the environmental samples are heterogeneous
mixtures with a large number of components that can interfere in the determination of
the analytes. Secondly, the target organic contaminants are usually at very low
concentrations, usually at ng L or ng m’. Therefore, in most cases, both atmospheric
and water samples cannot be analysed directly and require the use of extraction and
pre-concentration methods prior to the chromatographic analysis. For all of the above
mentioned, the selection of a suitable sampling and extraction technique is a decisive
point in the analytical process. In this section, we provide an overview of the most
widely-used sampling and extraction techniques for the determination of organic
contaminants in environmental atmospheres and waters.

Because of the complexity and heterogeneity of atmospheric samples, sampling of
atmospheric organic contaminants should also be drawn up carefully, so that the
representativeness of the sample is assured. For air samples, whole-air collection
methods show high representativeness and use time-integrated samples. However,
most of the current sampling and extraction methods of organic contaminants in air are
based on enrichment onto solid sorbents, either by passive or active sampling. The main
advantage of this technique is that it allows the sampling and preconcentration of the
target analytes in one step. The suitable sorbent or group of sorbents, sampling volume
(for active methods) and sampling instrumentation are among the most important
parameters that should be optimised. Organic contaminants can also be present in the
airborne particulate phase and in settled dust. These matrices can be collected using
filters or denuders or in vacuum cleaner bags.

After sampling, atmospheric contaminants can be extracted either by liquid or thermal
desorption. Liquid desorption (LD) is the preferred technique for semi-volatile
compounds trapped on solid sorbents or bounded to airborne particulate matter of
indoor settled dust. LD can be done by classic techniques, including Soxhlet and ultra-
sound extraction, or more environmentally friendly techniques, such as pressurised
liquid extraction (PLE), microwave assisted extraction (MAE) or supercritical fluid
extraction (SFE). However, thermal desorption (TD) is the most widely-used technique
for volatile organic contaminants. Some recent applications of the thermal desorption
of semi-volatile compounds are described below.
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Several extraction techniques can be used for the extraction of organic contaminants
from water samples. Among these techniques, solid-phase extraction (SPE) has been
the most widely-used extraction and preconcentration technique for determining
organic contaminants because of the wide range of sorbents developed that cover a
broad variety of analytes. However, current trends in sample preparation include the
use of more environmentally-friendly methods that avoid or reduce the use of organic
solvents. Among these green techniques, solid-phase microextraction (SPME) and stir
bar sorptive extraction (SBSE) are most commonly-used techniques. After SPME and
SBSE, analytes are usually desorbed directly by thermal desorption which avoids clean-
up steps and therefore reduces the risk of external contamination. Section 1.3.2 reviews
the most recent developments in extraction and preconcentration techniques for water
samples, including the development of more selective sorbents, as well as the most
recent microextraction methods.

1.3.1. Atmospheric Samples

The atmosphere is a heterogeneous complex matrix mainly composed of a mixture of
gases and solid particles. Furthermore, the atmospheric composition is continuously
changing, as it can be affected by meteorological conditions, diffusion processes, and
the reactivity of the organic compounds into different compounds. Organic
contaminants can either be associated with the atmospheric gas phase or the particle
phase. Because of their low vapour pressures, the most volatile contaminants, such as
VOCs, are usually associated with the gas phase. However, semi-volatile organic
compounds (SVOCs) can be distributed between both gas particle phases. This
portioning between both phases depends on the molecular weight of the organic
compound, their heat of condensation and the aerosol surface area [251]. The
association of the organic compounds with particles can be done through adsorption
and through some combination of surface interactions involving van der Waals and
Lewis acid/base forces, and absorption such as insertion into an organic or aqueous
layer on a particle’s surface [252]. Therefore, sample preparation techniques for
contaminants associated with particles should be strong enough to extract the analyte
from the particle.

As discussed in section 1.1, atmospheric organic contaminants are often at low
concentrations ranging from ug m™ for VOCs to pg m’® for SVOCs such as PAHs or EOCs.
Hence, it is usually necessary to concentrate, focus or trap the analytes of interest prior
to the analysis to increase sensitivity. The choice of the right sample preparation
technique depends on several parameters. The most important parameters are: the
phase in which the organic pollutant is associated (mainly gas or particulate matter); the
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type of compound (volatile or semi-volatile) and its concentration level; the aim of the
measurement (emission, immission, deposition); the period of measurement (long or
short term); and the desired information (qualitative screening, variability of the
concentrations, etc.).

Because of the nature of the atmospheric samples, the sample collection step plays a
crucial role in the analytical process, as it determines the representativeness of the
sample. Furthermore, sampling and preconcentration can be done in one single step,
such as in the methods based on enrichment into solid sorbents. New trends in the
analysis of atmospheric samples are the development of more rapid, less expensive and
environmentally-friendly methods. Below, an overview of the most widely-used
techniques for the sampling, extraction and desorption of organic contaminants present
in air, particulate matter and settled dust is provided.

1.3.1.1. Sampling and extraction of air

Volatile and some semi-volatile organic contaminants can be found in the gaseous
atmospheric phase. Currently, the most widely-used techniques for the sampling and
extraction of these organic contaminants in air are whole-air collection and enrichment
into solid sorbents either by active or passive sampling. This section is dedicated to the
overview of the advantages and disadvantages of these methods, as well as some
recent developments and applications.

1.3.1.1.1. Whole-air sampling

Air can be collected in containers, such as canisters, glass bulbs, bags made from
synthetic materials — such as Tedlar — and gas pipettes. Currently the most commonly-
used containers are canisters and plastic bags [235]. Sampling can be at atmospheric or
sub-atmospheric pressures. Depending on the concentrations of the target
contaminants, the air samples can be analysed directly by GC or in combination with a
preconcentration step prior to the analysis. Whole-air collection techniques present
some advantages over sorbent enrichment methods. Some of the main advantages are:
high representativeness of the sample; absence of breakthrough of the analytes;
availability of multiple sample aliquots for replicate analysis; and time-integrated
samples when using controlled-flow pumps to introduce the sample into the container
[235]. Some of the disadvantages are: no exclusion of non-target compounds which may
lead to sampling matrix effects or analytical interferences; water condensation;
adsorption of target compounds onto particles collected on the pre-filter or on the walls
of the container; and the bulkiness of the sample.
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Canisters samplers are recommended in the USEPA methods TO-14A and TO-15, to
determine 40 atmospheric non-polar VOCs [253,254]. However, canisters have shown
more versatility and have been used to efficiently determine more than 150 polar and
non-polar VOCs [255]. These containers are made from specially-modified stainless
steel, which preserve the stability of the VOCs. To avoid wall adsorption of VOCs, the
interior surface of canisters can be coated with a layer of chrome-nickel oxide (Summa
canisters) or, more recently, with a thin layer of fused silica [255]. Additional advantages
of passivated canisters include: no degradation of trapping materials; sample stability
for weeks or months; greatly reduced contamination problems; easy cleaning; and
consistent recoveries [255]. Canisters are recommended for the analysis of C,-Cs
hydrocarbons but are not recommended for hydrocarbons with a larger number of
carbons because of the possibility of the wall effect [235].

Plastic bags can be made of Tedlar (polyvinyl fluoride), Teflon (fluorinated ethylene and
propylene copolymer) or Nalofan (polyterephthalic ester) according to EN 13725 of the
European Committee for Standardization [256]. Plastic bags are cheaper, can be used
with a wide range of volumes (0.5-100 L), and can be reused after purging repeatedly
with pure nitrogen or ultra-pure air. However, the main disadvantages are: the
instability of the retained compounds during 24-48 hours of storage; the limited sample
volume; and the permeability of some bags to certain compounds and humidity
[235,257].

The biggest challenge in whole-air sampling is the removal of the collected water prior
to injection in a GC column. Among other adverse effects, water can interfere with the
subsequent analytical techniques, the VOCs associated with condensed water can be
lost, the blockage of cryogenic traps through the formation of ice, variability of GC
retention time by overloading and damaging the stationary phase, and deterioration of
the MS ion source due to ionization of water [214]. Basic techniques for removal of
water vapour from gas streams include adsorption, desiccation, permeation drying,
cryocondensation and cold trap dehydration. Nowadays, the most widely-used methods
are cryocondensation and cold trap dehydratation, which results in the removal of more
water without affecting VOC recovery [255].

Depending on the concentrations of the target organic contaminants in the air samples
and on the sensitivity of the detector, enrichment into a sorbent or in a cryogenic trap
may be necessary prior to analysis. Most recent standards and regulatory guidance
relating to whole air monitoring methods favour the use of one or more sorbent
focusing traps held at ambient or moderately cooled temperatures for subsequent
analysis [254,258].
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Recently, canister methods have been used to determine chlorinated VOCs with a
cryofocusing trap injector device followed by GC-MS. This method developed by
Zoccolillo et al. [259] allowed accuracy of less than 4% and LODs between 0.1 to 0.2
pptv. Doezema et al. [260] determined fifteen ambient hydrocarbons in Los Angeles
using 2 L-canisters followed by cryotrapping and GC-FID with %RSD <6% RSD for all
compounds. The variability of seven alkyl nitrates in coastal New England was
monitored by Russo et al. [261] using 2 L-canisters followed by a Thompson Farm GC
system, which consisted of dual stage cryotrapping (first stage at -20°C for water
removal and second stage at -185°C for trapping the analytes), reaching LODs of 0.01
pptv and %RSD between 10-20%. The suitability of Tedlar bags for determining volatile
siloxanes in landfill gas was recently demonstrated by Ajhar et al. [262]. The bags were
connected to a PTFE injection loop and analysed in a GC-MS, obtaining %RSD < 4%, and
storage stability up to 30 days.

1.3.1.1.2. Enrichment into solid sorbents

The adsorptive enrichment into solid sorbents, either by active or passive sampling, is
currently a well-established sampling technique for airborne organic vapours. This
technique allows the sampling and enrichment in one simple step, which provides low
limits of detection. The main advantages of sorbent sampling are that it allows a larger
volume of sample than with a canister to be collected, and is easier to handle [257].
However, it is not a real-time technique and the range of analytes that can be collected
is limited to the type of sorbent. In this section, an overview of the currently available
sorbents, as well as the main active and passive sampling methods, is provided.

The main decision with sorbent-based methods is the selection of the suitable sorbent
or group of sorbents that ensure the complete retention of the analytes during
sampling and the complete desorption and recovery prior to the analysis [263].
Selection of the sorbent basically depends on the kind of target contaminants to be
collected (volatility, polarity, etc.), on the sample matrix, and the subsequent
desorption, analysis and detection techniques. Table 1.8 shows the main characteristics
of some common solid sorbents: strength, surface area (in m? g*), desorption method
(liquid of thermal desorption), thermal stability, and the most characteristic features.

During the selection of the appropriate sorbent, the main parameters that should be
taken into account are: the strength of the sorbent to avoid breakthrough of the volatile
analytes or excessive retention of the less volatile analytes; the degradation products of
the sorbents that cancause artifacts that affect the analysis; the inertness to avoid side
reactions with the analytes; and the water affinity (the more hydrophobic, the less
undesirable the effects are on chromatographic analysis).
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Table 1.8. Main properties of some selected solid sorbents commonly used for the sampling and
extraction of organic compounds from air samples.

Surface Thermal
Type Sorbent Strength area Desorption e Features
2 stability
(m“g™)

Inorganic Silicagel ~ Weak  300-800 Liquid <400°c  Suitable for high polarity
and low volatility
contaminants, such as PCBs
and pesticides.

High water affinity.
Molecular  Very 500-800  Liquid/ >400°c Highartifacts (ca. 10 ng) in
sieves strong Thermal 0.
High hydrophilic.
Aluminum  Weak  ca.300 Liquid <400°c  Used for polar analytes.
oxides High water affinity.
Florisil Weak  ca.300 Liquid >400°c  Used for polar analytes.
High water affinity.
Carbon  Activated Strong 800-1200 Liquid >400°c Medium polarity.
based charcoal Low-medium water affinity.
Carbon Very 400-1200 Liquid/ >400°C  Low polarity.
molecular strong Thermal Low-medium water affinity.
sieves Carbosieve Sl has minimal

artifacts (<0.1 ng).

Inert-suitable for labile
compounds.

Graphitized  Medium- 12-100  Thermal >400°c Hydrophobic.

carbon blacks strong Minimal artifacts (<0.1 ng).
Friable.
Porous  Styrene- Medium 300-800 Liquid/ <250°C Hydrophobic.
polymers divinilbenzene Thermal High inherent artefact
polymers or levels (10-50
ponv:nyI— ng/component).
rrolidone
Py Inert-suitable for labile
polymers ¢
(PoraPak, components.
Chromosorb,

XADs)
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Table 1.8. (cont.)

Phenyl- Medium 20-35 Thermal <350°C Low polarity and low water

phenylen- affinity.

oxide Low inherent artifacts (< 1

polymers ng).

Tenax

( ) Inert-suitable for labile
components.

Poly- Weak ~15 Liquid <200°C Suitable for collection of

urethane non-volatile analytes.

Foams

Poly- Medium Liquid/ <320°C Good sorption material for

dimethyl- Thermal semi-volatile organic

siloxane compounds.

Inorganic sorbents, such as silica, aluminium oxides and florisil, are weak sorbents,
whose main drawback is their high water affinity. They are therefore currently-used for
determining very polar compounds such as methanol [264] and amines [265] or as a
substrate for derivatizing agents. Similarly, molecular sieves are inorganic sorbents with
high water affinity and which show high artifacts when used in combination with TD.
Therefore, several applications can be found in the literature for organic contaminants.
For instance, zeolite molecular sieves can be used in sampling 1,3-butadiene [266].

Carbon-based sorbents have been widely-used for the determination of air
contaminants. Activated charcoal has been by far the most common sorbent used in
combination with liquid desorption, especially in occupational samplings. It is the
sorbent used in the majority of NIOSH and OSHA methods and is also recommended for
the determination of benzene in air by the European method EN-14662-2 [267].
Activated charcoal is a strong sorbent with a high surface area and is suitable for
medium polarity air contaminants. More recent carbon-based sorbents include carbon
molecular sieves, which are compatible with TD, and graphitized carbon blacks, which
show minimal artifacts and low water affinity [268].

Porous polymers are weak-medium sorbents which are useful for trapping semi-volatile
airborne contaminants. XAD resins and polyurethane foams (PUFs) have been widely-
used as sorbents for persistent contaminants such as PAHs [217] and pesticides [269].
Tenax is one of the sorbents most commonly-used with TD, because of its low water
affinity, its low inherent artifacts and its inertness. This makes it suitable for the
sampling of labile analytes [266]. Polydimethylsyloxane (PDMS) can be used in
combination with LD and TD and has been used for trapping semi-volatile compounds,
such as PAHs [270].
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For non-volatile and strongly adsorbed compounds, sample recovery from the sorbent
remains the limiting step, whilst very volatile compounds may cause breakthrough
problems. Since one single sorbent is not usually appropriate for all of the target air
organic contaminants, multi-bed sorbent tubes are the best option these days to
determine compounds in a wide range of volatility. In these tubes, high-boiling
compounds get trapped in the first zone of the adsorbent bed (often a porous polymer
such as Tenax), and the more volatile are collected on a sorbent with greater activity.
Several authors have used different combinations of multi-sorbent beds for trapping a
wide range of VOCs, such as Tenax TA-Carbograph TD for monitoring 64 VOCs in
industrial and urban air [59,271,272] or Carbotrap-Carbopack X- Carboxen-569 for
determining a wide range of odour nuisance and air-quality VOCs [273].

When commercially-available sorbents are wused, volatile polar atmospheric
contaminants are difficult to trap and usually show poor sensitivity and peak shapes in
GC analysis. For those kinds of compounds, a derivatizing agent is usually added to the
sorbent. For instance, carbonyl compounds are usually collected by simultaneous
sampling-derivatization processes. The most common derivatizing agent for those kinds
of contaminants is 2,4-dinitrophenylhydrazine (2,4-DNPH) added to C;g cartridges, silica
or XAD resins in active [274] or diffusive samplers [275]. Moreover, some new sorbents
have been developed using different technologies, such as nanoparticles [276];
molecularly-imprinted polymers (MIPs) [277]; and carbon nanotubes (CNTs) [278]. Most
of these new sorbents have not shown sufficient robustness and repeatability for
widespread application. However, new kinds of CNTs have been developed recently that
show better sampling precision than previous CNTs because of better air permeability.
For instance, Wang et al. [279] developed a 3-amino-propylsilica gel-multi-walled CNT
for determining 38 VOCs in indoor samples, including alkanes, aromatic hydrocarbons,
alcohols, carbonyls, amines, esters, halogenated compounds and sulfides. Most of the
target compounds showed recoveries of over 80%.

Samples adsorbed into solid sorbents can be collected by active or passive techniques.
Active or dynamic sampling techniques involve pumping a defined volume of air
through a tube with a bed of sorbent or sorbents in which the analytes are retained.
While no single sample method suits all air monitoring applications, active sampling into
sorbent tubes provides the most versatile option, and several official methods are
based on this technique. Active sampling methods are used for determining target
atmospheric contaminants at very low concentrations and, therefore, large sample
volumes are needed.

One of the most important parameters that should be optimised in active sampling is
the sample volume, which should ensure the preconcentration of enough analytes to
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allow their subsequent detection, without any losses. The breakthrough volume is the
volume of gaseous sample that can be drawn through a sample tube before an analyte
is eluted from the tube. Every sorbent has a limited capacity for a given analyte which
depends on the characteristics and amount of the sorbent, on the type of compound to
be trapped, and on certain sampling parameters, such as the temperature and the
humidity of the air [252]. To avoid breakthrough, it is necessary to choose carefully the
right sorbent of combination of sorbents and the sampling flow and volume.
Breakthrough can be monitored by connecting two sampling tubes in series and then
analysing both sorbent tubes. A concentration <5% in the second tube of the target
analytes is generally accepted [280].

Depending on the characteristics and the concentrations of the contaminants, active
methods can be divided mainly into low-volume sampling and high-volume sampling.
Low-volume sampling methods have been widely-used for compounds that can be
found at ug or ng L™ which are mostly in the gas phase, such as VOCs. Typical flow-rates
can vary from 10 to 1000 mL min™ and collecting sample volumes can be from 0.1 to
150 L [257]. Long or short term samples can be collected in sorbent tubes (usually ca. 6
mm o.d. and between 6-9 cm long) packed with sorbents, using a sampling pump.
Figure 1.11 shows a sampling pump connected to a sorbent tube and a sequential tube
sampler that allows the collection of up 32 different sampling tubes.

A B

Figure 1.11. (A) Sampling pump connected to a sorbent tube; (B) Sequential tube sampler.

High-volume sampling is used for the monitoring of semi-volatile compounds that show
low concentrations (< ng m®) and which can be present in both gas and particle phases.
A high-volume sampler generally contains a high-volume pump, a filter and a column
with solid sorbents. A modern and widely-used high-volume sampler is shown in Figure
1.12. Typical working flows are from 100 to 500 L min™ for collecting volumes of 300-
2000 m? of air samples in periods between 24 hours to 2 weeks [281]. Weak sorbents
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such as XAD resins, polyurethane foams (PUFs) or combinations of both are used for
trapping the gas phase contaminants. The main drawback of high-volume sampling is
that the long sampling duration may enhance the risk of losing compounds due to
breakthrough and degradation losses of certain organic contaminants. Blow-on
(gaseous compounds adsorbed on deposited particles or on the filter material) and
blow-off effects (volatile compounds desorbed from the filter) can be also common
[269].

E—
Particle phase
QFFs or GFFs

L o

S

Gas phase
(PUFs and/or
XAD resins)

Figure 1.12. High-volume sampler for the collection of total suspended
particulate matter and gas phase semi-volatile organic
contaminants.

In the last few years, passive samplers have been used in several applications because
of their simplicity, low price and their ease of use. Enrichment in passive samplers
results from the diffusion of analytes, which are trapped in an adsorbent that has strong
affinity for the contaminant, favouring the diffusion of the contaminant from the air to
the adsorbent. Moreover, they can provide time-weighted-average concentrations
based on exposure time [193]. However, there are several drawbacks compared with
active methods. Firstly, passive samplers are difficult to calibrate because they are
sensitive to several environmental factors, such as temperature fluctuations and air
movement. Secondly, they are susceptible to background contamination and efficiency
depends on sampler storage prior to the sampling, exposure, storage and desorption of
analytes after exposure and sampler design. Furthermore, passive samplers can only
collect free gaseous phase contaminants, and sampling periods are significantly higher
than the usual time required using active samplers. This increases the risk of artifact
formation because of the long exposure periods. The critical limitations are sorbent
capacity and uptake rate in the case of high dosages and the response time and
sensitivity in the case of low dosages. Moreover, the range of analytes that can be
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monitored diffusively is restricted to those that are quantitatively retained by the single
sorbent selected, because multi-sorbent tubes cannot be used for diffusive monitoring
[235].

However, different types of passive samples are commercially available and have been
successfully used for the determination of a wide range of air contaminants. Figure 1.13
shows the diffusion process of passive samplers and a radial diffusion passive sampler.
Although most of the passive sampling applications are related to the determination of
VOCS [282], they have been also used for determining SVOCs such as PAHs and
polychlorinated naphthalenes (PCNs) [283] or polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs) [284].

A Ambient Surface B
concentration o 5 & _~ area

Diffusion
path

Concentration

gradient
Diffusion

path

Diffusion
path
Zero concentration —
on adsorbent

surface

Figure 1.13. Passive samplers: (A) diffusion process and (B) radial diffusion.

Besides the techniques mentioned above, other techniques can be used for the
sampling and extraction or organic contaminants in air. For instance, solid-phase
microextraction (SPME) can be used as a preconcentration technique after whole-air
sampling methods and can also be regarded as a special kind of passive sampler. SPME
is a sorptive technique developed in the early 1990s, which combines sampling,
isolation and enrichment in one single step [285]. SPME is based on the partition
equilibrium of target analytes between a polymeric stationary phase (a coated fused-
silica fibre), and the sample matrix. After the extraction, the analytes are usually
desorbed thermally in combination with GC analysis, and, less frequently, using solvents
and LC analysis. SPME provides some advantages over traditional extraction methods
such as solvent-free operation, good sensitivity, cost effectiveness and operational
simplicity. In addition, SPME quantification is feasible in non-equilibrium conditions
once experimental parameters are held constant, which considerably reduces sampling
time. However, used as a passive sampler, SPME does not provide a time-weighted
average such as other passive samplers and results might indicate much lower or higher
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levels than the true average due to the timing of significant concentration fluctuations
during the monitoring period [9]. Quantification can also be compromised by
unpredictable competitive effects, e.g. unusually high humidity or the presence of high
transient concentrations of non-target organic analytes, solvents, etc. Therefore, SPME
should be regarded as a qualitative tool or for short term monitoring of higher boiling
compounds in air, or as a preconcentration technique after whole-air sampling [286].

To overcome some SPME drawbacks (such as fragility, low sorption capacity and
bleeding from thick-film coatings), in-needle SPME has been developed as a technique
in which the extraction phase is fixed inside a tube or needle. This overcomes the
mechanical stability problems of fibre-SPME. The most widely-used approaches to in-
needle SPME are needle trap devices (NTDs) and solid-phase dynamic extraction (SPDE).
A schematic diagram of these techniques is shown in Figure 1.14.

Gas-tight syringe Gas-tight syringe

Needle
Heat-resistant Internal coating /
fiber

Copolymer
particles Conical tip with
side hole

Conical tip with
side hole

Figure 1.14. Schematic diagram of an NTD and a SPDE device [20].

In NTD methods, the needle of a gas-tight syringe is packed with polymeric sorbents
[287]. As an example of an application for atmospheric samples, an NTD was recently
packed with Carboxen1000 and used as a time-weighted average diffusive sampler to
collect BTEX in indoor air [288]. The SPDE technique works on the same principle as
SPME, but is a dynamic process in which the headspace of the sample is pumped
repeatedly through a hollow needle attached to a gas-tight syringe. In SPDE approaches,
the extraction phase is on the inside of the needle. The advantage of SPDE over SPME is
the increased volume of sorption material which implies higher sensitivity. The in-
needle-related method and the most recent applications in environmental matrices,
such as air, have recently been reviewed by Lord et al. [287]. As an example of improved
SPDE, Van Durme et al. [289] developed an accelerated SPDE procedure coated with
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PDMS to extract toluene from ambient air that provided an extraction in 1.7 minutes
with LOD of 56 ppbv. This is 6 times lower than those obtained with SPME.

1.3.1.2. Sampling of airborne particles and settled dust

Previously, a description of the most widely-used techniques for the collection and
extraction of organic contaminants in air samples was provided. However, some of
these organic contaminants, especially the semi-volatile ones, are partitioned between
the airborne gas and particle phases. Therefore the determination of these
contaminants in the airborne particle phase and in settled indoor dust is also of major
interest. In order to collect the airborne suspended particles, glass fibre filters (GFFs)
and quartz fibre filters (QFFs) are usually used in combination with high-volume
samplers (see Figure 1.12). According to USEPA, airborne particles be classified in three
main categories in regard to their size [290]: The first category is Total Suspended
Particulate matter (TSP), which has particles ranging in size from 0.1 um to about 30 um
in diameter. The second is PMy,, whose particles have a diameter of < 10 um, and are
considered to be a respirable fraction because they can penetrate the lower respiratory
tract. The third category is PM, s, whose particles have a diameter of < 2.5 um, and can
cause health problems due to their potentially long airborne retention time and the
inability of the human respiratory system to defend itself against particles of this size.
Because of their different health effects, there are some specific PMyg and PM,s
samplers that, by using a cyclonic effect, can selectively collect these sizes of particles,
or cascade impactors that can collect size-fractionated aerosol samples. Furthermore, it
has been demonstrated that organic contaminants do not have equal accumulation in
the different particulate matter fractions. For instance, Kameda et al. [96]
demonstrated that the major deposit of PAHs occurred in 0.43-1.1 pm particulate
fractions. Figure 1.15 shows a PM;o sampler and a cascade impactor sampler.

A special case of particle matter is the sampling of deposited particles such as indoor
surface dust. The most frequently-used methodology is to use dust from vacuum
cleaner bags, or a special vacuum cleaner mouthpiece containing a filter. However,
these methods are very dependent on the sampling conditions. To avoid this, a special
surface dust sampler has been developed which consists of a nozzle that can be
adjusted to a defined distance from the surface, a cyclone that collects the dust
particles, and an air pump and exhaust filter to capture particles that are not retained in
the cyclone. SVOCs may break through the cyclone as vapours and a PUF plug can be
inserted after the cyclone (ASTM, 1997, D 5038-94) [252]. House dust can either be
sampled actively by vacuuming or wiping or passively by the use of dust-fall methods
[12].
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Figure 1.15. (A) PM;, and (B) cascade impactor sampler.

Another strategy to separate the gas phase analytes from the particulate phase is the
use of denuder samplers. Denuder sampling of analytes from atmospheric air combines
the features of dynamic and passive techniques. Figure 1.16 shows the most important
processes that occur in a denuder sampler. It can be seen in the diagram that a forced
laminar flow of air causes analytes to diffuse to the walls of the denuder, which are
coated with a sorption medium. The process continues until equilibrium is reached
between the gas and the sorbent surface, whereby the denuder walls act as a sorbent.
The degree of enrichment of the target compounds depends on the intensity of the air
flow and the specifications of the denuder [291].

The most common denuders are those with annular design, which consists of a series of
coaxial tubes coated with an appropriate adsorbent through which the air flows. Vapour
phase SVOCs are removed from the air stream by diffusion onto an adsorbent coating.
Particles, which diffuse much more slowly, are collected onto a filter downstream.
Other designs have been proposed including multicapillary and parallel plates. An
interesting approach is the suspended-drop denuder, in which analytes are retained in a
drop of solvent. Suspended from a syringe needle, this solvent drop is exposed for a
given time to a stream of gas from which target VOCs diffuse onto it. After the
exposure, the drop is sucked into the needle and transferred to a GC [291].
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Figure 1.16. Main processes occurring in a denuder sampler.

One of the main advantages of the denuder approach is that particulate matter is
retained on a filter. Therefore, diffusion denuder systems have been proposed as an
alternative to high-volume samplers in order to collect air and particle samples for the
determination of SVOCs [252]. Actually, denuder sampling is one of best methods for
estimating the gas/particle portioning or SVOCs, but it has not been used extensively
yet. This sampling technique have been applied to determine concentrations and also to
investigate gas-particle partitioning of different SVOCs such as PAHs, PCBs, OCPs or
carbonyl compounds [269].

1.3.1.3. Desorption techniques

After collection and preconcentration of the atmospheric organic contaminants on a
sorbent, these trapped contaminants have to be transferred into an analytical system.
Depending on the characteristics of the sorbent and the analyte, there are two main
extraction methods: liquid desorption and thermal desorption. In this section we will
review the usage and trends of both desorption techniques. As an example, Table 1.9
summarises the analytical methods proposed by the EU and the USEPA for VOCs and
PAHs, indicating the sample and preconcentration, desorption and chromatographic
technique.
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Table 1.9. Analytical methods for VOCs and PAHs proposed by EU and USEPA.

sampling & Chromato-
Agency Method Target analytes Preconcentration Desorption graph'lc Ref.
technique
EU EN-14662-1 Benzene Enrichment onto solid Thermal GC [292]
sorbents desorption
EN-14662-2 Benzene Enrichment onto Liquid GC [267]
activated carbon desorption
(carbon
disulfide)
EN-14662-3 Benzene Automated pumped - in situ GC [293]
sampling
EN-14662-4 Benzene Diffusive passive Thermal GC [294]
sampling desorption
EN-14662-5 Benzene Diffusive passive Liquid GC [295]
sampling desorption
(carbon
disulfide)
EN-15549 Benzo[a]pyrene High-volume Liquid GC-MS or [296]
sampling in quartz or desorption HPLC-FLD
glass filter fibres
EN-15483  Atmospheric Long-path open-path - - [297]
gases fourier transform
Infrared (FT-IR)
USEPA TO-1 VOCs Active enrichment Thermal GC-MS [298]
into Tenax desorption
TO-2 VOCs Active enrichment Thermal GC-MS [299]
into molecular sieves desorption
TO-3 High volatile Active samplingin a Thermal GC-MS [300]
VOCs cryogenic trap desorption
TO-5 Aldehydes and  Active enrichment in Liquid HPLC-UV [301]
ketones impringers (10 mL of desorption
2N HC1/0.05% 2,4- (Hexane/me
dinitrophenylhydrazin  thylene
e (DNPH reagent) and  chloride
10 mL of (70:30))
isooctane)
TO-8 Phenols Active enrichment in Liquid HPLC-UV, -ED [302]
impringers (15 mL of desorption or
0.1 N NaOH) in acidic Fluorescence

media
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Table 1.9 (cont.)

USEPA  TO-11A Formaldehyde  Active samplingin a Liquid HPLC-UV [303]
cartridge coated with  desorption
acidified DNPH (acetonitrile)
TO-12 Non-methane Cryogenic Thermal Direct FID [304]
organic preconcentration desorption
compounds
TO-13A PAHs High-volume Liquid GC-MS [305]
sampling. QFFs for desorption

particles and PUFs for  (Soxhlet)
gas phase PAHs

TO-14A VOCs Subatmospheric Thermal GC; any [253]
pressure and desorption specific or
pressurised sampling non-specific
in canisters followed GC detector

by a cryogenic trap
preconcentrations

TO-15 VOCs Subatmospheric Thermal GC-MS [254]
pressure and desorption
pressurised sampling
in Specially-prepared
stainless steel
canisters followed by
multisorbent trap
preconcentration

TO-16 Atmospheric Long-path open-path - - [306]
gases fourier transform
Infrared (FT-IR)

TO-17 VOCs Active sampling onto Thermal GC-MS or [280]
sorbent tubes desorption other GC
conventional
detectors
1.3.1.2.1. Liquid desorption

Liquid desorption (LD) has been widely-used as a desorption technique prior to the
determination of airborne organic contaminants. LD is especially useful to desorb
atmospheric SVOCs, such as PAHs and other POPs followed by subsequent GC or LC
determination. It is also recommended for the desorption of thermally unstable
contaminants. As mentioned before, several sorbents are compatible with LD, such as
silica and other inorganic sorbents, activated charcoal and PUFs, among others (see
Table 1.8). LD is also the most widely-used method to desorb organic contaminants
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from particulate matter and settled dust. The main challenge of LD is the selection of
the right solvent. Ideally this solvent should present the following characteristics: not
interfere with any of the sample peaks; not react with the sample or the sorbent;
present high affinity to the sorbent (strong enough to remove the sample compounds
completely); and have a low response on the used detector [266]. The solvents most
commonly-used are carbon disulfide, dimethylformamide and dichloromethane.

The major disadvantage of LD is that the sample is diluted with the desorbing solvent,
which increases the method detection limit. As a consequence, this method requires
long sampling periods and the preconcentration of large volumes of air. Moreover,
polar and reactive compounds often have poor desorption efficiencies in the extraction
solvent that can vary further with the presence of other polar compounds or water
vapour [307]. Furthermore, the solvent can react with certain compounds. For instance,
CS, can react with some amines, interfering with their determination and with the
determination of other target compounds.

Classic solvent extraction techniques are still present in most of the official methods for
the analysis of atmospheric contaminants (see Table 1.9), and are still used in some
environmental analysis. For instance, to desorb the target VOCs trapped in activated
charcoal, the official method EN-14662-2 [267] recommends the addition of CS, to the
sorbent for 30 minutes with occasional shakes. However, the desorption of SVOCs
requires the use of more effective techniques. In this sense, Soxhlet extraction is the
most common technique for POPs retained in sorbents, such as PUFs and XAD resins,
and for the extraction of these contaminants from particulate matter and house dust.
For instance, the USEPA method TO-13A for the determination of PAHs in ambient air
using GC-MS, recommends the Soxhlet extraction of the gas PAHs retained in PUFs and
also for the PAHs bound to the particles to be collected on QFFs [305]. Soxhlet
applications can be also found in the literature. For example, airborne gas and particle
synthetic musk were desorbed using hexane-diethylether (90:10) for 8 hours by
Kallenborn el al. [138,139] and by Xie et al. [141] with dichloromethane for 16 hours.

Ultrasound (US) assisted LD has been applied in order to increase the dissolution power
of the solvents and, therefore, to reduce the volume of sorbent and the time of
desorption. For instance, Elbir et al. [308] determined 60 gaseous phase VOCs trapped
on active charcoal tubes with carbon disulfide using ultrasonic extraction for 15
minutes. US has also been used for the extraction of less volatile contaminants from
particles. For instance, Rudel et al. [162] extracted parabens and other phenolic
contaminants from house dust using acidified dichloromethane and sonication in 3
cycles of 10 minutes.



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

Sample preparation

However, these LD techniques usually have low selectivity and sometimes a clean-up
step is necessary prior to the chromatographic analysis. Furthermore, some of the
techniques mentioned above need the use of high amounts of organic solvent. In order
to reduce solvent consumption, supercritical fluid extraction (SFE) can be a valuable
alternative. For instance, Calvosa et al. [309] used SFE for the extraction of
polybrominated diphenyl ethers (PBDEs) from SRM 2585 (Organic Contaminants in
House Dust) using 20 mL of a hydrofluorocarbon as an extraction solvent. SFE has also
been used for the characterisation of organic compounds in aerosol particles from a
Finnish forest [310] using CO, at 150 °C and 400 bar, combining static mode for 10
minutes with 400 pL of dichloromethane and dynamic extraction with CO, for 45
minutes.

Currently the most widely-used LD techniques to extract solid matrices are microwave-
assisted extraction (MAE) and pressurised liquid extraction (PLE). These techniques also
reduce the amount of organic solvent used and are more selective and quicker than
classic LD techniques.

Microwave assisted extraction (MAE) allows the fast extraction of the analytes
(extraction times vary between 5 to 60 minutes), with reduced organic solvent
consumption and increased sample throughput in the extraction of different
contaminants from environmental matrices [311-313]. The main advantages of MAE are
the high extraction rates due to the very quick heating and the elevated temperature,
and the ease of instrument operation, and the fact it allows multiple samples to be
extracted simultaneously. The main drawback is that the heating is limited to the
dielectric constant of the solvent. Therefore, the most important parameter to optimise
in MAE is the extraction solvent. The solvent should be able to desorb the analytes from
the matrix and absorb the microwaves without causing strong heating and so avoid
analyte degradation [311]. Non-polar solvents do not absorb microwave energy and
therefore are less efficient at extraction than polar solvents. In fact, the addition of
small amounts of water improves the absorption of microwave energy by non-polar
organic solvents and the extraction of analytes. However, for the extraction of
thermolabile compounds, the microwaves may be absorbed only for the matrix, heating
the sample and releasing the solutes into the cold solvent. For that purpose, an
adsorbing material can also be added to the sample. Other parameters that should be
optimised in MAE processes are the volume of solvent extraction, the extraction time
and the microwave power.

MAE can be performed in closed-vessel and open-vessel mode. The closed-vessel mode
is the most commonly-used because the temperature and pressure are controlled
during extraction. After MAE, the extracts should be separated from the sample, usually
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by centrifugation and decantation. MAE has low selectivity, thus extracts may be
cleaned-up prior to chromatographic analysis. The most common clean-up methods are
solid-phase extraction (SPE) with reverse-phase sorbents, such as Cy3, or polar sorbents,
such as silica, alumina or florisil, depending on the nature of the analytes.

MAE is becoming more important for the determination of organic contaminants in
airborne particles and settled dust. Recently it has been used for the extraction of
organic contaminants from indoor dust. For instance, Regueiro et al. [137] developed a
method for the extraction of organochlorinated compounds, nitromusks and pyrethroid
insecticides from sieved dust particles with a mixture of 8 mL hexane and 4 mL H,SO,
1M containing ascorbic acid 0.10% (w/w), at 80 °C for 10 minutes. The extracts were
cleaned-up by adding florisil, obtaining recoveries ranging from between 88% and 97%,
with %RSD between 6-8%. Garcia et al. [314] extracted organophosphate flame
retardants and plasticisers from dust, using MAE with 10 mL of acetone at 130 °C for 30
minutes. After MAE, extracts were separated by centrifugation and cleaned-up in a SPE
cartridge. Recoveries ranged between 85-104% and %RSD 3-13%. Recently, Castro et al.
[315] used MAE to determine 18 PAHs in gas and particle phases of smoking and non-
smoking homes with acetonitrile at 110 °C for 20 minutes, obtaining recoveries > 81%.
MAE has also been used for the extraction of passive samplers. For instance, Esteve-
Turrillas et al. [316] extracted pyrethroid insecticides from semi-permeable membrane
devices (SPMD) with 20 mL of hexane-acetone (1:1) in two cycles of 20 minutes each.
The extracts cleaned-up with alumina-Cg allowed recoveries of between 61-103% and
%RSD 2.9-9.4%.

Pressurised liquid extraction (PLE) was introduced in the mid-1990s as an alternative to
classic extraction methods of solid samples, such as Soxhlet or sonication [317]. This
technique involves the extraction with solvents at high temperature and pressure that
increases the capacity of the extraction solvent to dissolve the target analytes. The
extreme conditions improve the rate of mass transport and the effectiveness of sample
wetting and matrix penetration, allowing a better desorption of analytes from sample
particles [318]. Other advantages of PLE regarding more classic techniques are that the
extract is filtered in the cell and that the instrumentation allows the automated
extraction of the samples. Instrumentation of PLE consists of a stainless-steel extraction
cell, which is filled with the sample and an inert material (usually sodium sulphate or
diatomaceous earth) and kept at the desired pressure and temperature with the aid of a
pump for solvent delivery, a flow restrictor, electronically controlled heaters and a vial
for extract collection [317]. PLE can be performed in dynamic or static mode. In the
dynamic mode, the solvent is continuously pumped through the extraction cell. This
form is suitable for rapidly equilibrating samples whose organic contaminants are easy
to extract. In the static mode, the cell is filled with the solvent, heated and pressurised
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for a specified time and then drained to the collection vial. Static PLE is used for
analytes, which are more difficult to extract, and so this approach is more widely-used
(about 75% of the applications) [318]. Apart from the extraction solvent, the most
important parameters that should optimised in PLE are the extraction temperature,
pressure, time and number of cycles (if more than one cycle of extraction is needed).
Other parameters are the flush volume (volume of solvent flushed into the cell after the
extraction) and the purge time (time that a stream of N, is passed through the cell to
dry the sample).

Since its introduction, PLE has been widely-applied for the extraction of a wide variety
of matrices, such as sewage sludge [319], soils and particulate matter [320], biota [321]
and house dust [160]. For instance, Ras et al. [227] desorbed 16 airborne gas PAHs
trapped in PUFs and in PST using dicloromethane in 1 or 2 cycles of 5 minutes, obtaining
recoveries higher than 90% for most target PAHs. Fromme et al. [135] desorbed
phthalates and synthetic musk from settled dust using PLE with hexane/diethyl ether
(9:1), obtaining recoveries higher than 91%.

PLE extraction is effective but sometimes shows low selectivity. Therefore, the extracts,
rich in co-extracted materials, often have to be cleaned up before instrumental analysis.
For instance, Albinet et al. purified the extracts of particulate matter with an SPE
cartridge prior to the determination of N-PAHs and O-PAHs by GC-MS [322]. To avoid
these subsequent clean-up steps, some new strategies for the PLE technique (called in-
cell clean-up) have been developed which have increased the selectivity and efficiency
of PLE. Figure 1.16 shows the current different PLE strategies.

Normal PLE Pre-PLE Sequential PLE Matrix retainer PLE MSPD PLE
Sample + Sample +
dispersant @i dispersant @G -

Matrix

retainer S e +
Analytes amp e Analytes
Matrix

retainer

‘ Analytes ‘ Analytes

‘ Interferences

Analytes

I<:I

Analytes

I<:‘

Figure 1.16. Extraction schemes for (from the left to the right): normal PLE, pre-extraction, sequential
PLE, PLE with matrix retainer and matrix solid-phase dispersion (MSPD) PLE.
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The first in-cell clean-up strategy is the pre-extraction of the interferences (pre-PLE)
with a weak solvent to remove less strongly sorbed compounds before the extraction of
the compounds of interest. The second strategy uses a sequential extraction procedure
with solvents of increasing strength to separate the analytes of different polarity
groups. Other strategies consist in the addition of an in-cell clean—up sorbent, which can
retain the interferences and allows cleaner extracts, or the use of a matrix solid-phase
dispersion (MSDP) technique in which the retainer sorbent is mixed with the sample
before the PLE extraction. Some of these in-cell clean-up strategies have been used for
determining organic contaminants from atmospheric samples. For instance, Canosa et
al. [160] dispersed 0.5 g of house dust with 3 g of Florisil loaded in PLE cells containing 1
g of the same material as a clean-up sorbent. The non-polar interferents were first
removed with n-hexane under mild conditions (40 °C and 3.4MPa) and then parabens
were extracted with ethyl acetate at 100 °C and 13.8 MPa in 3 static cycles of 1 minute.
Under these optimised conditions, recoveries of the target parabens ranged from 76 to
98% with %RSD < 11%.

The choice of the right extraction solvent and the clean-up sorbent are the main
parameters to optimise in these applications. The most widely-used sorbents for the in-
cell clean-up and the MSPD approaches are silica, florisil, alumina or Cig. For instance,
Carpinteiro et al. [323] used 1 g of silica as an in-cell clean-up sorbent for the extraction
of benzotriazole light stabilizers from indoor dust. In this work, the performance of
florisil and alumina was also tested. It was shown that these sorbents retained more of
the target analytes. Under optimised conditions, 0.5 g of sample was extracted in 3
cycles of 10 minutes at 90 °C and 1500 psi using a mixture of hexane:dichloromethane
(7:3). Recoveries ranged between 82 and 122% and %RSD < 12%. Martinez et al. [324]
used 4 g of florisil for the in-cell clean-up extraction of brominated diphenyl ethers in
indoor dust. The best recoveries were obtained when mixing 2.5 g of florisil with 0.5 g
dust (as MSPD clean-up) and placing 1.5 g of florisil (as an in-cell clean-up sorbent) in
the bottom of the cell. The cells were extracted with n-hexane:dichloromethane (1:1),
at 40 °C And 1500 psi for 1 cycle of 2 minutes. Recoveries ranged between 82 and 101%
and %RSDs < 9%.

PLE can also use water as a desorbing solvent. This is called pressurised hot water
extraction (PHWE) or subcritical water extraction (SWE), and it reduces or eliminates
the use of the organic solvent. At high temperature and pressure, the dielectric
constant of water decreases, reaching a polarity close to those of alcohols. This allows
water to dissolve a wide range of medium and low polarity analytes [325]. PHWE is used
in combination with other extraction techniques to concentrate and extract analytes
from the aqueous solution prior to the analysis, such as SPE, SPME and SBSE. Besides
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the reduction in the consumption of organic solvents, water is easily available, non-toxic
and can be recycled or disposed with minimal environmental problems. Hence, PHWE is
becoming an efficient and low cost method of extraction for less-polar organic analytes
from solid matrices, such as sewage sludge [326] and sediments [327,328]. However,
there is little information regarding the application of this technique for the extraction
of organic contaminants in atmospheric samples.

1.3.1.2.1. Thermal desorption

Thermal desorption (TD) is a widely-used technique for extracting volatile compounds
from atmospheric matrices, followed by GC analysis. TD is an environmentally-friendly
technique which provides enhanced sensitivity (since the whole sample is analysed), is
compatible with thermally stable polar and apolar compounds, enables the reuse of the
adsorbent tubes, avoids the use of toxic solvents in the extraction step and, in
consequence, prevents the solvent’s signal from masking the analyte peaks in the
sample chromatograms [329]. The main drawbacks of TD are: the incompatibility with
some solid sorbents; the possible degradation of sorbents which can generate artifacts
and blanks of some analytes and, therefore, interfere with the analysis; the
consumption of the sample in a single analysis (although modern equipment allows the
recollection of split samples in a fresh tube); and the initial cost of the required
instrumentation. Moreover, thermal desorption is not recommended for thermally
unstable compounds or for compounds with high boiling points because desorption
efficiencies decrease. As seen in Table 1.9, TD is the recommended desorption
technique for several official methods (see Table 1.9) such as the European EN-14662-1
[292] and 14662-5 methods for the determination of benzene and USEPA TO-1 for the
determination of VOCs by active enrichment into Tenax [280].

Thermal desorption can be applied for the desorption of analytes preconcentrated into
a solid sorbent, or bounded to the airborne particle matter or indoor settled dust. In
the TD process, the sorbent tubes or the sample matrix are heated in the presence of a
flow of inert gas (such as helium or nitrogen). TD can be followed by the direct injection
of the analytes into the GC. However, this single-stage approach has limited practical
application because it requires large elution volumes to extract the analytes completely,
giving poor analytical resolution and relatively low sensitivity [252]. Therefore the two-
stage process is the most widely-used nowadays. It focuses the analytes desorbed from
the sample in a trap, and then, raising the temperature of the trap quickly, releases
them into the analytical system using a small volume of gas.
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Figure 1.17 represents the steps of two-stage thermal desorption. Previous to the
desorption, air and water are purged from the sorbent tubes using dry carrier gas at
ambient temperature, usually for 1 minute. In the first step, the tube or the sample
containing the retained analytes is desorbed with the aid of heat and an inert gas
stream. At the same time, the desorbed analytes are focused in a cooled capillary trap
(see Figure 1.17 A). In the second step, analytes are rapidly desorbed from the trap by
applying a fast temperature ramp and injected into the GC system (see Figure 1.17 B). In
the case of multi-bed sorbent tubes, the inert gas should flow from the stronger sorbent
to the weaker sorbent, to allow desorption of most of the retained analytes.
Temperature of desorption of the sorbent tubes/sample and of the cryogenic trap
should be optimised in order to allow the complete desorption of the analytes without
the thermal degradation of the sorbents or the thermally unstable analytes. The flow-
rate and time of desorption depends on the interactions between analytes-sorbent or
analytes-sample. A split can also be applied in both steps so that the GC system is not
overloaded and to favour the desorption of the sample and of the cryogenic trap.

A B
Sample Cryogenic| Split sample Cryogenid split
tube trap tube trap tube
(heated) (cooled) tube (heated)

; Carrier
gas

Carrier
gas

Figure 1.17. Scheme of a thermal desorption process: (A) tube desorption and cryofocusing of the
analytes in the trap and (B) trap desorption step.

Basically, there are two kinds of capillary traps currently available [263]: cryofocus traps
and electrically cooled sorbent traps. Capillary cryofocusing consists of a quartz tube
maintained at very low temperatures during the trapping of analytes. This system is
very compatible with capillary GC but it consumes large quantities of cryogenic liquid.
The electrically-cooled sorbent traps consist of a tube filled with a sorbent or a mixture
of them (usually the same mixture used in the sorbent tubes). In the second step, the
trap is heated rapidly in a reverse flow of carrier gas (backflush) to desorb the analytes
in a few seconds with volumes of 100-200 pL of carrier gas. Capillary sorbent traps are
able to retain volatile analytes, such as C, hydrocarbons, and can also desorb the
retained analytes quickly and quantitatively at the same time. Backflush desorption of
the focusing trap also facilitates simultaneous analysis of very volatile and semi-volatile
compounds [263].
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Regarding TD equipment, two different kinds are commercially available. Figure 1.18.
shows two commercial examples of these different approaches: a Markes™ TD Unity
and a Gerstel™ TDU. In the first approach, the Unity TD system is connected to the GC
analyser by an interface composed of a capillary column (see Figure 1.18 A). A metallic
interface also connects the Ultra A autosampler and the Unity. This system uses an
electrically-cooled sorbent trap to concentrate the analytes prior to the GC injection. In
the second approach, the thermal desorption unity (TDU) system is coupled directly to
the cooled injection system (CIS) without transfer lines (see Figure 1.18 B). The CIS
system is based on a programmable temperature GC inlet cooled with liquid nitrogen.

A

UltrATD
(Autosampler)

Transfer lines GC-MS analyser

Unity (Thermal
desorber)

Figure 1.18. Common thermal desorption equipment: (A) Markes™ Unity and (B) Gerstel™ TDU.
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The first system has been widely-used for determining atmospheric VOCs. For instance,
in our research group Ras et al. [59] used a Markes Unity for determining 65 VOCs,
obtaining recoveries higher than 99% for most target VOCs. Parra et al. [330] used the
same equipment for determining 140 VOCs in rural areas of northern Spain. However,
this approach is not usually used for the determination of semi-volatile compounds. The
temperature of the interfaces can only be raised to 200-210 °C and memory effects can
occur because of the accumulation of less volatile analytes in the interfaces. The second
approach is usually used for the direct thermal desorption of solid samples or the
desorption of stir bars used for the stir bar sorptive extraction of analytes from aqueous
samples. For instance, Ozel et al. [331] developed a method based on direct TD of urban
aerosol samples to determine organic nitrogen compounds using a Gerstel TDU. The
application of this system for water samples will be described later.

TD has significant concentration enhancement potential. When used in conjunction
with sorbent tubes and two-stage desorption for monitoring trace level organic
contaminants in air, concentration factors can be higher than 100. Thermal desorption
is widely-used for the extraction of gas phase VOCs trapped in solid sorbents. Some
reviews have summarised the most recent applications [9,214,263,268]. However,
thermal desorption has not been extensively-used for the extraction of high boiling
point compounds because of several limitations of the technique. For instance, solid
sorbents usually used for VOCs show less efficient desorption for SVOCs, causing
memory effects. Some commercial “high boiling” sorbent tubes and traps have been
developed to overcome this drawback. As an example, Markes developed sorbent tubes
filled with glass wool and graphitised carbon black and a cryogenic trap filled with the
same sorbent and quartz [332]. This sorbent can be heated up to 370 °C, allowing
desorption of the less volatile analytes. However, this cryogenic trap needed high split
flows to be desorbed (30 mL min™) and this increased LODs significantly. Wauters et al.
[270] developed sorbent tubes filled with polydimethylsyloxane (PDMS) and Tenax for
the monitoring of 17 PAHs in ambient air. PDMS showed good desorption efficiencies
for the less volatile PAHs, whereas Tenax allowed the collection of low boiling point
PAHs such as naphthalene. 144 L (100 mL min™ for 24 h) of sample volume was
collected when these tubes were used. Quantitative desorption of the PAHs was
obtained by heating the sorbent tubes to 300 °C for 12 minutes using helium carrier gas
at 60 mL min™, achieving % RSD < 7.4% and LODs < 13 pg m’. This method made it
possible to analyse other semi-volatile contaminants using TD. In fact, this method has
been used for the determination of PCBs.

Besides inefficient desorption from the sorbent, memory effects can be also found in
the interfaces of some TD equipment because, due to instrumental limitations, they



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

Sample preparation

usually operate at lower temperatures (up to 210 °C) than the desorption temperatures
needed for the sorbent tube or the sample and the trap (see Figure 1.19 A). These
memory effects can be avoided by loading small quantities of the target analytes (low
ng levels). Several applications of TD methods for semi-volatile atmospheric
contaminants can be found in the literature. Most of these applications have focused on
the desorption of PAHs from particulate matter [333,334].

1.3.2. Water Samples

The determination of organic contaminants in environmental waters is essential for the
control of the distribution of these contaminants in the environment. Organic
contaminants can reach environmental waters through direct emissions to aquatic
systems or indirect emissions through waste water treatment plants (WWTPs) effluents
or landfill leachates.

Environmental water samples are usually complex matrices in which the target
compounds can be present at trace levels. Therefore, extraction techniques that can
selectively and efficiently preconcentrate the analytes of interest are required for the
reliable determination of these organic contaminants. The sample preparation method
should accomplish several functions. Firstly, it should be selective for the target analytes
in complex matrices, such as waste or marine water samples, and it should be able to
remove interferences. Secondly, it should provide the preconcentration of the target
analytes, especially when analytes in trace levels are to be determined, in order to
improve determination sensitivity. Thirdly, it should be compatible with the sample
matrix and the instrumental analysis.

Several sample preparation techniques have been used for the extraction of organic
contaminants from environmental waters. The most classic extraction technique is
liquid-liquid extraction (LLE). Although this technique has proven efficiency, it has
several drawbacks such as the high consumption of organic solvents, the long time
taken for the sample preparation step and the risk of background contamination of the
samples. To overcome the main drawbacks of LLE, some recent miniaturisations of LLE
have been applied successfully for the extraction of analytes from water samples, such
as liquid-phase microextraction (LPME). Some of the more widely-used liquid-phase
microextraction methods are single-drop microextraction (SDME), organic solvent film
(OSF), continuous flow microextraction (CFME), dispersive liquid microextraction
(DLLME) and hollow-fibre liquid-phase microextraction (HFLPME) [335].
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Currently, the most widely-used sample preparation technique is solid-phase extraction
(SPE) because of the wide range of commercially-available sorbents suitable for organic
contaminants with a wide range of polarities. In recent years, the general trend in the
determination of organic contaminants in environmental waters is for the development
of methods that allow the simultaneous determination of chemically different classes of
organic contaminants. These so-called multi-residue methods provide wider knowledge
about the occurrence of organic contaminants which is necessary to further understand
their removal, partition and fate in the environment. Nevertheless, simultaneous
determination of compounds requires a compromise in the selection of experimental
conditions. Currently, SPE followed by liquid desorption is the sample preparation
technique most widely-used in multi-residue methods for water samples [210].

However, in the last few years, applications with other sorptive extraction techniques,
such as solid-phase microextraction (SPME) and stir bar sorptive extraction (SBSE), have
increased. When using these two techniques, the subsequent desorption of the analytes
is usually by thermal desorption (TD) but, in some cases, liquid desorption (LD) has also
been applied. The combination of these sorptive techniques with TD is especially useful
because it allows the direct injection of the analytes in the GC system, achieving
enhanced sensitivity.

As a result of the advances in extraction techniques, low concentrations of organic
contaminants are now being detected and quantified in different kinds of
environmental waters. In this section, a description of the extraction techniques used
for determining organic contaminants in environmental water samples is provided, as
well as examples of the most recent studies.

1.3.2.1. Solid-phase extraction

As mentioned above, solid-phase extraction (SPE) is the most commonly-used technique
for extraction of organic contaminants from aqueous samples [240]. The wide variety of
available sorbents allows the clean-up, retention and preconcentration of analytes with
a wide range of polarities and physico-chemical properties. One of the most important
parameters to optimise in SPE technique is the selection of an appropriate solid sorbent
for the target analytes, because the kind of sorbent, its structure and its interactions
with the analyte directly affect the extraction efficiency. Other parameters that should
be optimised in SPE processes are: sample volume, pH conditions, and solvents for
washing and elution.

SPE sorbents can be packed in discs or cartridges. Some recent applications related to
the use of Cig discs can be found in the literature. For example, Hu et al. [336]
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determined seven synthetic musks in urban WWTP influents and effluents using Cig
disks, obtaining recoveries ranging from 83.6% to 105.1%. However, cartridge is the
most commonly-used format because of the wider range of sorbents commercially
available. Conventional SPE sorbents for the extraction of organic contaminants are Cig
and polymeric sorbents based on styrene-divinylbenzene copolymers (St-DVB). These
hydrophobic sorbents are effective at retaining apolar compounds rather than polar
compounds. In order to increase the hydrophilicity of the sorbents, a polar co-monomer
can be introduced during polymerization or polar functional groups can be introduced
after polymerization. Examples of these sorbents are Oasis HLB or Strata-X, which
present a hydrophobic and a hydrophilic portion that enable them to extract a wide
range of compounds from various matrices. For example, Oasis HLB has been used by
Pedrouzo et al. [238] for the extraction of UV filters, parabens and antimicrobials from
waste water. Recoveries were between 38% and 92% in WWTP effluents and 36—-89% in
influents. Oasis HLB has also been used by Wombacher et al. [337] for determining
synthetic musks in a conventional drinking water treatment plant. Recoveries higher
than 90% were obtained for most target musks. Strata-X has been used as a sorbent in a
multi-residue developed by Pietrogrande et al. [226] to extract 29 PCPs with polar and
non-polar characteristics. In comparison with Cy5, Strata-X provided better efficiency
with an extraction recovery higher than 70% for most of the PCPs investigated.

Recent research related to polymeric sorbents has focused on the development of new
sorbents that can enhance selectivity and capacity. In this sense, dual-phase or mixed-
mode sorbents present high capacity and high selectivity compared to those obtained
using a single material [338]. Mixed-mode sorbents are especially useful for retaining
ionizable compounds from complex matrices, where analytes can be retained by ionic
interactions and the rest of the matrix’s components are retained by reversed phase.
This favours the selective removal of interfering matrix compounds during the clean-up
step. Mixed-mode sorbents can be cationic or anionic and can also have strong or weak
ionic exchange abilities. The first commercially-available mixed-mode sorbent was the
strong cationic Oasis MCX. This sorbent is more selective than Oasis HLB and is able to
retain less matrix interferents. Oasis MCX has been applied successfully for the selective
extraction of a wide range of organic contaminants in environmental waters. For
instance, Kasprzyk-Hordern et al. [339] used Oasis MCX cartridges in a multi-residue
method for determining 25 acidic and neutral pharmaceuticals and PCPs in river water,
obtaining acceptable recoveries.

In addition to mixed-mode sorbents, other options for improving extraction selectivity
include the use of immunosorbents and molecularly-imprinted polymers (MIPs). MIPs
are the most commonly-used selective SPE sorbents and have been used to create so-
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called molecularly-imprinted SPE (MISPE) [340]. MISPE can selectively extract one target
analyte or a group of structural analogues, reducing the non-specific interactions and
therefore decreasing the ionic suppression when working with LC-MS determinations.
Recent applications of MISPE were the focus of two recent reviews [341-342]. In the last
few years, MISPE has been applied for the determination of organic contaminants in
water samples. However, few applications can be found for the determination of PCPs.
As an example, Beltran et al. [343] synthesized an MISPE for determining benzyl and
butyl paraben in river waters. This MISPE presented less interferences than with Oasis
HLB.

Other sorbents recently used in SPE are carbon nanotubes which show higher capacity.
Both single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs) have attracted much interest due to their large surface area and structural
characteristics. An interesting application is the MWCNT SPE of multiclass pesticides in
surface waters, prior to GC-MS, by Wang et al. [344]. This application achieved LODs of
between 0.01-0.03 pg m>. Recent applications have also used surfactant aggregates
adsorbed on mineral oxides (hemimicelles and admicelles). Because of the amphiphilic
character of surfactants, their aggregates have regions with different polarity where
analytes of a wide polarity range can be solubilised. Organic contaminants that have
been extracted with this approach are sulphonamides, naproxen and ibuprofen and
pesticides from different environmental waters [206].

Another trend is the miniaturisation of SPE. In this sense, microextraction in packed
syringe (MEPS) is a miniaturised SPE, in which approximately 1 mg of sorbent is
immobilized inside a syringe barrel as a plug or tiny cartridge. For extraction, 10-250 pL
of an aqueous sample is withdrawn by the syringe into an autosampler. The handling
time is reduced by about 30 and 100 times compared to SPME and SBSE, respectively.
The reduction in the amount of solvent, sample and sample preparation time means the
MEPS process can be fully automated. Miniaturised SPE applications have been
successfully applied by Moder et al. [345] for determining UV filters and polycyclic
musks in water samples. In the study, two suitable SPE sorbents (Cg and Cig) were
compared. The analytes were extracted from 800 pL of sample and recoveries ranged
from 46 to 114%. The LODs were between 34 and 96 ng L'* and %RSD < 11%. Recently,
Prieto et al. [346] used MEPS followed by large volume injection-GC-MS to determine
41 multi-class priority and emerging organic contaminants (including PAHs, PCBs and
selected steroid hormones, among others). LODs using 800 pL of sample were between
0.2 and 266 ng L™ whereas LODs of a standard SPE range from 0.2 to 736 ng L™

SPE applications can be performed on-line or off-line. The examples discussed above
have all been related to the use of SPE in off-line mode. Nevertheless, in the on-line
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approach, the SPE is integrated directly into the analytical system. The main advantages
of the on-line approach include minimum need of sample manipulation, potential full
automation and cost efficiency. The intermediate evaporation step is avoided in on-line
methods and the eluted extract is injected directly into the chromatographic system.
Although SPE on-line can be followed by GC or LC determination, most of the recent
applications of on-line SPE have been followed by LC. Regarding the kind of organic
contaminants, most SPE on-line methods focus on the determination of
pharmaceuticals in environmental waters, whereas determination of PCPs is mostly in
off-line [239]. As an example of on-line SPE, Lopez-Serna [347] developed a fully
automated SPE-LC-tandem MS method for determining 74 pharmaceuticals in
superficial and ground waters using a HySphere Resin GP cartridge. With this method,
2.5 mL of water sample was enough to achieve limits of detection in the low ng L™
range.

Another application of SPE on-line was recently performed by Fontanals et al. [348]. For
the first time, they developed an on-line SPE-LC-UV method using an in-house, mixed-
mode, hypercrosslinked resin, modified with 1,2-ethylenediamine moieties (HXLPP-
WAX) for determining 11 pharmaceuticals in waste and river water. The resin was used
as a weak anion-exchange sorbent and enabled application of a washing step to remove
the compounds with acidic, neural and basic properties. The most acid target
pharmaceuticals were recovered at levels close to 100% and the most basic compounds
were only recovered when the washing step was omitted, with recoveries from 67 to
92%.

1.3.2.2. Solid-phase microextraction

As mentioned before, although most applications for determining organic contaminants
in environmental waters are based on SPE sample preparation methods, other sorptive
techniques are acquiring increasing interest because they minimise solvent
consumption. The first developed of these techniques was solid-phase microextraction
(SPME). Although this technique has previously been commented on as a sampling and
preconcentration technique of atmospheric organic contaminants, most SPME
applications are focused on water samples. Since its development in the early 1990s,
SPME has been successfully applied to the extraction of a wide variety of organic
contaminants from environmental waters, especially for the extraction of volatile and
semi-volatile analytes. SPME can be used for the direct extraction of analytes by
immersing the fibre in the water sample or indirectly by extracting the analytes from
the headspace above the sample (HS-SPME). HS-SPME is especially useful for volatile
analytes and provides cleaner chromatograms than those obtained by fibre immersion.
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Furthermore, SPME was recently applied as an extraction technique in multi-residue
methods. For instance, Basaglia et al. [349] recently determined 23 PCPs, including
fragrances, antioxidants and UV filters among others, in water samples by SPME-GC-MS,
using polydimethylsiloxane (PDMS) fibres. The method developed provided LODs lower
than 2 ppb for most compounds.

SPME is fast, simple, solvent-free, sensitive, provides linear results for a wide
concentration of analytes, and is portable, which allows its use in field analysis. Several
fibres are currently commercially-available which are suitable for apolar and low polar
analytes. For instance, Polo et al. [350] tested five SPME commercial fibres to extract
four nitromusks from waters. The most efficient was the carboxen-
polydimethylsyloxane (CAR/PDMS) fibre, with recoveries higher than 90 %.

In order to enhance the extraction efficiency of most polar contaminants, several
strategies can be developed. The most simple and cost-effective is derivatization (in situ
or on-fibre). For example, Regueiro et al. [351] developed an in-situ derivatization SPME
method for the determination of parabens, triclosan and related clorophenols in water.
The phenolic contaminants were acetylated prior the SPME extraction using divinyl
benzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibres, obtaining LODs at
low pg mL" level.

Recent trends in SPME have focused on the development of new more selective
coatings that can retain polar analytes, are thermally stable and have high active
surfaces. Basically, four kinds of SPME sorbents can be found in the literature [20]. The
first kind are Sol-gel coatings which exhibit high thermal and chemical stability [352].
For instance, Farhadi et al. [353] investigated the performance of different sol-gel fibres
for determining BTEX in water samples. They used a GC-FID for the determination and
obtained LODs at low ng mL™. Other kinds of SPME coatings are the polypyrrole
polymers (PPy), which exhibit high porosity [354], and immunoaffinity sorbents, which
have high sensitivity, selectivity and reproducibility with application, such as the
extraction of large biomolecules from complex matrices [20]. Another interesting highly
selective approach is the use of MIPs on SPME coatings. For instance, He et al. [355]
developed a MIP for the selective extraction of phthalates in water samples, achieving
LODs of between 2.2-2.8 ng L™ and recoveries higher than 95%.

In-needle SPME techniques have been developed to overcome the main fibre-related
drawbacks of SPME, such as fragility, low sorption capacity and bleeding from thick-film
coatings. Besides the atmospheric applications mentioned above, these techniques
have also been applied successfully for the determination of organic contaminants in
water samples. For instance, Bagheri et al. [356] used an in-tube solid phase dynamic
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extraction (HS-SPDE) technique with a PPy sorbent inside the surface of a needle for
determining PAHs in water samples. The LODs ranged from 0.002 to 0.01 ng mL? and
%RSD lower than 11.4%. Jochmann et al. [357] also used a dynamic SPDE-GC-MS for
determining benzene and 11 chlorinated and brominated hydrocarbons in a needle
coated with PDMS. The achieved LODs ranged between 12 and 870 ng L. Other
applications of in-needle SPME have recently been reviewed by Lord et al. [287].

1.3.2.3. Stir bar sorptive extraction

Analogously to SPME, SBSE is a solventless preparation technique based on the
equilibrium between the aqueous matrix and the organic layer coating a magnetic rod.
Since the development of SBSE in 1999 by Baltussen et al. [358], this extraction
technique has been successfully applied to the determination of trace environmental
contaminants in different matrices [359-361]. For the extraction of water samples, the
stir bar is added to the sample and then stirred. It can also be used in the head-space
mode, known as headspace solvent extraction (HHSE). This is more suitable for volatile
compounds. However, few applications can be found in the literature of HHSE for water
samples [361]. Currently, the available commercial stir bars are 10 or 20 mm long
coated with 0.5 mm or 1 mm film thickness of PDMS, a sorbent suitable for apolar
organic contaminants. For instance, Lacorte et al. [362] used 20mm length x 1.0mm film
thickness PDMS coated stir bars for the ultra-trace analysis of 48 POPs, including PAHs
and PCBs, in Arctic ice. The process was followed by TD-GC-MS determination and LODs
taken ranged between 0.1 and 891 pg L. Very recently, a new phase polyacrylate
(Twister PA™), more suitable for polar analytes, has been developed by Gerstel.
Although few applications regarding the use of this PA phase have been published, it
has shown good performance in the determination of benzothiazole in waste waters
[363].

Regarding the extraction step, the most studied variables are extraction time, pH
adjustment, addition of an inert salt, addition of an organic modifier and stirring speed.
After extraction, the analytes are usually desorbed by TD, followed by GC, or with small
amounts of organic solvents. Although TD is the most recommended desorption mode,
LD is a good alternative for thermally labile analytes and analysis in LC and CE systems.
For instance, Pedrouzo et al. [364] used a commercial PDMS stir bar for the extraction
of 4 UV filters and 2 antimicrobials in waste and surface waters. After the extraction, stir
bars were desorbed with 1 mL of acetonitrile and analysed by UHPLC-tandem MS. LODs
were 2.5 ng L™ for river water and 5-10 ng L™ for effluent and influent waste water.
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One of the main advantages of SBSE is its high sensitivity due to the fact that the
extraction phase is 50-250 times larger than in SPME. Furthermore, in combination with
TD, the minimal manipulation of the sample required minimises the risk of background
contamination. Moreover, it has been demonstrated that loaded stir bars can be stored
for 1 week without loss of solutes. This means they are suitable for field sampling [365].

SBSE is also suitable for multi-residue methods and it offers some advantages over SPE
and SPME in this field. One of the main challenges of multi-residue methods is that the
optimal extraction conditions for each group of target compounds can be different, and
the analyst should adopt some consensus conditions that lead to a decrease in
sensitivity. However, in the case of SBSE, it can be solved by using it in multi-shot
method mode or in sequential mode [361]. In the multi-shot method, different sample
aliquots are extracted in different conditions using SBSE while the stir bar is thermally-
desorbed. This leads to an increase in sensitivity and selectivity. The multi-shot method
can be also used in the same extraction conditions in order to obtain better recoveries.
Figure 1.19 shows the scheme of these two multi-shot modes.

A @ r%
Condition |§ I

Condition 3 Allthe same

Condition 2 condition
1

, |TU
Figure 1.19. SBSE in the multi-shot mode: (A) different

extraction conditions and (B) the same
extraction conditions [361].

Several examples of multi-shot methods can be found in the literature. For instance,
Ochiai et al. [366] developed a dual SBSE multi-residue screening method for the



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS

Noelia Ramirez Gonzéalez
DL: T. 1454-2011

Sample preparation

determination of 85 pesticides in river water. While recovery of more hydrophilic
pesticides increases with an increasing concentration of NaCl, recovery of more
hydrophobic solutes decreases in the presence of the salt. Therefore, two different
extraction conditions were used for SBSE and the different stir bars were then analysed
together. Similarly, Van Hoeck et al. [367] used four different aliquots extracted in
different conditions to determine a wide range of endocrine-disrupting compounds. In
sequential SBSE, the same sample aliquot is sequentially extracted in different
conditions with the same or different stir bars. Ochiai et al. [368] extracted pesticides
from water, first without the addition of NaCl and then with a second stir bar and the
addition of 30% NaCl.

Nowadays, the main limitation of SBSE is the reduced commercially-available coatings.
As previously commented, currently PDMS is the most common coating, which is
thermostable, can be used in a broad temperature range (it acts as a liquid between -20
°C and 320 °C) and has interesting diffusion properties [360]. However, polar analytes
show low affinity for this phase. Derivatization is one of the main alternatives, either in
situ, on stir-bar or post-extraction. These derivatization modes are showed in Figure
1.20.

A
C C
C|
»
= b
d . P
| =L [ <«—+— Derivatizing
. s agent
. * & o | = . * €
* * * | L]
+ Analyte Derivatizing agent >
® Derivatizing agent
# Derivatized product
Stirbar  — T~
(analyte)

To GC l

# Analyte
@ Derivatizing agent
# Derivatized product

Figure 1.20. Different derivatization modes in SBSE: (A) in situ, (B) on-stir
bar and (C) on-tube derivatization [361].
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The simplest approach is the in-situ derivatization. In this process, the derivatization
reaction occurs first, in the aqueous sample before or simultaneously to the extraction
step, and the derivatives are then extracted by the stir bar (see Figure 1.20 A). The most
common in-situ derivatization is the acetylation of phenolic compounds with acetic
anhydride in a basic sample pH. On-stir bar derivatization can be performed either by
pre-loading the stir bar with derivatization agent (see Figure 1.20 B) or by first
concentrating the analytes in the PMDS phase and then exposing the stir bar to the
vapour of the derivatization agent. The last strategy, post-extraction, can be performed
with TD (in-tube) and LD (in-extract). For the in-tube derivatization, a small glass
capillary tube containing the derivatizing agent is placed with the stir bar in the
desorption cartridge (see Figure 1.20 C). For the in-extract approach, the derivatization
agent is added to the organic solvent after stir bar desorption.

Currently the most widely-used derivatization modes are in-situ acetylation and in-tube
silylation. Both approaches enhance sensitivity in the GC analysis of polar compounds.
For instance, Casas et al. [369] used in situ acetylation for the SBSE extraction of 5
parabens, triclosan and methyltriclosan. Recoveries of the target compounds were
higher than 79%, except for methyl paraben (22%). Kawaguchi et al. [370] used in-tube
silylation with N,O-bis(trimethylsylil)trifluoroacetamide (BSTFA)) for the simultaneous
determining of benzophenone sunscreen compounds and some derivatives in water
samples. The LODs were between 0.5 and 2.0 ng L™, with %RSD <15.5%.

Besides derivatization, several research groups have, in recent years, developed in-
house coatings based on sol-gel technologies [371], monolithic materials [372], porous
polymers, such as PDMS/polypyrrole [373], and MIPs [374]. For example, Bratkowska et
al. [372] recently developed a monolithic coating (poly(vinil-pyrrolidone-divinyl-
benzene)) to extract polar pharmaceuticals and parabens from river and sewage water.
This showed improved recovery levels compared with PDMS-coated stir bars. Besides,
polyurethane (PU) has also been proposed for the SBSE phase to monitor the most
polar of analytes. For instance, Silva et al. [375] compared the performance of PU stir
bars and PDMS stir bars for the extraction of acidic pharmaceuticals. Recoveries of
these analytes ranged between 45% and 91% with PU, whereas for PDMS they ranged
between 10% and 73%. For HHSE applications, dual-phase stir bars have also been used.
These stir bars consist of a PDMS outer coating and a second complementary inner
sorbent (usually carbonaceous). This shows enhanced recoveries of analytes because of
the effect of combining two extraction mechanisms: sorption and adsorption [376].
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1.3.2.4. Other techniques

Although the extraction techniques mentioned above are the most widely-used in
aqueous samples, some other sample preparation methods have caused increasing
interest over the last few years. As previously mentioned, one major trend in analytical
chemistry is the miniaturisation of the extraction techniques in order to reduce the use
of organic solvents and their subsequent environmental impact. This is the case with
liquid-phase microextraction (LPME) related techniques, which were introduced in
order to overcome the main drawbacks of SPME fibres. These methods show high
enrichment, efficient sample clean-up and low consumption of organic solvent. These
microextraction techniques have been used for the extraction of a wide variety of
organic contaminants, including VOCs, PAHs, pesticides, pharmaceuticals and PCPs with
generally low LODs (and ng L™ levels) and good repeatability [335].

Among the microextraction methods, single-drop microextraction (SDME) is the most
popular, because it is inexpensive and easy to operate [20]. In this approach, a drop of
an extractive solvent (an organic solvent or a liquid ionic) is suspended at the tip of a
syringe and exposed by headspace to the sample for a given time and temperature.
After the extraction, the drop is retracted and transferred to the GC analyser. Aguilera-
Herrador et al. [377] used ionic liquid-based single-drop microextraction GC-MS for the
determination of BTEX in waters, obtaining LODs between 20 and 91 ng L™ and %RSD <
5.2%. In another SDME approach, Saraji et al. [378] developed a SDME method followed
by in-syringe derivatization and GC-MS to determine parabens in water samples. The
%RSD of the method for aqueous samples varied from 8.1 to 13%. The LODs ranged
from 0.001 (n-butyl paraben) to 0.015 (methyl paraben) pg L, and the enrichment
factors were between 23 and 150.

The main disadvantages of SDME are the instability of the drop and the limited drop
surface which can lead to limited sensitivity or slow kinetics. To overcome this, a
number of variations have been introduced, such as organic solvent film (OSF). In OSF,
a renewable extractive film is formed inside the microsyringe barrel due to the fact that
the syringe plunger is moved uniformly and repeatedly by a stirring motor. This way, the
extractive surface is increased and, because a supported film is generated instead of a
single drop, it avoids the loss of the extraction solvent. The OSF approach has been used
to determine BTEX in water samples [379] with LODs between 0.18 and 0.35 ng mL2,
Another approach to overcome the instability of the drop is dynamic single drop
extraction, which was used by Ahmadi et al [380] for determining organophosphorus
pesticides, achieving LODs at low ng L™ levels and % RSD between 1.2 and 5.6%.
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Other common miniaturisation approaches include continuous flow microextraction
(CFME), dispersive liquid-liquid microextraction (DLLME) and hollow-fibre liquid phase
microextraction (HFLPME), among others. In CFME, an organic extractive drop is
continuously in contact with a fresh liquid sample. CFME was used for extracting PAHs
in 15 mL of water samples using 3 plL of benzene as an extraction solvent. LODs for the
target PAHs ranged from 0.001 to 0.01 pg L™ and %RSD was below 25% [381]. DLLME
uses a dispersive solvent which is miscible in both the extracting solvent and the
aqueous sample to increase the contact surface. DLLME has been used extensively. For
instance, Panagiotou et al. [382] used 250 uL of carbon tetrachloride as an extraction
solvent and 0.62 mL of methanol as a dispersant to extract phthalates and polycyclic
musks from 5 mL of water sample. The repeatability method varied between 2.6% to
9.7%, recoveries were higher than 79% and the LOD values were in the range of 8-63 ng
L™, The main drawback of DLLME is that the dispersant solvent usually decreases the
partition coefficient of analytes into the extraction solvent. For the HFLPME approach,
polymeric membranes are used as support for the small volumes of solvent. Recently,
Villaverde-de-Sda et al. [383] extracted parabens and triclosan from water samples
using an in-sample acetylation followed by HFLPME, obtaining extraction efficiencies
between 46 and 110%.
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Objectives

The main objective of the research presented in this Doctoral Thesis is the development
of analytical methods to determine organic contaminants in different environmental
atmospheres (including the gas phase, the particle phase and settled dust) and waters.
The organic contaminants determined were volatile organic compounds (VOCs),
polycyclic aromatic hydrocarbons (PAHs) and some groups of personal care products
(synthetic musks fragrances, parabens and insect repellents), and nicotine and N-
nitrosamines. The analytical methods developed in this Thesis have also the aim of
minimising the consumption of organic solvents in the whole analytical process. All the
methods discussed are based on single and comprehensive gas chromatography
coupled with two different analysers: a quadrupole detector and a nitrogen
chimiluminiscence (NCD) detector.

A second objective of this Doctoral Thesis is to provide new information regarding the
presence of these organic contaminants in environmental atmospheres and waters in
the region of Tarragona, through the analysis of outdoor and indoor air, outdoor
particulate matter, house dust and various types of waste water and surface water
samples.

A third objective of the Thesis is to evaluate the air quality of the region through the risk
assessment of atmospheric VOCs and PAHs, which are contaminants regulated by World
Health Organization (WHO) air quality guidelines.
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Experimental, results and discussion

As discussed in the Thesis introduction, the main pathway of anthropogenic organic
contaminants into the global environment is through emissions into environmental
atmospheres and waters. Therefore, the determination of air and water quality is of
increasing concern because of the recognised adverse effects of some organic
contaminants on human health and the environment. To this end, the development of
highly sensitive and selective methods for the determination of different organic
contaminants in environmental atmospheres and waters is of major importance within
the scientific community. For this reason, one of the main objectives of this Thesis was
to develop analytical methods to determine organic contaminants of a wide range of
volatilities and polarities — VOCs, PAHs and EOCs, such as PCPs and N-nitrosamines, and
nicotine and tobacco-specific N-nitrosamines — in air, airborne particulate matter,
settled dust and water samples. The analytical methods proposed minimised the use of
organic solvents in the entire analytical process. Furthermore, the ubiquitous presence
of some of these organic contaminants leads to the inherent exposure of humans to
them. Indeed, inhalation is one of the main exposure pathways of volatile and semi-
volatile contaminants such as VOCs and PAHSs, and their risk has also been evaluated in
this Thesis.

This chapter includes the experimental part, results and discussion from different
studies that have been obtained through this Doctoral Thesis. These results have
already been published, or are in the process of being published, in several international
scientific journals, and are presented in each section here in journal paper format.
These studies have been classified in five sections. For each section, a brief introduction
is included to establish the context of the research, and the most notable results are
also discussed. The list of papers published as a result of this Thesis research is included
in Appendix Il.

The first section focuses on the presence of VOCs in industrial atmospheres and the
evaluation of two standard methods for their determination. Both methods were based
on active enrichment into solid sorbents, and followed by thermal desorption (TD) or by
liquid desorption (LD). GC-MS determination was used in both cases. These methods
were applied for determining VOC emissions from an industrial waste water treatment
plant (WWTP) and from the surroundings of a petrochemical site.

In the second section, quantitative risk assessment (QRA) has been applied for the
evaluation of the risk related to the inhalation of VOCs and PAHs by people living
around the most important chemical site in the Mediterranean area. For the PAH risk
estimations, samples were taken from the gas phase and the particulate phase using a
high-volume sampler. Both kinds of samples were analysed by pressurised liquid
extraction (PLE), followed by GC-MS. For the VOC risk estimates, a monitoring campaign
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was performed using active enrichment into charcoal tubes, followed by liquid
desorption and GC-MS analysis.

Although thermal desorption has been widely-applied for the determination of volatile
air contaminants, information on the application of this methodology for determining
semi-volatile compounds is still scarce. Therefore, in the third section, the development
of a method for the determination of some semi-volatile PCPs on air based on TD-GC-
MS is presented. This method was then applied for determining the different groups of
PCPs (synthetic musks, parabens and insect repellents) in several indoor and outdoor
environments.

The successful application of TD for determining semi-volatile PCPs in atmospheric
samples encouraged us to develop a stir bar sorptive extraction (SBSE) process,
followed by TD, for determining synthetic musks and parabens in water samples.
Synthetic musks and parabens were widely determined in environmental waters but, at
the beginning of our research, SBSE followed by TD had not previously been applied for
their determination. Therefore, in the fourth section, two SBSE methods, followed by
TD-GC-MS determination, were developed for determining musks and parabens in
water samples. The methods developed were applied to determine the presence of
these compounds in urban and industrial WWTP influent and effluent samples, reverse
osmosis plant effluents, and river waters. It is worth mentioning that the TD equipment
used in both studies was a Markes UnitywI equipment normally used for the desorption
of sorbent tubes, instead of the Gerstel TDU™ equipment which is designed for stir bar
desorption.

The last section focuses on the development of analytical methods for determining
different emerging organic contaminants (EOCs) in indoor settled dust. In these
methods, different types of EOCs were considered including parabens, nicotine, volatile
N-nitrosamines and tobacco-specific nitrosamines. Both methods were based on PLE
and used different strategies to enhance selectivity, including pressurised hot water
extraction (PHWE) followed by SBSE-TD-GC-MS and in-cell clean-up PLE followed by two
dimensional gas chromatography (GCxGC) and a nitrogen chimiluminiscence detector
(NCD) to further enhance selectivity and sensitivity. The last study of this section was
carried out in collaboration with Professor Alastair C. Lewis of the Analytical,
Environmental and Atmospheric research group of the Department of Chemistry of The
University of York (UK) during my stay in this university.

It is worth highlighting that most of the determinations of organic contaminants of this
Doctoral Thesis were performed in different environmental matrices in the Tarragona
area (outdoor and indoor air, waste waters and surface waters and in indoor dust
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samples). Furthermore, the largest chemical and petrochemical site in southern Europe
and the Mediterranean area is located in this zone. Because of this, this Thesis also
wants to contribute to the characterization of the atmospheric pollution of this area,
through the evaluation of the occurrence of atmospheric contaminants and the
estimation of their health risks in the surroundings of the chemical site.
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3.1. Volatile organic compounds in environmental
atmospheres
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VOCs in environmental atmospheres

Because of their ubiquitous presence in the atmosphere and their adverse
environmental and health effects, VOCs are one of the most studied groups of
atmospheric contaminants. As reported in the introduction, the concentrations of these
contaminants range from ug L? to ng L™ and therefore, highly sensitive analytical
methods are necessary for their determination. Furthermore, since VOCs comprise of
hundreds of organic compounds with a wide range of physical and chemical
characteristics, versatile methods are needed for their simultaneous determination.
Currently, one of the most widely-used methods for sampling and extraction of VOCs
from air is their enrichment into solid sorbents, which can be followed by liquid
desorption (LD) or thermal desorption (TD). Enrichment into solid sorbents provides the
sampling and preconcentration of the analytes in one single step, and the use of
sorbent tubes allows the portability of the samples in a reduced volume. Furthermore,
when followed by TD, it provides enhanced sensitivity and avoids the use of organic
solvents [1,2].

Hence, this section focuses on the study of analytical methods based on enrichment
into solid sorbents for determining VOCs in different industrial atmospheres. The
selection of the target VOCs of both studies was based on their occurrence and their
environmental and health effects. In this respect, some of the target VOCs were: ones
included in the USEPA list of Hazardous Air Contaminants [3]; ozone precursors
recommended for measurement by the Directive 2008/50/EC [4]; ones included in the
list of priority contaminants for water policies determined in the European Directive
2455/2001/EC [5]; and some others considered as hazardous organic contaminants by
the WHO Air Quality Guidelines [6]. Among the target VOCs that should be highlighted
are those classified as carcinogens, such as benzene or chloroform.

Following the atmospheric research line started by our group, the first research paper
focuses on the determination of organic contaminants by active enrichment into multi-
sorbent tubes, followed by TD-GC-MS. The method presented is based on a previous
one developed by our research group that was applied to determine up to 66 different
VOCs in urban and industrial air [7-9]. In the current study, this method was adapted
and validated for the simultaneous monitoring of 99 VOCs. Some screening samples
were previously taken in order to select more specific industrial contaminants which
were then added to the final list of target VOCs of this study. The developed method
was applied to determine VOC emissions of an industrial WWTP. Since industrial
discharges are a source of VOCs in WWTPs, the contribution of these plants as a source
of atmospheric VOCs should be investigated. However, up to now, few studies have
focused on the composition of industrial WWTP emissions [10,11]. The industrial WWTP
selected in this study collects waste waters from four chemical factories which produce
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a wide variety of products including isocyanates, polyurethanes, chlorinated organics,
polymerisates, functional chemicals, surfactants and adhesives, among others.

Although there are many advantages of TD, as mentioned above, this extraction
method is not compatible for determining thermolabile analytes or those with high
boiling points. Furthermore, some sorbents, such as activated charcoal, cannot be
thermally desorbed. Therefore, some standard methods recommend the use of LD for
the extraction of the analytes after their sampling [12]. Moreover, LD is simple and does
not require specific instrumentation. One of the most common combinations is the use
of activated charcoal followed by desorption with carbon disulfide. This is because the
high adsorption ability of the charcoal can trap a wide range of compounds [13,14] and
the extraction of non-polar analytes provided by this solvent is very effective. In order
to assess how these different analytical methods can affect the accuracy and precision
of VOC estimates, the overall performances of LD and TD methods were compared in
the second paper presented in this section. The solvent desorption method was based
on the European standard method EN 14662-2 [12] which uses activated charcoal as an
enrichment sorbent and carbon disulfide as an extraction solvent. The TD method that
was optimised in the first paper is based on the standard European method EN 14662-1
[15] and the USEPA method TO-17 [16]. Analytically, the main method parameters for
both methods were compared for the determination of 90 different VOCs. Initially, the
99 VOCs studied in the WWTP emissions study were also selected for this study.
However, some polar VOCs such as phenol or aniline were discarded because of the low
recoveries of these compounds obtained by the LD method.

Furthermore, the performance in atmospheric samples was compared by sampling air
over 8 days using both analytical methods in a location next to the petrochemical
complex in the Tarragona area. To our knowledge, only one previous paper compared
the analytical parameters of both methods but it did so for only 8 target VOCs [17].
Therefore, the comparative study presented here represents the first time that these
two different analytical methods have been compared with regards to such a wide
range of VOCs and their performance in real samples. For the LD method, samples of 24
h were taken, at a flow rate of 500 mL min™, thus sampling 720 L of air. For the TD
method, 2 h samples were collected at a sampling rate of 22 mL min™, collecting 2.64 L
of air. Taking into account the differences of both methods, differences in their
performance are expected.

A paper with the results obtained in the first study has been accepted for publication in
the International Journal of Environmental Analytical Chemistry. The second study has
been published in Talanta 82 (2010) 719-727 and has been carried out in collaboration
with the Observatory of Health and Environment of Tarragona.
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3.1.1. Determination of volatile organic compounds in industrial waste
water plant air emissions by multi-sorbent adsorption and
thermal desorption-gas chromatography-mass spectrometry
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VOCs in environmental atmospheres

DETERMINATION OF VOLATILE ORGANIC COMPOUNDS IN INDUSTRIAL WASTEWATER
PLANT AIR EMISSIONS BY MULTI-SORBENT ADSORPTION AND THERMAL DESORPTION-
GAS CHROMATOGRAPHY-MASS SPECTROMETRY

Noelia Ramirez, Rosa Maria Marcé, Francesc Borrull
Department of Analytical Chemistry and Organic Chemistry
Universitat Rovira i Virgili, Marcel-li Domingo s/n
Sescelades Campus, Tarragona 43007, Spain

Abstract

This paper describes the process of determining the presence of volatile organic
compounds in air emissions from industrial wastewater treatment plants (WWTP). The
analytical method, based on thermal desorption - gas chromatography - mass
spectrometry, was developed to simultaneously determine of 99 volatile organic
compounds (VOCs) in air samples. This method is rapid, environmentally-friendly (since
no organic solvents are used to extract the analytes) and compatible with a large range
of thermally stable polar and apolar compounds. The target VOCs were selected on the
basis of their occurrence in real samples and their adverse effects on the environment
and human health. To cover the wide range of target compounds, multisorbent tubes
filled with Tenax TA and Carbograph 1TD were used. Method validation showed good
repeatabilities, low detection limits, a high linear range and good recoveries. At a fixed
sample volume of 600 mL no significant losses for any of the target compounds were
found in the samples. Stability during storage indicated that samples must be keep
refrigerated at 4 °C and analysed within three days of collection. Real samples were
taken from air emissions of an industrial wastewater treatment plant located in the
Southern Industrial Area of Tarragona (Spain) with the aim of studying its contribution
as a source of atmospheric VOCs. This WWTP collects wastewater from several chemical
factories which produce isocyanates, polyurethanes, chlorinated organics and functional
chemicals among other products. Samples from the collecting tank after the primary
sedimentation showed higher VOC concentrations than samples from the secondary
treatment tank. The most abundant VOCs found in these emissions are included in the
USEPA List of Hazardous Air Pollutants. The highest values correspond to acrylonitrile
(up to 1843 pug m>) and styrene (up to 573.70 pug m™). The levels of chloroform, 1,4-
dioxane, ethylbenzene, 1,2,3-trimethylbenzene and 1,4-diethylbenzene were also high.

Keywords: Thermal desorption; Industrial wastewater treatment plant emissions;
Quality air monitoring; Volatile organic compounds.
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1. INTRODUCTION

The identification and measurement of
volatile organic compounds (VOCs) in
air is of considerable interest due to
their direct or indirect impact on the
global environment and human health.
Several environmental effects of VOCs
have been recognised, including their
contribution to stratospheric ozone
depletion; tropospheric photochemical
ozone formation (which is the main
cause of photochemical smog);
enhancement of the global greenhouse
effect; odour nuisance; and the
accumulation and persistence in the
environment of recalcitrant pollutants
[1-3].

Furthermore, many VOCs have adverse
effects on human health even at parts
per billion (ppb) levels. These adverse
effects include irritation of mucous
membranes, neurotoxic effects
(psychological stress and sensory
irritation to behavioural function),
epidemiology of respiratory disorders,
negative impacts on reproductive
systems and birth defects [4,5].
Ambient VOCs also have genotoxic
effects. According to a study of the US
Environmental Protection Agency
(USEPA), ambient VOCs are responsible
for between 35% and 55% of the
outdoor air cancer risk in the US [6,7].
Hence, VOCs are considered an
essential parameter for assessing the
air quality in indoor and outdoor
environments. It is, therefore,
important to monitor these compounds

in urban, industrial and rural ambient
air and to determine their sources.

VOCs are released into the atmosphere
as a result of natural and human
activities. These activities include
vehicle exhaust fumes, industrial
activity, solvent usage, landfill waste
and agriculture. Industrial applications
of VOCs are very diverse, as they are
used in the metal finishing industry, the
synthetic organic chemical manu-
facturing industry, the petrochemical
industry and the plastics industry.
Industrial discharges are a source of
VOCs in wastewater plants. It should be
pointed out that whereas many VOCs
are controlled by air quality legislation,
only a few VOCs are listed in water
quality legislation. For example, VOCs
only account for a small number of the
contaminants listed in the ‘European
Union list of priority pollutants for
water policies’ [8], whereas they
account for most of the Hazardous Air
Pollutants (HAPs) included in the US
EPA Clean Air Act [9]. Therefore, a
major concern regarding toxic VOCs in
wastewater is the potential air
emissions from wastewater treatment
plants (WWTPs). Although several
papers have focused on the monitoring
of VOC emissions in industrial facilities
[10-15], the emissions of VOCs from
wastewaters in  industrial-sewage
treatment plants are often overlooked
as sources of hazardous substances.
Previous papers have shown the
influence of urban WWTP emissions on
air quality [16-21]. However, there are

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)
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only a few studies on the composition
of industrial WWTP emissions [22,23]
and their relative importance as a
potential source of specific hazardous
air pollutants must be further
investigated.

Due to the complexity of VOC
composition and the low levels to be
detected (from ppb down to ppt),
several sampling and
strategies have been developed and
applied to identifying and quantifying
of VOC emissions [1,24-29]. Most of the
methods that have been developed for
determining VOC emissions from urban
and industrial WWTPs are either
canister-based [11,22] or sorbent-
based [16,18,19,21,23]. New trends in
VOC determination focus on the
development of versatile, portable,
low-cost and environmentally-friendly
techniques without compromising the
limit of detection. In this respect,
preconcentration on solid sorbents
followed by thermal desorption (TD)
has been shown to be a highly
advantageous  technique [30-32].
Thermal desorption provides enhanced
sensitivity, is compatible with thermally
stable polar and apolar compounds,
allows reuse of adsorbent tubes and
minimizes solvent usage with the
consequent benefits for laboratory
safety and waste disposal. In addition,
the use of multiple-bed sorbent
cartridges provides high breakthrough
volumes and the quantitative retention
and desorption of VOCs over a wide
volatility range [14,28,33-35]. It should

analytical

VOCs in environmental atmospheres

be noted, however, that if multisorbent
adsorption tubes are used, the sample
volume and the storage stability of
each target compound must be
evaluated [24].

This paper describes the development
of a multisorbent adsorption and
thermal desorption - gas chroma-
tography - mass spectrometry (TD-GC-
MS) method for simultaneously moni-
toring 99 VOCs in air samples. This
method was used to analyse the
emissions of an industrial WWTP with
the aim of studying its contribution as a
source of atmospheric VOCs. The
compounds studied include some
hazardous VOCs like ozone precursors
(alkanes, alkenes, aromatics and their
halogenated derivatives) and some
specifically industrial compounds such
as acrylates, among others.

2. EXPERIMENTAL
2.1. Chemical standards

The list of the VOCs determined is
shown in Table 1. A total of 99 target
compounds were selected on the basis
of their occurrence in industrial
wastewater emissions and their
adverse effects on the environment
and human health. Thirty-four of the
ninety-nine compounds determined are
included in the list of Hazardous Air
Pollutants (HAPs) of the US EPA Clean
Air Act [9], eighteen of them are ozone
precursors recommended for measu-
rement by the Directive 2002/3/EC

Int. J. Environ. Anal. Chem (DOI: 10.1080/03067310903584073)
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[36], eight of them are included in the
European Union list of priority
pollutants for water policies [8] and
twelve of them are included as
hazardous organic pollutants in the
World Health Organization Air Quality
Guidelines [4].

The standards of the 99 target
compounds involve three mixtures of
volatile organic compounds at 2000 mg
LY in methanol (592/524 Volatile
Organics Calibration Mix, EPA 524.2
Revision 4 Mix and 8270 Calibration
Mix 5 from Supelco, Bellefonte, USA)
and the individual standards of i-
pentane, 1-pentene, n-pentane, 2-
pentene (cis/trans mixture), isoprene, i-
hexene, n-hexane, i-octane, n-heptane,
n-octane, phenol, 1,2,3-trimethyl-
benzene (Aldrich, Steinheim, Germany),
2-ethyltoluene, 3-ethyl-toluene, 4-
ethyltoluene, 1,2-diethyl-benzene, 1,3-
diethylbenzene, 1,4-diethylbenzene
(Fluka, Buchs, Switzerland), and 2-
methylnaphthalene (Riedel - deHaén,
Seelze, Germany). The minimal purity
of the standards was 98%. Toluene-dg
from Aldrich was used as an internal
standard, as recommended by the EPA
[26].

The standards were diluted in methanol
for gas chromatography with purity
>99.9% (SDS, Peypin, France) and
ranged between 0.01 and 500 mg L™
with a toluene-dg constant concen-
tration of 5 mg L™. All the standards
were prepared on the day of use, and
stored at 4 °C in 10 mL Certan’ capillary
vials provided by Supelco.

2.2. Two-bed sorbent tubes

A two-bed sorbent cartridge was
chosen to cover the wide range of
target compounds in this study. The
cartridges were stainless-steel tubes
(length: 3 in. x 0. 5 in.; o.d.: 0.25 in.)
filled with a multisorbent bed of
approximately 350 mg of Tenax TA/
Carbograph 1TD (Markes International
Limited, Llantrisant, UK). The two
sorbent materials were selected on the
basis of previous studies [14,24].

Before each use, tubes were
conditioned by thermal cleaning (100
°C for 15 minutes, 200 °C for 15
minutes and 325 °C for 30 minutes)
under a nitrogen flow rate of 100 mL
min?  (purity 99.999%, Carburos
Metalicos, Tarragona, Spain). After
conditioning, the tubes were sealed
with Swagelok end caps fitted with
PTFE ferrules and stored in hermetically
sealable glass jars with desiccant
material in order to prevent any
ambient contamination of the sorbents.

2.3. Calibration

The external liquid standards and the
internal standard were loaded into the
two-bed sorbent tubes using a
Calibration  Solution Loading Rig
(Markes International Limited,
Llantrisant, UK) which allows a 99.999%
pure Helium flow (Carburos Metalicos,
Tarragona, Spain) to pass through the
tube at a fixed flow rate of 100 mL
min™. The cartridges were attached to
the end of the weak sorbent (Tenax TA)

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)
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in the same position as in the sample
collection. A conventional GC syringe
was used to inject 1 pl of each dilution
of the standard solution into the
sorbent cartridges. After the injection, a
short time (approximately 20 s) was
allowed to elapse before removing the
needle from the sorbent to enable the
target compounds to be fully
evaporated and retained on the
sorbent bed. To ensure the
repeatability of the injection and the
total evaporation of the solvent, the
helium stream was maintained for 5
minutes before the tubes were sealed
with Difflok caps and then immediately
analysed. If this procedure was
followed, there was no sign of
methanol in the standard solution
chromatograms.

2.4. Thermal desorption GC-MS
analysis

Desorption of the analytes retained on
the Tenax TA — Carbograph 1TD sorbent
tubes was carried out in a Unity
Thermal Desorption system connected
to an Ultra A automatic sampler (both
from Markes International Limited,
Llantrisant, UK). In the first step,
primary desorption, tubes were heated
to 275 °C with a helium flow rate of 30
mL min™ for 10 min. This was done to
desorb the analytes which were
refocused on a hydrophobic general
purpose cold trap, filled with Tenax TA
and a graphitised carbon, cooled at —
10 °C. A split flow was not applied in

VOCs in environmental atmospheres

this step, so all the mass desorbed from
the tubes went into the cold trap. After
flash-heating of the cold trap at 300 °C
during 3 min, analytes were injected
into the chromatographic column. A
split flow of 5 mL min™ was applied in
this step. The parameters of this
method were based on a previous work
[14] and optimised for the 99 target
VOCs.

Separation  and
performed in a 6890N gas
chromatograph and 5973 inert mass
spectrometer (Agilent Technologies.
Palo Alto, USA), using a TRACSIL Metax5
capillary column (60 m, 0.32 mm, 1.0
um, provided by TEKNOKROMA,
Barcelona, Spain) and helium gas as the
carrier at a flow rate of 1.5 mL min™.
The oven temperature of the GC was
initially held at 40 °C for 5 min, then
raised to 140 °C at a rate of 6 °C min™
and then raised again to 220 °C at a
rate of 15 °C min™ and held at that
temperature for 3 min.

The GC-MS interface was set at 280 °C.
The mass spectrometer acquired data
in scan mode with an m/z interval from
35 to 280, operating at an electron
impact energy of 70 eV. Qualitative
identification of the target VOCs was
based on the match of the retention
times and the ion ratios of the target
quantifier and qualifier ions. The
retention times and the quantifier and
qualifier ions for each target compound
are shown in Table 1. The internal

detection  were

standard calibration method was used
for the GC-MS quantification.

Int. J. Environ. Anal. Chem (DOI: 10.1080/03067310903584073)
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2.5. Sample collection

The Tarragona area is an important
industrial centre mainly based on the
chemical industry. Most of the chemical
industries are located in two areas: the
North Industrial Complex, which has a
surface area of 470 ha and an oil
refinery, the South
Complex, which occupies an area of
717 ha with several
petrochemical plants. In this study, field
samples were taken from an industrial

and Industrial

chemical and

WWTP located in the South Industrial
Complex, near some tourist locations
(see Figure 1). This WWTP collects
wastewater from four chemical
factories which produce a wide variety
of products

polyurethanes,
polymerisates,
surfactants and adhesives. The samples
were collected in November 2008 in
two locations: the collecting tank after
the primary sedimentation and the

secondary treatment tank.

such as isocyanates,
chlorinated organics,

functional chemicals,

South Industrial
Complex

Industrial

North
Industrial
Complex

Tarragona city

2km
2mi

Figure 1. Map of the Tarragona area showing the
location of the North and the South Industrial
complexes, the sampled industrial WWTP,
the main location (Tarragona city) and the

tourist area

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)
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Samples were collected at the Tenax TA
end of the tube in order to collect the
heaviest hydrocarbons first. The tubes
were placed in the headspace of the
tanks at approximately 1 m from the
wastewater. An air sampling pump
(SKC, Eighty Four, USA) was used to
pump air samples at a flow rate of 50
mL min™, for 12 min. The pump was
calibrated with a flowmeter before and
after sampling (Altech, Deerfield, UK)
and the flow average was used to
determine the volume of air sampled.

3. RESULTS AND DISCUSSION
3.1. Analytical method
3.1.1. Method optimisation

All the parameters of the instrumental
method were optimised using liquid
standards of the 99 target VOCs and
the internal standard. Although the
matrix in which the standards are
dissolved can affect the -calibration,
accurate gas external standards for a
wide range of target compounds are
not easy to generate. For this reason,
recent studies have shown that liquid
standards loaded in the sorbents in the
appropriate conditions are a reliable
alternative [30, 37].

For the thermal desorption system,
previous studies showed that while low
desorption temperature, time and flow
result in poor recovery of the target
compounds, high values of these
variables increase the number of
artifacts and shorten the life of the

VOCs in environmental atmospheres

sorbents [14, 34]. For the 99 target
VOCs, the tube and trap desorption
temperature, the time and the flow,
explained in section 2.4. were
optimised to ensure the highest
recoveries and the lowest artifacts [14].
Chromatographic  separation  was
satisfactory for most of analytes (see
retention times in Table 1) and the co-
eluted analytes were quantified using
characteristic ions. Only m-xylene and
p-xylene and 2,3,4,5-tetrachlorophenol
and 2,3,4,6-tetrachlorophenol were
guantified together as they exhibited
identical mass spectra.

Sample volume for real samples was
fixed to ensure that no analytes had
broken through the sorbent bed during
sampling. Two identical sorbent tubes
were connected in series, so that the
back tube would retain the analytes
eluted from the front tube, and air
emitted by the collecting tank after the
primary  treatment (the most
contaminated area) was pumped
through them at different sampling
rates (from 100 mL min? to 20 mL
min™) and periods of time (from 30 to
10 minutes). After each sampling both
tubes were analysed. This test was
conducted on different dates and under
different atmospheric
(temperatures ranging from 5 °C to 25
°C, humidity between 60% to 90% and
wind speeds up to 60 km h™). The flow
rate of the sampling was fixed at 50 mL
min™ for 12 minutes collecting 600 mL
of air. Under these conditions, only
eleven target VOCs were present in the
second tube, with concentrations

conditions

Int. J. Environ. Anal. Chem (DOI: 10.1080/03067310903584073)
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Table 2. VOCs detected in the second tube in
breakthrough tests and their % concentrations
compared with their respective concen-
trations in the first tube.

No. Target VOCs %

9 Acrylonitrile 0.62

24 Chloroform 0.94

39 1,4-Dioxane 4.47

55 Ethylbenzene 2.57

56,57 m,p-Xylene 1.62

59 Styrene 1.63

69 3-Ethyltoluene 0.65

71 1,3,5-Trimethylbenzene 0.52

77 1,2,4-Trimethylbenzene 0.73

82 1,2,3-Trimetylbenzene 0.45

86 1,4-Diethylbenzene 0.60

between 0.45 and 4.47%

of their

respective concentrations in the first
tube, as is shown in Table 2. The
highest value was 4.47% for the 1,4-
dioxane but this does not exceed the
5% recommended by the EPA [38].

3.1.2. Artifact evaluation

Blank signals of the tubes and the
formation of affect the
method detection limit and the overall
method performance. Although blank

artifacts

levels can be made extremely low by
meticulous conditioning of the solid
adsorbents and by properly storage
[39], may be
unavoidable and needs to be taken into
account  [40]. the
degradation products of Tenax TA are

artifact formation
Furthermore,

well known and have been widely
studied [41, 42]. Blanks of the tubes

were checked by analysing the 20
freshly cleaned sorbent tubes involved
in this study. Their responses were
compared with the responses obtained
by direct injection of the standards
under the same split conditions. A total
of 24 target VOCs were found in these
tubes in amounts ranging from 0.0012
ng, for the o-xylene, to 1.2 ng for the
phenol. Table 3 shows the average
concentrations the
deviation of the blanks of the target
compounds found. The average blank
in the
calibration curves of these 24 target
VOCs.

and standard

concentrations were included

3.1.3. Method validation

To determine the instrumental
repeatability, five cartridges filled with

100 ng of VOC standard were analysed

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)
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Table 3. Blank concentrations of target VOCs in the freshly cleaned tubes

and their standard deviation in ng.

Average

No. Target VOCs concentration s.d-
(ng, n=20)
(ng)
6 Isoprene 0.25 0.16
11 Dichloromethane 0.29 0.10
12 Carbon disulphide 0.012 0.009
18 n-Hexane 0.03 0.01
24 Chloroform 0.14 0.01
25 tetrahydrofuran 0.09 0.07
30 Benzene 0.23 0.07
34 n-Heptane 0.05 0.01
39 1,4-Dioxane 0.18 0.18
45 Toluene 0.22 0.13
49 n-Octane 0.010 0.003
55 Ethylbenzene 0.05 0.02
56,57 m,p-Xylene 0.02 0.01
59 Styrene 0.08 0.11
60 o-Xylene 0.0012 0.0003
64 Isopropylbenzene 0.020 0.001
70 4-Ethyltoluene 0.30 0.25
72 Phenol 1.2 0.5
77 1,2,4-Trimethylbenzene, 0.010 0.004
81 p-lsopropyltoluene 0.010 0.003
82 1,2,3-Trimetylbenzene 0.010 0.001
93 Naphthalene 0.04 0.02
96 2-Methylnaphtalene 0.02 0.01
97 1-Methylnaphtalene 0.002 0.001

on the same day. Although the EPA
recommends the use of
standards in the determination of VOCs
by thermal desorption [26], internal
standards are not always used in these
kind of studies [33, 34]. To evaluate the
need for an internal standard, the
relative standard deviation of the
results was calculated with and without
the internal standard (see Table 1).
Although the repeatabilities without

internal

using the internal standard are quite
good (ranging from 0.41 to 6.91% RSD),
in most of the cases the use of the
internal standard gave better values
(ranging from 0.02 to 4.1 %RSD). Thus,
toluene—dg was used as an internal
standard in this study.

The instrumental limit of detection
(LOD) and the instrumental limit of
guantification (LOQ) were evaluated in

two ways. For target compounds
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LODs
concentrations

without blank signal,
determined as the
corresponding to three times the noise
signal of the quantifier ion and LOQs as
the lowest calibration level. For target
compounds which present a signal in
the blank, the LODs and LOQs were
established as the sum of the average
concentrations of the blank responses
plus three times the standard deviation
of this signal, for the LOD, and plus ten
times the standard deviation of the
signal for the LOQ (n=20). The lowest
values of LOD and LOQ correspond to
the sum of 2,3,4,5 and 2,3,4,6-
tetrachlorophenol (0.0001 ng and 0.001
ng, respectively) and the highest values
were for phenol (1.4 ng and 1.5 ng,
respectively), which has a high blank
signal.

The linear range was evaluated within a
VOC amount ranging from LOQ of each
compound to 1500 ng. All calibration
curves showed a good linearity in that
range with determination coefficients
(rz) higher than 0.990 for all
compounds. Once the linear range had
been tested,
amounts ranging from LOQ of each
compound and 100 ng were used to
quantify the samples. Due to the high
concentrations of acrylonitrile
in the samples, the

were

calibration curves at

and
styrene found
ranges of their calibration curves were
wider (0.05 - 1200 ng and 0.5 - 500 ng,
respectively).

Instrumental recoveries were measured
as the percentage recovery of the
response obtained by the triplicate
analysis of a 100 ng standard using the

TD-GC-MS method and were compared
with the response obtained by direct
injection of the same amount of
the split
conditions. As Table 1 shows, most of
the target compounds have recoveries
higher than 95% (n=3, %RSD between
0.02 and 4.06). The lowest recoveries
correspond to i-pentane, methyl-terc-
butylether and carbon disulphide (85,
86 and 87%, respectively).

The method detection limit (MDL) and
the method quantification limit (MQL)
ranged from 0.0003 to 2.3 ug m> and
from 0.003 to 2.5 ug m?, respectively
(see Table 1).The precision
samples was determined by sampling

standard under same

in real

two sorbent tubes connected in parallel
at the same time and under the same
conditions. The analysis of these tubes
showed similar results.

3.1.4. Stability during storage

The stability during storage
investigated by analysing

replicates of freshly cleaned cartridges
filled with 100 ng of standard solution.
Three of these were

was
twelve

immediately
analysed and the others were sealed
with Swagelok end caps fitted with
PTFE ferrules and stored at 4 °C in
hermetically sealable glass jars with
desiccant material. Three of these
cartridges were analysed after being
stored for one day, three of them after
three days and the last three after one
week. Toluene-dg was used as the
internal standard in the analysis of all
samples. Figure 2 shows the fresh
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sample relative responses against the
corresponding results for 3 days and 7
days of storage.
(r*>0.990) and slopes close to the ideal
1 were observed after up to three days
of storage (Figure 2a). After one week
of storage (Figure 2b), however, the
amount of carbon disulphide and n-

Good correlations

VOCs in environmental atmospheres

hexane increased in the stored tubes,
possibly due to the degradation of
some analytes. Furthermore, the losses
of the most volatile target VOCs after
one week storage, ranging between the
20% and the 50%, indicate that the
samples should be analysed within
three days of collection.

(a) 45-
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Figure 2. Correlations of the 99 target compounds after three days (a) and after one week

of storage (b).

3.2. Analysis of real samples

Sixteen samples were taken in the
industrial WWTP in November 2008. A

total of 64 of the 99 VOCs were
detected in these samples and 55 of
these 64 were quantifiable by the
proposed method. Table 4 shows the
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Table 4. Target compounds found in real samples and their average, maximum and minimum
concentrations in site 1 and 2.

Site 1 (ug m™) Site 2 (ug m™)

No. TargetVOCs

Aver. Max. Min. Aver. Max. Min.
1 i-Pentane 10.1 20.1 6.1 15.6 333 7.08
3 n-Pentane 3.64 9.08 1.27 6.52 15.8 6.13
5 2-Trans-pentene 0.004 0.03 n.g. 0.12 0.65 0.05
6 Isoprene n.g. n.g. n.g. n.g. n.q. n.q.
7 2-Cis-pentene 0.19 1.50 n.d. 1.44 2.27 1.27
8 1,1-Dichloroethylene 0.2 1.60 n.d. 0.62 1.68 1.62
9 Acrylonitrile 843 1843 260 7.63 15.3 3.00
11 Dichloromethane 4.16 9.62 1.67 2.71 4.22 2.17
12 Carbon disulphide 1.01 6.07 n.g. 1.94 7.28 1.72
14 Trans-1,2-dichloroethene n.g. n.g. n.q. n.q. n.g. n.q.
16 Propionitrile 0.40 3.22 n.d. 0.31 2.50 n.d.
18 n-Hexane 0.81 4.43 n.g. 1.04 4.20 n.g.
24 Chloroform 56.9 155 2.22 4.80 9.52 1.27
25 Tetrahydrofuran 0.57 2.38 n.g. 0.60 1.40 n.q.
26 1,1,1-Trichloroethane 0.51 1.42 1.35 1.03 1.42 1.33
27 1-Chlorobutane n.d. n.d. n.d. 0.61 4.85 n.d.
28 1,2-Dichloroethane 0.68 2.10 0.63 1.37 3.72 0.53
30 Benzene 131 5.03 n.g. 1.46 2.98 n.g.
31 Carbon tetrachloride 1.31 1.48 1.13 1.34 1.45 1.15
33 i-Octane 0.61 1.35 0.95 0.47 1.28 1.22
34 n-Heptane 0.14 1.15 n.g. 0.56 2.47 n.g.
35 2-Nitropropane 0.14 0.60 n.g. 0.31 1.30 n.g.
37 Tricloroethene 0.28 2.22 n.q. 0.12 0.75 n.q.
39 1,4-Dioxane 42.0 105 14.2 43.8 63.1 21.6
40 Methylmethacrylate n.g. n.g. n.q. n.q. n.g. n.q.
41 Bromodichloromethane 0.06 0.48 n.d. 0.17 0.58 0.38
43 Pyridine trifluoroacetate n.d. n.d. n.d. 1.01 8.12 n.d.
45 Toluene 5.71 19.1 n.q. 3.05 5.55 n.g.
49 n-Octane 0.23 1.82 n.q. 0.24 1.03 n.g.
50 Dibromochloromethane 0.16 0.38 0.15 0.17 0.47 0.10
52 Tetrachloroethene 0.88 1.63 0.38 0.91 3.00 0.17
53 Chlorobenzene n.g. n.q. n.q. n.q. n.g. n.q.
55 Ethylbenzene 55.6 96.9 20.5 5.7 19.7 1.02
56,57 m,p-Xylene 76.9 137 35.3 2.54 8.13 0.52
58 Bromoform 0.04 0.23 n.g. 0.06 0.25 n.g.
59 Styrene 574 775 409 4.23 6.12 3.02
60 o-Xylene 8.73 25.9 n.g. 0.77 3.02 n.q.

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

Table 4 (cont.)
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64 Isopropylbenzene 0.04
65 Bromobenzene n.d.
66 n-Propylbenzene 0.81
69 3-Ethyltoluene 25.7
70 4-Ethyltoluene 14.7
71 1,3,5-Trimethylbenzene 7.83
72 Phenol n.d.
74 2-Ethyltoluene 8.29
76  Tert-Butylbenzene n.q.
77 1,2,4-Trimethylbenzene 28.9
78 1,3-Dichlorobenzene n.g.
79 sec-Butylbenzene n.q.
80 1,4-dichlorobenzene n.q.
81 p-lsopropyltoluene 1.22
82 1,2,3-Trimetylbenzene 81.7
83 Benzyl alcohol n.q.
84 1,2-Dichlorobenzene n.g.
85 1,3-Diethylbenzene 4,59
86 1,4-Diethylbenzene 57.5
87 n-Butylbenzene 2.03
88 1,2-Diethylbenzene 0.49
91 Nitrobenzene n.d.
92 1,2,4-Trichlorobenzene n.g.
93 Naphthalene 0.60
94 Hexachlorobutadiene 0.23
95 2-Methylnaphthalene 7.80
97 1-Methylnaphtalene 11.3

0.28
n.d.
5.55
59.1
56.5
21.2
n.d.
27.0
n.g.
70.8
n.g.
n.q.
n.g.
4.25
104
n.q.
n.q.
16.8
120
10.6
2.40
n.d.
n.g.
4.82
0.5
34.9
329

n.g. 0.13 1.02 n.g.
n.d. 0.08 0.67 n.d.
n.q. 0.61 3.95 n.q.
n.g. 2.18 7.95 n.q.
23.5 3.04 15.5 2.93
n.g. 0.85 4.10 n.g.
n.d. 1.22 9.78 n.d.
n.g. 0.80 2.85 n.g.
n.q. n.q. n.q. n.g.
n.g. 1.85 7.92 n.g.
n.g. n.d. n.d. n.d.
n.q. n.q. n.q. n.g.
n.g. n.q. n.q. n.q.
n.g. 0.21 0.93 n.g.
56.9 2.65 10.6 0.05
n.g. 0.1 0.78 n.g.
n.q. n.d. n.d. n.d.
n.q. 0.44 1.95 n.g.
n.g. 3.84 15.7 n.g.
n.g. 0.13 0.68 n.g.
n.g. 0.05 0.27 n.q.
n.d. 0.31 1.37 n.q.
n.g. n.q. n.g. n.qg.
n.g. 0.14 1.15 n.g.
0.42 0.19 0.40 n.d.
n.q. 0.19 0.97 n.g.
9.32 0.14 3.13 1.52

n.d.: compound not detected (value<MDL)
n.g.: compound not quantified (value<MQL)

average, maximum and minimum
concentrations found in the collecting
tank after the primary sedimentation
(site 1) and in the secondary treatment
tank (site 2). Figure 3 shows the typical
chromatogram for site 1 (Figure 3a) and
for site 2 (Figure 3b). The most
characteristic VOCs of each site are
indicated. The highest concentration in
site 1 was for acrylonitrile, with a
maximum concentration of 1843 g m?

and an average concentration of 843 ug

m>. In this site, high concentrations of
styrene were also found, between 408
and 574 pug m>. Also worthy of note
were the high concentrations of
chloroform (2.22-155 pg m>), 1,4-
dioxane (14.2-104 pg m>), ethyl-
benzene (20.5-96.9 ug m?), m,p-xylene
(35.3-136 pg m?3), 1,2,3-trimethyl-
benzene (56.9-104 pug m?>) and 1,4-
diethylbenzene (<0.08-120 pg m™). In
contrast, levels of most compounds
were lower in site 2 than in site 1. This
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is to be expected because in the
secondary treatment tank is where the
organic matter is biologically degraded
and evaporation processes take place
[43]. The exceptions were: i-Pentane,
with concentrations between 6.13 and
20.08 ug m~in site 1 and between 7.08
and 33.35 ug m? in site 2; n-pentane
(site 1: 1.27-9.08 pg m>, site 2: 6.13-
15.8 ug m?), 2-cis-pentene (site 1:
<0.17 - 1.50 pg m’, site 2: 1.27-2.27 Mg
m?) and n-heptane (site 1: <0.83-1.15
pg m>, site 2: <0.83.-2.47 ug m>). A
plausible explanation is that these VOCs
may be degradation products of some
other organic water pollutants. Finally,
it is important to note that the levels of
1,4-dioxane were similar in both
sampling sites which may indicate that
the biological degradation of this
compound did not occur.

To the best of our knowledge, this is
the first study of the emissions of these
99 VOCs in this kind of industrial
WWTP. Therefore, the results found
could only be compared to those
reported for petrochemical and urban
WWTPs. For example, studies of air
emissions from two petrochemical
WWTPs in Taiwan reported
concentrations of up to 620 mg m™ of
benzene, 370 mg m? of styrene and 53
mg m” of acrylonitrile [11,22,23] which
are much higher than the levels found
in this study. In addition, the
concentrations of VOCs reported for
studies in urban WWTPs were generally
higher than those reported in this
paper except for  acrylonitrile,
chloroform and styrene [18,44]. Also

worthy of note are the higher levels of
chlorinated VOCs in urban WWTPs such
as 1,1,1-trichloroethane (up to 82 ug
m) and tetrachloroethane (up to 40 pg
m?3).

It is significant that the most abundant
VOCs found in the samples are all
included in the USEPA List of Hazardous
Air Pollutants [9]. Of these, acrylonitrile
and styrene, which have the highest
concentration levels, are also conside-
red hazardous organic pollutants in the
WHO Air Quality Guidelines [4].
Acrylonitrile is an anthropogenic
product with carcinogenic effects in
animals and humans. Although no safe
level for acrylonitrile in air s
established by the WHO, this
organisation estimates a lifetime risk of
2:10” at an air concentration of 1 Mg
m>. As indicated in this section, the
levels of acrylonitrile in this study were
up to 1843 pg m’>.

As for styrene, it is one of the most
important monomers worldwide and
also occurs naturally as a degradation
product of some organisms. A weekly
average of 260 ug m? is established as
a guideline value for this compound. In
the collected samples, styrene
concentrations were higher than this
guideline value (up to 574 ug m>). The
high concentrations of these two
compounds together with the remain-
ning 62 VOCs found in the samples
show the importance of industrial
WWTPs as a source of hazardous air
pollutants and the need for adequate
analytical methods to monitor these
compounds.

Int. J. Environ. Anal. Chem. (DOI: 10.1080/03067310903584073)



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011 . .
VOCs in environmental atmospheres

2
(@ - 2 o |8
3 zle 2%
51¢F B 3 |B g |E .
< 3 25 S
g 440F : 2| £
< = E3
g b 5
5 3.40° = T %
2 8 =
2y
E 2 |
I R aaaeht
=
L i J-#‘l'-‘?‘—‘w-}\‘i‘j“l"‘-(j—-;}“xr‘—J ,]ll. ‘llﬁv"!w Llul«..rff_"\l S
5.00 10.00 15.00 20.00 25.00 30.00
Time (min)
(b)
5-108
8 4.40°
g
§ 3I106 2 @
B g g
2.108 4 5
s . : -
1.10° 5= 5§ 2 : ; il J \
TR - : 8 il ikl
NG HO SN - SV . s ,
5.00 10.00 15.00 20.00 25.00 30.00
Time (min)
Figure 3. Chromatograms from site 1 (a) and from site 2 (b).
4. CONCLUSIONS limits of these compounds. However,
the high levels of the compounds in real
An analytical method for simulta- samples indicate that the method can
neously determining 99 volatile organic be useful in determining these.
compounds in air samples by TD-GC-MS Although most of the compounds were
was  successfully  optimised and stable during one week of storage at 4
evaluated. This method involves only °C, the losses of the most volatile
12 minutes of sampling and a low compounds and the increases in the
preconcentration volume of air (600 concentration of carbon disulphide and
mL). The analysis of blanks showed the n-hexane indicate that samples should
presence of some compounds of be analysed within three days of
interest, mainly phenol, isoprene, collection.
dichloromethane, benzene and When the method was applied to air
toluene, which affect the detection emissions from an industrial WWTP,
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the concentrations of target
compounds were found to be higher in
the collecting tank after the primary
sedimentation than in the secondary
treatment tank. Acrylonitrile and
styrene were the most abundant and
the levels of chloroform, 1,4-dioxane,
ethylbenzene, 1,2,3-trimethylbenzene
and 1,4-diethylbenzene were also high.
The wide variety of hazardous VOCs
found in the industrial WWTP emissions
and the high
acrylonitrile and styrene indicate the
importance of industrial WWTPs as a
source of hazardous air pollutants and
the need for fast and environmentally-
friendly analytical methods that should
be able to monitor a large number of
these compounds. The TD-GC-MS
method proposed has these
characteristics and has been
demonstrated to perform well in real
samples.

concentrations of
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3.1.2. Comparative study of solvent extraction and thermal desorption
methods for determining a wide range of volatile organic
compounds in ambient air
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COMPARATIVE STUDY OF SOLVENT EXTRACTION AND THERMAL DESORPTION
METHODS FOR DETERMINING A WIDE RANGE OF VOLATILE ORGANIC
COMPOUNDS IN AMBIENT AIR
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Abstract

This paper compares two analytical methods for determining levels of 90 volatile
organic compounds (VOCs) commonly found in industrial and urban atmospheres. Both
methods are based on two official methods for determining benzene levels and involve
collecting samples by active adsorptive enrichment on solid sorbents. The first method
involves solvent extraction and uses activated charcoal as a sorbent. After sampling, the
sorbent is extracted with 1 mL of carbon disulfide and then 1 uL of the extract is
analysed in a GC-MS. The second method involves thermal desorption (TD) and uses
Tenax TA and Carbograph 1TD as sorbents, which allows the whole sample to be
analysed. In general, the thermal desorption method showed the best repetitivities and
recoveries and the lowest limits of detection and quantification. Because of its lower
sensitivity, the solvent extraction method needs the preconcentration of large sample
volumes of air (720 L vs. 2.64 L for the thermal desorption method) to yield similar limits
of detection.

The performance of both methods in real samples was tested in a location near to a
petrochemical complex. The results of the 24-hour samples for the solvent extraction
method were compared with the average of 12 2-hour samples for the TD method. In
some cases, both methods found differences in the VOC concentrations, especially in
those compounds whose concentrations fluctuate significantly during the day.

Keywords: Thermal desorption; Solvent desorption; Comparison of methods; Air
analysis; Volatile organic compounds.

1. INTRODUCTION ppb levels. The environmental effects

of VOCs include the accumulation and
Volatile organic compounds (VOCs) persistence of recalcitrant pollutants,
have a significant impact on the the depletion of stratospheric ozone
environment and human health even at and the formation of tropospheric
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photochemical ozone [1-3]. Further-
more, VOCs have neurotoxic and

dissolving  non-polar  compounds.

Moreover, it elutes rapidly at the front

genotoxic effects on human health and
can cause respiratory and reproductive
disorders [4-6].

Because of the complexity of the
environmental air matrix and the
usually low concentration of VOCs,
from ppb down to ppt, reliably
determining VOC levels in air requires
the most efficient and sensitive
sampling, preconcentration and
analysis techniques. In this respect,
adsorptive  enrichment on  solid
sorbents is a well-established technique
which allows sampling and
preconcentration in one step. After the
preconcentration step, analytes are
removed from the sorbent and then
determined by gas chromatography.
Nowadays, most official agencies use
two desorption
determining VOC levels: solvent
extraction and thermal desorption.
Solvent extraction is the commonest
method of VOC desorption. The main
sorbent for this method is activated
charcoal (usually coconut shell
charcoal) [7-10]. Activated charcoal has

methods for

a very complex surface structure
containing a wide range of functional
groups which allow the adsorption of a
wide range of compounds [11,12]. The
desorbing solvent most commonly used
with activated charcoal is carbon
disulfide due to its high volatility, its
high adsorption heat on activated
charcoal (which  displaces other
molecules), and its effectiveness at
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of the analysis on most common GC
columns and has a very low response
on FID [13].

The solvent extraction method s
simple, compatible with high molecular
mass and thermally unstable
compounds and allows the pre-
concentration of high volumes of air.
However, it has several drawbacks. The
major disadvantage is that the sample
is diluted with the desorbing solvent,
which increases the method detection
limit. As a consequence, this method
requires long sampling periods and the
preconcentration of large volumes of
air. Moreover, polar and reactive
compounds often have poor desorption
efficiencies that can vary further with
the presence of other polar species or
water vapour [11,14-16]. These low
recoveries can be associated with the
strength of multiple binding
interactions and even irreversible
adsorptions and  catalytic trans-
formations of the analytes into
different products. Regarding the
solvent, CS, can react with certain
compounds such as amines, which can
interfere with the analysis of volatile
chlorinated carbons and may vaporise
some very volatile molecules during the
procedure because of the heat of the
desorption [13]. Furthermore, CS, has
highly toxic health effects [4], causes
serious environmental damage and has
a high response on MS.
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Thermal desorption is a good
alternative to solvent desorption and is
also used in several official methods
like the UNE-EN 14662-1 for benzene
and the EPA TO-17 for VOCs [17,18].
This method provides enhanced
sensitivity (since the whole sample is
analysed), is compatible with thermally
stable polar and apolar compounds,
enables the reuse of the adsorbent
tubes, avoids the use of toxic solvents
in the extraction step and, in
consequence, prevents the solvent’s
signal from masking the analyte peaks
in the sample chromatograms.

There is a wide variety of commercial
sorbents that can be used with the
thermal desorption technique. The
main types of sorbents used in air
monitoring are  porous  organic
polymers, graphitised carbon blacks
and carbon molecular sieves [1,11,19].
The selection of a suitable sorbent
depends not only on the physical and
chemical characteristics of the VOC
studied, but also on sampling
conditions such as the meteorological
conditions, time of sampling and
sample volume. Consequently, recent
studies tend to use multiple-bed
sorbent cartridges which provide high
breakthrough
quantitative retention and desorption
of VOCs over a wide volatility range
[20-24].

The main drawbacks of thermal

volumes and the

desorption are: the initial cost of the
equipment; the possible degradation of
those sorbents that generate artefacts

VOCs in environmental atmospheres

and blanks of some analytes, which can
interfere in the analysis; and the
consumption of the sample in a single
analysis (although modern equipment
allows the recollection of split samples
in a fresh tube). Moreover, thermal
desorption is not recommended for
thermally unstable compounds and for
compounds with high boiling points
(above 300 °C) because the desorption
efficiencies decrease.

Since the solvent and thermal
desorption methods are based on quite
different  physical and
processes, it is important to study how
this affects the accuracy and precision
of the overall emission estimates.
Hence, the aim of this paper is to
compare two methods used for
monitoring VOCs: one based on solvent
extraction (method A) and one based
on thermal desorption (method B).
Both methods were used to determine
the levels of 90 VOCs that are
commonly found in industrial and
urban atmospheres and that have a
wide range of different physical and
chemical characteristics.

chemical

Both methods were tested using real
atmospheric samples taken from a
location
petrochemical complex. As far as we
know, this is the first study to compare
the performance in real samples of
both methods and the results when
used to determine 90 compounds.
Hence, this study should help in
defining the most appropriate method
for monitoring these compounds.

situated next to a
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Table 1. Target VOCs in chromatographic elution order showing retention times (tz), repetitivity,
recovery and method detection and quantification limit, expressed in pg m'3, for the solvent
desorption (method A) and the thermal desorption method (method B).

Repetitivity ° % Recoveries”  MDL° maL®
No. Target VOCs (t':n ) (%RSD, n=5) (n=3) (g m?) (g m>)
Met.A Met.B Met.A Met.B Met.A Met.B Met.A Met.B

1 i-Pentane 3.87 0.66 2.49 99.2 85.0 0.69 0.04 1.39 0.19
2 1-Pentene ° 4.08 3.87 2.45 96.3 99.8 0.69 0.19 1.39 0.38
3 n-Pentane ° 420 211 2.42 99.5 99.7 0.28 0.02 0.69 0.04
4 Diethyl ether 430 8.79 2.67 99.0 99.8 0.69 0.04 1.39 0.19
5 2-Trans-pentene ° 435 0.99 1.75 98.7 99.6 0.28 0.04 0.69 0.19
6 Isoprene ° 438 1.68 3.38 97.4 94.9 0.69 0.28 1.39 0.38
7 2-Cis-pentene © 449 4.03 2.87 97.3 96.1 0.69 0.04 1.39 0.19
8 1,1-Dichloroethylene 459 3.77 1.14 96.1 95.7 0.28 0.03 0.69 0.04
9 Acrylonitrile e 463 7.06 0.99 100.1 100.0 0.14 0.002 0.69 0.02
10  1-Hexene 537 1239 213 88.0 95.2 0.69 0.04 1.39 0.19
11 Trans-1,2-dichloroethene 5.63  4.52 3.27 95.4 97.9 0.69 0.02 1.39 0.04
12 Methyl—tercbutyletherf 5.69 5.01 0.86 96.5 85.9 0.07 0.04 0.14 0.19
13 Propionitrile 5.88 8.30 1.21 97.4 100.1  0.07 0.04 0.14 0.19
14 1,1-Dichloroethane 6.00 7.13 2.38 96.3 100.2  1.39 0.02 2.78 0.04
15  n-Hexane ' 6.54 2.67 2.10 96.7 96.6 0.28 0.03 0.69 0.04
16  Methacrylonitrile 6.55 4.45 1.45 96.8 99.8 0.01 0.004 0.07 0.04
17  Cis-1,2-dichloroethylene  6.92  5.58 2.32 100.2  99.9 0.69 0.02 1.39 0.04
18  Methylacrilate 7.10 3.95 0.98 95.9 99.8 0.69 0.004  1.39 0.04
19 2,2-Dichloropropane 7.14 4.40 3.48 97.7 84.1 0.28 0.02 0.69 0.04
20  Bromochloromethane 7.26  6.08 1.46 95.4 99.6 0.07 0.03 0.14 0.04
21 Chloroform 733 7.15 1.85 100.8  99.8 0.01 0.02 0.07 0.04
22 Tetrahydrofuran 7.60 4.92 0.67 98.8 99.9 0.14 0.11 0.69 0.19
23 1,1,1-Trichloroethane f 8.29 6.86 2.75 101.3 975 0.07 0.02 0.14 0.19
24 1-Chlorobutane 8.40 9.02 2.24 65.1 99.5 0.07 0.01 0.14 0.19
25 1,2-Dichloroethane £ 8.42 2.29 2.36 101.6 994 0.69 0.004 1.39 0.04
26  1,1-Dichloropropene 8.66 7.60 2.67 97.8 99.5 0.28 0.02 0.69 0.04
27 Benzene *"* 892 096 1.47 98.3 100.0 0.28 0.16 0.69 0.38
28  Carbon tetrachloride * 8.97 5.66 3.75 101.4 95.0 0.69 0.02 0.69 0.19
29  Chloroacetonitrile 9.41 10.29 3.68 87.6 99.7 0.07 0.04 0.14 0.19
30 i-Octane® 9.83 4.03 3.01 100.5 97.7 0.28 0.02 0.69 0.04
31  n-Heptane ® 10.28 2.38 2.96 98.3 100.0 0.28 0.03 0.69 0.19
32 2-Nitropropane f 10.29 5.35 1.15 99.0 99.5 0.07 0.004 0.14 0.02
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Table 1 (cont.)

VOCs in environmental atmospheres

33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52,53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

1,2—Dich|oropropanef
Trichloroethene %
Dibromomethane
1,4-Dioxane '
Methylmethacrylate f
Bromodichloromethane

Cis-1,3-dichloropropene

Trans-1,3-dichloropropene

.,
Toluene *"¢

1,1,2-Trichloroethane f
Ethylmethacrylate
1,3-Dichloropropane
n-Octane ©
Dibromochloromethane
1,2-Dibromoethane
Tetrachloroethene *®
Chlorobenzene '
1,1,1,2-Tetrachloroethane
Ethylbenzene
m,p-Xylene *f
Bromoform *

Styrene "

o-Xylene
1,1,2,2-Tetrachloroethane f
1,2,3-Trichloropropane
1,4-Dichloro-2-butene
Isopropylbenzene f
Bromobenzene
n-Propylbenzene
2-Chlorotoluene
4-Chlorotoluene
3-Ethyltoluene
4-Ethyltoluene
1,3,5-Trimethylbenzene ©
2-Ethyltoluene
Pentachloroethane

tert-Butylbenzene

10.38
10.41
10.51
10.68
10.78
10.77
12.02
13.05
13.23
13.41
13.77
13.87
14.36
14.49
14.89
14.95
16.48
16.60
16.99
17.31
18.10
18.13
18.22
18.91
19.17
19.24
19.32
19.75
20.38
20.42
20.60
20.62
20.71
20.87
21.30
21.35
21.72

4.94
8.26
5.96
5.96
5.64
4.90
5.90
5.25
5.95
7.88
3.86
12.92
6.45
8.54
6.86
16.93
5.01
4.26
4.66
4.55
11.94
3.45
4.17
3.93
4.10
1.40
4.15
0.82
2.55
4.47
4.76
5.02
2.99
451
4.44
10.85
4.59

0.41
2.01
0.83
6.34
2.68
1.56
1.46
2.89
1.05
3.55
3.40
221
1.94
2.62
2.95
0.43
3.07
2.82
2.59
2.51
4.08
3.63
3.84
4.67
1.76
3.95
3.18
3.72
3.34
3.61
3.61
3.58
3.89
3.80
3.25
4.03
3.19

99.5
100.9
100.3
100.2
91.2
101.4
102.0
101.9
99.9
102.6
102.8
104.7
99.5
101.5
99.4
102.3
100.5
99.6
101.7
99.8
101.7
91.1
97.5
100.4
101.4
103.7
100.2
99.2
93.0
96.5
95.8
93.2
90.7
95.5
95.9
82.4
99.5

99.6
99.5
99.8
99.4
99
99.3
99.5
99.7
99.6
100.0
99.8
99.3
96.9
99.4
99.7
98.7
99.3
99.1
99.2
98.9
99.5
99.6
100.3
99.6
99.8
99.7
99.8
99.4
100.1
99.9
99.5
99.5
99.9
99.9
99.3
99.7
99.4

0.07
0.28
0.14
0.07
0.07
0.07
0.14
0.14
0.07
0.14
0.07
0.14
0.07
0.07
0.07
0.07
0.07
0.28
0.07
0.01
0.07
0.01
0.07
0.07
0.28
0.07
0.01
0.07
0.07
0.01
0.01
0.01
0.01
0.01
0.01
0.07
0.01

0.01 0.14 0.02
0.004 0.69 0.02
0.02 0.69 0.04
0.30 0.14 0.38
0.004 0.14 0.38
0.004 0.14 0.04
0.02 0.69 0.04
0.02 0.69 0.04
0.23 0.14 0.38
0.004 0.69 0.04
0.004 0.14 0.04
0.004 0.69 0.04
0.01 0.14 0.19
0.004 0.14 0.02
0.01 0.14 0.02
0.002 0.14 0.02
0.002 0.14 0.02
0.004 0.69 0.02
0.04 0.14 0.08
0.02 0.07 0.04
0.01 0.14 0.02
0.15 0.07 0.19
0.0004 0.14 0.04
0.01 0.14 0.02
0.02 0.69 0.04
0.03 0.14 0.04
0.003 0.07 0.02
0.004 0.14 0.02
0.004 0.14 0.02
0.01 0.07 0.02
0.004 0.07 0.02
0.002 0.07 0.004
0.40 0.07 0.45
0.002 0.07 0.004
0.004 0.07 0.04
0.02 0.14 0.04
0.004 0.07 0.02
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Table 1 (cont.)

71 1,2,4-Trimethylbenzene ® 21.78 1.90 3.52 95.9 98.2 0.01 0.01 0.07 0.02
72 1,3-Dichlorobenzene 22.30 2.46 4.56 90.4 98.3 0.07 0.004 0.14 0.02
73 sec-Butylbenzene 2231 4.61 3.85 99.4 99.4 0.07 0.002 0.14 0.004
74 1,4-Dichlorobenzene f 22.52 0.71 4.04 90.3 99.6 0.01 0.004 0.07 0.02
75 p-Isopropyltoluene 22.69 4.00 3.65 100.3 99.6 0.01 0.01 0.07 0.02
76  1,2,3-Trimetylbenzene ®  22.73 2.67 3.63 88.8 98.3 0.01 0.004 0.07 0.01

77 Benzyl alcohol 2293 535 157 8.6 950 001 00004 007  0.002
78  1,2-Dichlorobenzene 2320 277 296 977 992 001 0004 007 002
79 1,3-Diethylbenzene 2334 251 423 83 995 001 0004 007 002
80  1,4-Diethylbenzene 2356 244 409 934 995 001 0004 007 002
81  n-Butylbenzene 2358 535 214 881 983 001 0002 007 0004
82  1,2-Diethylbenzene 2372 381 402 911 972 001 0004 007 002
83  Hexachloroethane ' 2437 483 380 976 951 007 002 014 004
gq L2 Dibromo3- 2445 628 409 970 986 028 002 069  0.04

chloropropane
85  1,2,4-Trichlorobenzene 26.53 1.44 4.09 82.2 99.6 0.01 0.004 0.07 0.04
86  Naphthalene " 26.79 8.28 1.33 78.3 92.0 0.07 0.04 0.14 0.10
87 Hexachlorobutadiene 27.17 3.45 4.16 100.6 99.5 0.07 0.004 0.14 0.02
88 1,2,3-Trichlorobenzene 27.24 7.98 3.60 87.8 99.3 0.01 0.004 0.07 0.02
89 2-Methylnaphtalene fe 28.77 8.47 1.70 47.4 91.5 0.07 0.02 0.14 0.04
90 1—Methy|naphta|enef'g 29.11 8.01 1.50 47.0 91.2 0.04 0.002 0.07 0.004

® Repetitivity expressed as relative standard deviation (%RSD) for the analysis of 1 ng VOCs standard
(n=5).

® Recoveries calculated as the percentage recovery of the response obtained by the triplicate analysis
of a 1 ng standard using method A or method B, compared with the response obtained by direct
injection of the same amount of standard under the same split conditions.

¢ Method detection limit (MDL), expressed in pg m’*, calculated for a sampling volume of air of 720 L
(method A) and 2.64 L (method B).

¢ Method quantification limit (MQL), expressed in ug m?, calculated for a sampling volume of air of
720 L (method A) and 2.64 L (method B).

€ Compounds included in the USEPA List of Hazardous Air Pollutants [25].

f 0zone precursors recommended for measurement by the Directive 2002/3/EC [26].

& Compounds included as hazardous organic pollutants in the WHO Air Quality Guidelines [4].

2. EXPERIMENTAL industrial and urban air and their

adverse effects on the environment

2.1. Chemical standards
The list of the 90 target VOCs is shown

in Table 1. The VOCs were selected on
the basis of their occurrence in

Talanta 82 (2010) 719-727

and human health. Twenty-seven of the
ninety compounds are included in the
list of Hazardous Air Pollutants (HAPs)
of the US EPA Clean Air Act [25],
eighteen of them are ozone precursors
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recommended for measurement by the
Directive 2002/3/EC [26] and ten of
them are included as hazardous organic
pollutants in the World Health
Organization Air Quality Guidelines [4].
The standards of the 90 target
compounds involve two mixtures of
volatile organic compounds at 2000 mg
L (592/524  Volatile  Organics
Calibration Mix and EPA 524.2 Revision
4 Mix in methanol, from Supelco,
Bellefonte, USA) and the individual
standards of i-pentane, 1-pentene, n-
pentane, 2-pentene (cis/trans mixture),
isoprene, 1-hexene, n-hexane, i-octane,
n-heptane, 1,4-dioxane, n-octane,
1,2,3-trimethylbenzene, benzyl alcohol
(Sigma-Aldrich, Steinheim, Germany),
2-ethyltoluene,  3-ethyltoluene, 4-
ethyltoluene, 1,2-diethylbenzene, 1,3-
diethylbenzene, 1,4-diethylbenzene
(Fluka, Buchs, Switzerland), 1-
methylnaphthalene and  2-methyl-
naphthalene (Riedel-deHaén, Seelze,
Germany). The minimal purity of the
standards was 97%. Toluene-dg from
Aldrich was used as an internal
standard for method A as
recommended by the UNE-EN 14662-2
[10].

The standards were diluted in
methanol for gas chromatography with
purity >99.9% (SDS, Peypin, France) and
with a toluene-dg constant concen-
tration of 5 mg L™ for method A. All the
standards were prepared on the day of
use, and stored at 4 °C in 10 mL
Certan® capillary vials provided by
Supelco. Nitrogen gas of 99.999%
purity was used to activate the thermal

VOCs in environmental atmospheres

desorption sorbent tubes and 99.999%
pure helium gas was used for the
chromatographic analysis (Carburos
Metalicos, Barcelona, Spain). Carbon
disulfide from Sigma-Aldrich (purity
99.9% with less than 0.001% of
benzene) was used for the solvent
extraction method.

2.2. Analytical methods
2.2.1. Method A

Standard charcoal tubes Orbo™-32
(provided by Supelco) were used for
the solvent extraction method. These
cartridges are glass tubes with both
ends flame sealed (7 cm long x 6-mm
0.d.) and contain two sections of 20/40
mesh coconut activated charcoal
separated by a 2-mm portion of
urethane foam. The adsorbing section,
which is the longest, contained 100 mg
of charcoal and the back-up section 50
mg.

Samples were collected by active
sampling at the large section end of the
tube. A volatile organic compounds
sampler CPV-COV-S (MCV, Collbaté,
Spain) with a module that allows the
sequential sampling of up to nine
samples was used to pump air samples
at a flow rate of 500 mL min™, for 24 h,
thus collecting 720 L of air. After
sampling, the charcoal tubes were
removed from the sampler and the two
open sides were tightly closed with
special PTFE caps to avoid undesirable
desorption. Then samples were stored
in hermetic glass jars at —20°C until the
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analysis, in order to prevent the risk of
contamination and  deterioration.
Samples were analysed no later than 1
week after collection. To detect
possible contamination, weekly field
blanks were tested by putting a
charcoal tube with broken ends in a
channel of the sampler but without
passing any air sample though it. The
blank tube was then collected and
analysed.

In preparation for the analysis, each
charcoal tube was scored with a quartz
blade (Orbo™ tube cutter, Supelco) in
the front of the first section (i.e. the
adsorbing section) of charcoal and
broken open. The glass wool was
removed and discarded. The charcoal in
the adsorbing section was transferred
to a 2-mL capped vial. The separating
foam was removed and discarded; the
second section (back-up section) was
transferred to another capped vial.
These two sections were analysed
separately.

To desorb the samples, 1 mL of
desorbing solution was pipetted into
each sample vial. The desorption
solution consisted of 5 ppm of internal
standard solution in carbon disulfide.
The sample vials were capped with
PTFE as soon as the solution was
added. Desorption was done for 30
minutes with occasional shaking.
Immediately after the solvent process,
1 ul of sample extract was injected
into a split/splitless inlet port.
Chromatographic conditions are
detailed in Section 2.3.
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2.2.2. Method B

The cartridges used for the thermal
desorption method were stainless-steel
tubes (89 mm long x 6.4 mm o.d.) filled
with a  multisorbent bed of
approximately 350 mg of Tenax TA/
Carbograph 1TD (Markes International
Limited, Llantrisant, UK). The selection
of the two sorbent materials was based
on previous studies [13,20,27].

Before each use, tubes were
conditioned by thermal cleaning (100
°C for 15 minutes, 200 °C for 15
minutes and 325 °C for 30 minutes)
under a nitrogen flow rate of 100 mL
min™  (purity 99.999%, Carburos
Metdlicos, Tarragona, Spain). After
conditioning, the tubes were sealed
with Swagelok end caps fitted with
PTFE ferrules and stored in hermetically
sealable glass jars with desiccant
material in order to prevent any
ambient contamination of the sorbents.
An MTS-32™ sequential tube sampler
coupled with a constant flow sampling
pump (FLEC Air Pump 1001, from
Markes) was used to pump air samples.
This equipment allows the sequential
sampling of 32 tubes. The sampling
volume was fixed at 22 mL min™, for 2
hours and 2.64 L of air were collected.
Samples were collected at the Tenax TA
end of the tube in order to collect the
heaviest hydrocarbons first. The Tenax
TA end of the tubes were capped with
DiffLok™ caps which allow air to pass
when sampling while also protecting
the sample tubes for up to 8 days.
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Blanks of the total process were
checked by putting two blank tubes
into the sequential tube sampler every
sampling day without passing any of
the air sample through it.

Desorption of the analytes retained on
the Tenax TA — Carbograph 1TD sorbent
tubes was carried out in a Unity
Thermal Desorption system connected
to an Ultra A automatic sampler (both
from Markes International Limited,
Llantrisant, UK). In the primary
desorption the sorbent tubes were
heated to 275 °C with a helium flow
rate of 30 mL min™ for 10 min and no
split. The desorbed VOCs were
refocused into a cold trap, filled with
Tenax TA and Carbograph 1TD and
cooled at -5 °C. In the secondary
desorption the cold trap was flash-
heated at 300 °C for 3 min, with a split
flow of 5 mL min™, and analytes were
injected into the chromatographic
column. Additional details about the
thermal desorption system were given
in previous studies [20,27].

2.3. Chromatographic conditions

In both methods, separation and
detection were performed in a 6890N
gas chromatograph and 5973 inert
mass spectrometer (Agilent
Technologies. Palo Alto, USA), using a
TRACSIL Meta.X5 capillary column (60
m, 0.32 mm, 1.0 um, provided by
TEKNOKROMA,
Analyses with method A were
performed by injecting 1 pL of extract
in a split/splitless port at 180 °C with a
split of 5 mL min™® and a helium flow

Barcelona, Spain).

VOCs in environmental atmospheres

rate of 1.2 mL min®. The oven
temperature of the GC was initially held
at 40 °C for 5 min, then raised to 140 °C
at a rate of 6 °C min™* and then raised
again to 220 °C at a rate of 15 °C min™"
and held at that temperature for 8 min.
For method B, the interface between
the thermal desorption system and the
GC was set at 200 °C. The analyses
were performed with a helium flow
rate of 1.5 mL min™ and the same GC
oven program of temperatures as
method A. The flow rate for method B
was higher than for method A because
higher flow rates were needed to
completely desorb the trap.

In both methods, the GC-MS interface
was set at 280 °C. The mass
spectrometer acquired data in scan
mode with an m/z interval from 35 to
280 and an electron impact energy of
70 eV. Qualitative identification of
target VOCs was based on the match
between the retention times and the
ion ratios of the target quantifier and
qualifier ions. The retention times are
shown in Table 1. The quantifier and
qualifier ions for each target compound
have been published elsewhere [27].
The internal standard calibration
method was used for the GC-MS
guantification in method A and the
external standard calibration was used
in method B.

2.4. Calibration

Calibration in both methods was done
by enriching the sorbent tubes with the
liguid standards using a Calibration
Solution Loading Rig (Markes Inter-
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national Limited, Llantrisant, UK).
Volumes of between 1 and 5 pL were
injected into the sorbent tubes while a
flow of 100 mL min™ of helium passed
through the tube to carry the analytes
into the sorbent. To ensure the full
retention of the analytes and the
repeatability of the injection, the
syringe was placed in the sorbent for 20
s and in the helium stream for 5
minutes before the tubes were sealed
and immediately desorbed and
analysed as described above.

2.5. Sampling sites

Field samples were taken at Perafort
(Tarragona, Spain). This location is sited
less than 1 km from the North
Industrial Complex and about 15 km
from the main city, Tarragona. Some of
the products manufactured at this
complex are vinyl acetate, benzene,
chloroform, methylene chloride,
acrylonitrile, methylmetacrylate, ethyl-
benzene, styrene, fuels, propane and
kerosene [28]. Samples were collected
in October and November 2008.

3. RESULTS AND DISCUSSION

3.1. Comparison of the analytical
methods

Although both analytical methods have
been proposed by several official
organisations for monitoring benzene
and other VOCs in air, they differ
regarding the sorbent used for the
preconcentration step in the analyte

Talanta 82 (2010) 719-727

extraction method. These differences
were tested for the 90 target VOCs
because they affect the analytical
parameters.

Due to the dilution of the sample with
the extraction solvent, method A needs
a high volume of air to be
preconcentrated in order to achieve
acceptable limits of detection, whereas
a low volume is enough for method B.
Prior to determining the sample
volume for each method, blank signals
of the sorbents were checked because
they affect the method detection limits
and overall performance. To quantify
these blanks, the responses of the
blank tubes were compared with the
responses obtained by directly injecting
the standards under the same split
conditions. Blanks of the activated
charcoal tubes (method A) were
determined by extracting and analysing
the sorbent, from the adsorbing section
of 8 new tubes under the same
conditions as the samples (see Section
2.2.1.). These blanks showed the
presence of only two of the target
compounds: n-hexane (0.09+0.05 ng
per tube) and benzene (0.07+0.04 ng
per tube). Blanks of the thermal
desorption tubes (method B) were
checked by analysing 8 freshly cleaned
sorbent tubes also under the same
conditions as the samples (see Section
2.2.2.). A total of 21 target VOCs were
found in the method B tubes in
amounts ranging from 0.0012+0.0003
ng for the o-xylene, to 0.301£0.25 ng for
4-ethyltoluene. The method B blanks
for n-hexane and benzene were



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

0.0310.01 ng and 0.23+0.07 ng,
respectively. The values of the average
blank concentrations for the remaining
compounds in method B were similar
to those reported in a previous paper
[27]. The subsequent analysis of real
samples showed that amounts of VOCs
in the blank tubes were less than 5% of
the average amounts found in samples,
as recommended by EPA [18].

To fix the sample volume, breakthrough
tests were performed for both
methods. For method A, the back-up
section of the charcoal tubes was
analysed under the same conditions as
the adsorptive section. In the eight
samples analysed with method A the
concentration of the target VOCs in the
back-up section was under the method
guantification limit at the fixed rate of
500 mL min™ for 24 hours (720 L of air
collected). To set the sampling volume
of method B, two fresh cleaned sorbent
tubes were connected in series so that
the back tube would retain the analytes
eluted from the front tube. Although
the recommended sampling volume for
method A for benzene is 10 L [17], the
presence of more volatile target
analytes caused the rate to be set at 22
mL min™ for 2 hours, which meant that
2.64 L of air was collected. At this
volume, ten target compounds were
present in the second tube at
concentrations ranging from 2.4% for
chloroform to 4.8% for n-pentane,
compared with their
concentrations in the first tube. This
does not exceed the 5% recommended
by the EPA [18].

respective

VOCs in environmental atmospheres

Table 1 shows the repetitivity and
recovery as well as the method
detection and quantification limit for
the 90 target VOCs determined by both
methods. The repetitivity of both
methods was calculated as the relative
standard deviation (%RSD) of the
analyses of five replicates of 1 ng from
VOC standard mixture. The method A
tubes were filled with 1000 ng of each
VOC, extracted with 1 mL of solvent
(see Section 2.2.1.) and then 1 pL of the
extract was analysed. The method B
tubes were directly filled with 1 ng of
standard mixture and then analysed
(see Section 2.2.2). Repetitivities of
method A (ranging from 0.66% RSD for
i-pentane to 129 % RSD for 1,3-
dichloropropene) were generally higher
than those of method B (ranging from
0.41 % RSD for 1,2-dichloropropane to
6.34 % RSD for 1,4,-dioxane). None of
them exceeded the 25% recommended
by EPA [29].

Recoveries were measured as the
percentage recovery of the response
obtained by the triplicate analysis of 1
ng of VOCs using method A or method
B and compared with the response
obtained by direct injection of the same
amount of VOCs under the same split
conditions. Recoveries for most of the
target compounds were higher than
95% for both methods. However, polar
compounds tended to show lowest
recoveries with method A. For instance,
1-chlorobutane had a recovery of
65.1% with method A and 99.5% with
method B and benzyl alcohol had a
recovery of 82.6% for method A and

Talanta 82 (2010) 719-727

161



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.
162

I

54-2011 ) .
Experimental, results and discussion

95% for method B. The same trend was
seen with voluminous compounds like
naphthalene (78.3% with method A vs.
92% with method B), 2-
methylnaphthalene (47.4% with
method A, 91.5% with method B) and
1-methylnaphthalene (47% method A,
91.2% method B). These results agree
with similar trends that have previously
been reported [11, 13, 30].

The method detection limits (MDLs) of
both methods were evaluated in two
ways. For target compounds without
blank signal, MDLs were determined as
the concentrations corresponding to
three times the noise signal of the
quantifier ion. For target compounds
which present a signal in the blank, the
MDLs were established as the sum of
the average concentrations of the blank
plus the
standard deviation of this signal (n=8).
target VOCs the method
quantification limits (MQLs) were fixed
as the lowest calibration level. The
MDLs of method A for 720 L of sample
(ranging from 0.01 pg m> for several
compounds such as methacrylonitrile
or m,p-xylene, to 1.39 pg m™ for 1,1-
dichloroethane) were generally higher
than those of method B for 2.64 L of
sample, (ranging from 4x10™* ug m’ for
o-xylene and benzyl alcohol, to 0.4 pg
m?> for 4-ethyltoluene). Exceptions
were 1,4-dioxane (0.07 pug m* by
method A and 0.3 ug m™ by method B),
toluene (0.07 ug m™ by method A, 0.23
ug m? by method B), styrene (0.01 ug
m? by method A and 0.15 pg m by
method B) and 4-ethyltoluene (0.01 g

responses three times

For all
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m™ by method A and 0.40 pg m> by
method B) because of the presence of a
signal of both compounds in the blanks
of method B sorbent tubes.

Similarly, MQLs for method A were
generally higher than those for method
B. For method A MQLs ranged from
0.07 ug m for some compounds such
as m, p -xylene and n-propylbenzene,
to 2.78 ug m™ for 1,1-dichloroethane.
For method B MQLs ranged from 0.002
ug m” for benzyl alcohol to 0.45 for 4-
ethyltoluene. Exceptions were also 1,4-
dioxane (0.14 ug m? by method A and
0.38 ug m> by method B) ), toluene
(0.14 pg m™ by method A, 0.38 ug m>
by method B), styrene (0.07 ug m™ by
method A and 0.19 g m* by method
B) and 4-ethyltoluene (0.07 pg m™ by
method A and 0.45 ug m? by method
B). These results agree with those
reported in a previous study, which
compared the solvent extraction and
the thermal desorption method for
VOCs
ethylbenzene, m,p,o-xylene and 1,2,4

eight (benzene, toluene,
and 1,3,5-trimetylbenzene), and also

showed lower detection limits and
better instrumental repetitivities for

the thermal desorption method [31].

3.2. Comparison of the performance in
real samples

of both methods in real
samples were compared by sampling

Results

atmospheric air over eight days in a
location situated next to a
petrochemical complex. Eight samples
collected for 24 hours and analysed by
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method A were compared with the
mean daily values of 96 samples (12
per day) collected for 2 hours and
analysed by method B in the same
period of time. Figure 1 shows the
typical chromatograms of the samples
with method A (Figure 1A) and with
method B (Figure 1B). Some of the
most representative compounds of
each sample are marked. Of particular

note in Figure 1A is the high and wide

VOCs in environmental atmospheres

extraction solvent. Table 2 shows the
average concentrations of the
compounds found in the samples by
both methods. Signals of the target
compounds in field blanks were taken
into account when calculating sample
concentrations.

It is worth mentioning that in the
period sampled only 18 of the 90 VOCs
were detected and quantified by
method A, while method B quantified

signal of carbon disulfide, the 50 of them.
' A
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Figure 1. Total ion chromatograms of an air sample by method A (A) and by method B
(B). Some of the most representative compounds are marked.
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In general concentrations from method
A were lower than the daily average
concentrations obtained from method
B. However, some compounds showed
occasionally higher concentrations with
method A, for instance, chloroform,
carbon tetrachloride, n-heptane,
trichloroethene, n-octane, m,p-xylene,
styrene, o-xylene and p-iso-
propyltoluene. The analytes which had
the highest differences in the values
obtained by both methods were i-
pentane, n-pentane, benzene, toluene
and ethylbenzene. These compounds
also showed the highest concentrations
and the highest dispersion of the values
in the 12 two-hour samples collected
per day by method B. For example,
Figures 2A and 2B show, for benzene
and  o-xylene respectively,  the
correlation between the values for
method A and the average values of
the 12 method B samples for each
sampled day. These figures show some
correlation  between the results
obtained by both methods for both
compounds. However, the slope of
benzene, which showed high
concentration values for both methods
and high dispersion for method B
(method A 2.9+1.8 pg m>, method B
10.5£12.4 pg m), is further from the
ideal slope 1 than that of o-xylene,
which had low concentration values for
both methods and less dispersion for
method B (method A 1.1+0.2 ug m>,
method B 0.8+0.7 pg m™).

Furthermore, Figure 3 compares the
results obtained in the real samples by

Talanta 82 (2010) 719-727

both methods for four compounds:
benzene, m,p-xylene, styrene and o-
xylene (Figures 3A to 3D, respectively).
In these figures it can be observed that
the variability in the concentrations of
the investigated compounds that can
be detected by method B is not
detected by method A. Specifically, the
high increases in the concentrations
detected by method B do not
correspond to a proportional increase
in the average concentration detected
by method A. For instance, the maximal
concentration of benzene that was
detected on the 4th day of sampling
between 12 to 14 hours (70.4 pg m?,
Figure 3A) and which considerably
increases the average concentration of
this compound for method B does not
correspond to a proportional increase
in the average concentration detected
by method A. However, in the case of
styrene (Figure 3C), method A and B
seemed to correlate on most of the
days sampled except for the 7th day.
Hence, in most cases method A does
not detect the dynamics of changes in
ambient air quality over small periods
of time.

Moreover, method B identifies which
compounds could have the same origin.
For instance, the similar profile of
concentrations in method B for m,p-
xylene and o-xylene (Figures 3B and 3D)
can indicate the same focus of emission
and similar behaviour in atmospheric
samples. Other analytes showed similar
profiles in method B, such as i-pentane,
n-pentane (figures not shown).
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Figure 2. Correlations of the average concentrations, in pg m?,

obtained by both
xylene (B).

As far as we know, this is the first study
to compare the performance of both
methods in real samples. Nevertheless,
some authors have studied the factors
which can affect the performance of
both methods. For example, it is known
that conditions,
particularly humidity, can considerably
influence the methods [11, 13]. The
sorbents used in method B (Tenax TA
and Carbograph 1TD) are relatively
hydrophobic and are poorly affected by

meteorological

methods for benzene (A) and o-

ambience humidity [13]. However,
when relative humidity is greater than
50%, water can be adsorbed in the
active sorbent centres of the activated
which  becomes
hydrophilic. The water adsorbed can
displace organic molecules, react with

them or form an immiscible phase on

charcoal surface,

desorption into which polar molecules
can partition and essentially be lost to
analysis [13].
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It should be noted that the relative
humidity of the sampled days was
higher than 50% (from 62% to 95%).
Nevertheless, in this study there was no
different
values of methods A and B and the
increased humidity. Moreover, the
activated charcoal can have chemical

correlation between the

reactions  with  other
compounds present in industrial air
such as NO,, Cl,, H,S, SO, and ozone,
which can also decrease the active

inorganic

sorbents centres [12]. Furthermore, it is
also known that the precision and the
accuracy of the solvent extraction
method can be affected by the
presence of other polar compounds in
the air samples which do not affect the
thermal extraction method [11,13].

4. CONCLUSIONS

This study compared the performance
of two analytical methods for
determining 90 VOCs in air. The
repetitivity, recovery and detection and
quantification limit of the thermal
desorption method were generally
better than those of the solvent
extraction method for the target
compounds. However, blanks of the
thermal desorption sorbent tubes
showed the signal of 21 target VOCs
whereas blanks of the
extraction tubes showed only signals of
low concentrations of hexane and

solvent

benzene.

Performance in real samples showed in
some cases differences in the VOC
concentrations, with those determined

by thermal desorption generally being
higher. Furthermore, the thermal
desorption allows  short
periods of sampling and can give more
precise information about the daily
variability of the VOC concentration
whereas  the
method, which gives daily average
values, can not punctual
emissions of the pollutants.

method

solvent  extraction

reflect
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The results presented in this section demonstrate the applicability of sorbent
enrichment methods for the determination of a wide range of VOCs with different levels
of volatility and polarity.

As seen in the papers, the main parameters that should be optimised when using active
sorbent enrichment methods are the sample volume and the sampling flow-rate to
avoid breakthrough of the most volatile and polar compounds. For the TD methods, two
sorbent tubes were connected in series, in order that the back tube could retain the
analytes eluted from the front tube, and different volumes of air at different flow-rates
were sampled. The optimal sample volume was fixed in order to allow the detection of
the target VOCs in the samples without the breakthrough of any of the analytes
(concentrations in the second tube < 5% in respect to those in the first tube [1]). At the
fixed rates and volumes, some VOCs were found in the second tube, such as
chloroform, 1,4-dioxane or ethylbenzene, but their concentrations did not exceed the
recommended 5%. For the LD method, the sampling flow-rate and volume were fixed by
the sampler characteristics. Possible breakthroughs of the target VOCs were evaluated
by analysing the back-up section of the charcoal tubes after the sampling and
comparing the concentrations with those obtained from the front section of the tubes.
No VOCs were found in the back-up section over their respective LODs for the LD
method.

Concerning the TD methods, the use of multi-sorbent tubes provides interesting
perspectives, since one single sorbent cannot cover the wide range of target VOCs.
Therefore, two sorbents were used to fill the TD cartridges: Tenax TA, which is a weak
polymeric porous sorbent that can trap the less volatile VOCs, and Carbograph 1TD,
which can trap the more volatile target VOCs. Indeed, it should be pointed out that
some of the most polar target VOCs determined in the industrial WWTP by TD were
discarded because they broke through the activated charcoal tubes and could not,
therefore, be considered when comparing the analytical methods. For instance, phenol
and aniline were some of the VOCS which were discarded.

Another important parameter to take into account is the presence of artifacts due to
sorbent degradation, especially with the TD methods. Although Tenax TA and
Carbograph TD emit low levels of artifacts when thermally desorbed [2,3], blank signals
corresponding to 24 target VOCs were found in the TD tubes. As seen in the first paper,
the highest concentrations in the blanks corresponded to phenol and other aromatic
VOCs such as benzene, toluene and 4-ethyltoluene, as well as isoprene and
dichloromethane. Nevertheless, blanks of the activated charcoal tubes, which were
desorbed with carbon disulphide, only showed the presence of n-hexane and benzene.
Although the signals found in the blanks were taken into account for LODs and LOQs
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calculations, instrumental LODs with the TD method were at low ng levels for all target
VOCs. In general, TD methods also showed the best repeatability and recovery and the
lowest LODs and LOQs. Since only a thousandth part of the extract is analysed (1 pL of 1
mL of extract) in the LD method, high preconcentration volumes - and therefore high
sampling periods - are needed to achieve similar sensitivity to the TD method.

Our results concur with a previous study that compared the analytical parameters of a
LD and a TD method. Czaplicka et al. [4] compared the use of activated charcoal tubes
and carbon disulfide extraction versus the use of carbotrap tubes followed by TD for the
determination of 8 VOCs: benzene, toluene, ethylbenzene, o, m and p-xylene, and 1,2,4-
and 1,3,5-trimethylbenzene. The TD method showed, in general, better repeatability
and higher sensitivity. The TD method was then used to determine the variability of
BTEX in ambient air.

Furthermore, the study that evaluated the two methods was the first to compare the
performance of both methods in real samples. As seen in the paper, the 24-hour
samples collected over 8 days with the solvent desorption method were compared with
the mean daily values of 96 samples (12 per day) collected over 2 hours and analysed by
the TD method in the same period of time. In these samples, the TD method was able to
determine more target VOCs (only 18 of the 90 VOCs were detected by the solvent
method, whereas 50 VOCs were quantified by the TD method). In general, the average
concentrations obtained by the TD method were higher. Furthermore, the short periods
of sampling of the TD method allow the detection of the variability of the VOC
concentrations that, in most of the samples, was not reflected in the daily average
concentrations of the LD method.

Another important conclusion derived from both studies is the presence in industrial
atmospheres of hazardous VOCs, whose emissions are not specifically regulated by
current legislation. The total concentrations of VOCs in the industrial WWTP emissions
were up to 3800 ug m™ and some of the most abundant VOCs are considered priority
pollutants in air by the WHO [5]. Among the VOCs emitted from the industrial WWTP,
acrylonitrile should be highlighted because of its clear industrial origin and its high
concentrations, with values up to 1843 pg m™ in emissions from the waste water
collecting tank after primary sedimentation. Styrene, chloroform, 1,4-dioxane and
ethylbenzene were also among the most abundant compounds emitted from the
industrial WWTP. For the industrial WWTP emissions, it can also be concluded that most
of the VOCs are removed during the biological treatment or by evaporation of the waste
water, because VOC emissions from the collecting tank were higher than those found in
the secondary treatment tank. However, as seen in the paper, the emissions from this
industrial WWTP are much lower than those reported previously in Taiwan [6-8] and
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even in urban WWTPs in UK [9] and in Turkey [10], except for some VOCs such as
acrylonitrile, chloroform and styrene. The high levels of these compounds in the WWTP
emissions indicate the importance of industrial WWTPs as a source of hazardous air
contaminants.

In the surroundings of the petrochemical site, the most abundant VOCs were pentane
with daily average concentrations with the TD method up to 75.8 g m> and 19.8 ug
m’, for i- and n-pentane, respectively; acrylonitrile (47.8 pg m); n-hexane (6.7 ug m);
benzene (17.1 pg m), toluene (12.1 ug m?) and m,p-xylene (3.29 ug m?), among
others. It is worth mentioning the punctual VOC emissions detected in the 2 h samples
of the TD method for some compounds. For instance, punctual concentrations of
benzene were up to 70 pg m™.

Both studies presented in this section have demonstrated the presence of VOCs in
industrial atmospheres and the feasibility of the use of multi-sorbent bed tubes
followed by TD for simultaneous determining of a wide range of VOCs.
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3.2. Risk assessment of atmospheric organic
contaminants
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In the two studies presented in the previous section, the relevance of the chemical site
located in the Tarragona area as an important source of atmospheric VOCs was
demonstrated. Furthermore, previous studies in our research group showed higher
concentrations of atmospheric PAHs around the chemical site, compared to urban areas
[1,2]. Besides these studies, several monitoring campaigns have also been carried out in
collaboration with the Observatory of Health and Environment of Tarragona regarding
PAH and VOC concentrations in the area. Because of the proven high presence of VOCs
and PAHs in this area, we were encouraged to carry out two studies with the aim of
estimating the risk to people living around the chemical site by inhalation of VOCs and
PAHs. The results of these studies are presented in this section.

According to the WHO, the human health risk assessment of chemicals refers to
methods and techniques applied for the evaluation of hazards, exposure and harm
posed by chemicals [3]. The risk assessment process begins with problem formulation
and includes four additional steps: hazard identification, hazard characterisation,
exposure assessment and risk characterisation [4]. The environmental health risk of an
organic contaminant mainly depends on the amount of this contaminant present in an
environmental medium (e.g. soil, water, air); the exposure a person has to the
contaminant; and the toxicity of the chemical.

As previously discussed, both VOCs and PAHs are ubiquitous atmospheric contaminants
with recognised non-cancer and cancer health effects. Some VOCs are considered
carcinogenic or possibly carcinogenic for humans (IARC, groups 1 and 2), and have
associated unit risk (UR) levels by the international agencies. Furthermore, non-cancer
risk effects for some VOCs are also quantified using reference concentrations (RfCs). In
the case of PAHs, the most relevant health risks are those related to their carcinogenic
and mutagenic properties. Benzo[a]pyrene (BaP), considered carcinogenic for humans
(IARC group 1), is the most studied PAH and other PAHs are ranked using toxic
equivalence factors (TEFs) according to their cancer potency relative to BaP.

For the risk assessment of both studies, samples were taken in three locations which
were selected on the basis of their proximity to the industrial complexes and the
prevailing wind directions (north-north-westerly in cold seasons and south-south-
westerly in warm seasons). The chemical site in the Tarragona area has two main areas
known as the North and the South Industrial Complexes, dedicated to the refining and
the production of chemical products, with a total annual production of 21 MT in the
year 2009 [5]. The first monitoring site was in Perafort-Puigdelfi, which is a semi-rural
area located less than 0.5 km east of the North Industrial complex. The second location
was Tarragona-Bonavista, which is a suburban area of the main city (Tarragona) less
than 1 km north of the South industrial complex and less than 0.5 km from a road with
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moderate traffic density. The third sampling point was located in Vila-seca, which is also
a suburban area located less than 1 km from the South industrial complex and a road,
also with moderate traffic intensity. Samples were taken using the installations of the
atmospheric pollution vigilance and prevention net of the Generalitat de Catalunya
Environmental Department (XVPCA, Xarxa de Vigilancia i Prevencié de la Contaminacié
Atmosférica).

The first study presented in this section estimates the lifetime lung cancer risk for
people living around the chemical site by inhalation of PAHs. PAHs are semi-volatile
organic contaminants which are present in both the airborne gas phase and particle
phase. As mentioned in the introduction, only BaP present in PMyq particles is regulated
in European countries by the Directive 2004/107/CE [6] and, therefore, most studies
have omitted the contribution of the gas phase PAHs on human risk estimates. To that
end, we determined 18 PAH compounds (most of them included in the USEPA Priority
List [7]), in both the gas and particle phases of the three locations near the industrial
site. 153 matched air and total suspended particle samples were collected in a year,
from June 2008 to June 2009. Samples were collected during two phases in each
location, including two months during a high temperature period and two months
during a low temperature period, to determine whether temperature influences
atmospheric PAH concentrations. Samples were taken using a high-volume sampler,
which preconcentrated approximately 300 m? of air for 24 hours. Quartz fibre filters
(QFFs) were used to collect the particle phase and polyurethane foams (PUFs) to trap
the gas phase contaminants. The distribution of PAHs in the gas and particle phase,
their seasonal and spatial distribution, and the contribution of individual PAHs to the
estimated risks were evaluated.

In the second study of this section, the chronic risk assessment for both cancer and non-
cancer effects are estimated around the chemical site by inhalation of VOCs. Eighty-six
different VOCs were selected according to their adverse environmental and health
effects. The monitoring campaign was conducted over two periods: from October 2008
to January 2009 and from October 2009 to June 2010. The analytical method for the
monitoring was the LD method described in the previous section. Furthermore, to
determine how the analytical method can have an influence on the risk estimates,
simultaneous samples were collected for 24 days in the first period of sampling using
the TD method described in the previous section. The main cancer risk parameters were
evaluated and compared for the VOC concentrations obtained by both methods.

To our knowledge, the studies presented in this section evaluate for the first time the
risk by inhalation of atmospheric PAHSs (in both the air and the particle phase) and VOCs
for people living near a chemical site of this size. The results of the first study have been



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

Risk assessment of atmospheric organic contaminants

accepted for publication in the journal Environmental Health Perspectives. A paper

discussing the results obtained in the second study has been submitted for publication

to the journal Environmental International. Both studies have also been performed in

collaboration with the Observatory of Health and Environment of Tarragona.

References

(1]

(2]
(3]
(4]

(5]
(6]
(7]

M.R. Ras, R.M. Marcé, A. Cuadras, M. Mari, M. Nadal, F. Borrull, Int. J. Environ.
Anal. Chem. 89 (2009) 543.

M.R. Ras, F. Borrull, R.M. Marcé, J. Sep. Sci. 32 (2009) 1051.

WHO, Air Quality Guidelines for Europe, WHO Regional Office for Europe, 2000.
WHO-IPCS, Harmonization Project Document No. 1; Available: http://
www.who.int/ipcs/methods/harmonization/areas/ipcsterminologypartsland2.pdf
(accessed 20.04.2011).

AEQT, Public report 2009. Available: http://www.aeqt.com (accessed 20.04.2011).
Directive 2004/107/EC, Off. J. Eur. Commun. L23 (2005) 3.

ATSDR, CERCLA Priority List of Hazardous Substances. Available: http://
www.atsdr.cdc.gov/cercla/07list .html (accessed 22.04.2011).

183



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011

3.2.1. Risk assessment related to atmospheric polycyclic aromatic
hydrocarbons in gas and particle phases near industrial sites
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RISK ASSESSMENT RELATED TO ATMOSPHERIC POLYCYCLIC AROMATIC
HYDROCARBONS IN GAS AND PARTICLE PHASES NEAR INDUSTRIAL SITES

Noelia Ramirez', Anna Cuadras?, Enric Rovira’, Rosa Maria Marcé®, Francesc Borrull*
! Department of Analytical Chemistry and Organic Chemistry Universitat Rovira i Virgili, Marcel-li
Domingo s/n Sescelades Campus, Tarragona 43007, Spain
2 Observatory of Health and Environment of Tarragona Agéncia de Proteccié de la Salut
Departament de Salut. Generalitat de Catalunya, Tarragona, Spain

Abstract

Background: Inhalation is one of the main means of human exposure to polycyclic
aromatic compounds (PAHs) due to their ubiquitous presence in the atmosphere.
However, most studies have only considered PAH found in the particle phase and
omitted the contribution of the gas phase PAHs to the risk.

Objective: This study estimates the lifetime lung cancer risk from PAH exposure by
inhalation in people living next to the largest chemical site in Southern Europe and the
Mediterranean area.

Methods: We determined 18 PAHs in the atmospheric gas and particle phase. We
monitored the PAHs over one year in three locations near the chemical site in different
seasons. We used Toxic Equivalence Factors to calculate Benzo[a]pyrene (BaP)
equivalents for individual PAH, and applied the World Health Organization Unit Risk for
BaP (UR= 8.7 x 10"5) to estimate lifetime cancer risks due to PAH exposures.

Results: There was some spatial and seasonal variability in PAH concentrations. The
contribution of gas phase PAH to the total BaP equivalent value was between 34% and
86%. The total estimated average lifetime lung cancer risk due to PAH exposure in the
study area was 1.2 x 10,

Conclusions: The estimated risk was higher than WHO and USEPA recommended values,
but lower than the threshold value of 10° that is considered an indication of definite
risk according to similar risk studies. The results also showed that risk may be
underestimated if the contribution of gas phase PAHSs are not considered

Keywords: Air quality; Gas phase; Particulate phase; Polycyclic aromatic hydrocarbons;
Risk assessment

1. INTRODUCTION

Polycyclic  aromatic  hydrocarbons
(PAHs) are a large group of organic
contaminants, characterized by the
presence of at least two fused aromatic

rings. These compounds mainly come
from pyrolytic processes and the
incomplete combustion of organic
matter at high temperatures, and
anthropogenic activities are the main
source of PAHs in the environment.
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Because of their adverse effects on
human health, their persistence in
environmental matrices and their
reactivity and ability to transform into
more active species, PAHs have been
classified as priority pollutants by both
the United States Environmental
Protection Agency (USEPA) (USEPA
1994) and the European Environment
Agency (EEA) (EEA 1999).

PAH health effects have been widely
studied, primarily because of their
potential carcinogenic and mutagenic
properties. Several toxicological studies
in animals (WHO 1998) and
occupational studies in  humans
(Armstrong et al. 2004) demonstrate an
excess risk of lung cancer associated
with PAH inhalation. The potential
influence of PAH exposure on the
development of bladder and urinary
system cancer also has been studied
(Bosetti et al. 2007). In general, the
carcinogenic  properties of PAHs
increase with the number of aromatic
rings. Benzo[a]pyrene (BaP) has been
the most extensively studied PAH and is
the usual marker for carcinogenic levels
of PAHs in environmental studies.
However, uncertainties about the
suitability of BaP as a cancer risk
indicator have also been discussed
(Bostrom et al. 2002). The International
Agency for Research on Cancer (IARC)
classified BaP as carcinogenic to
humans (Group 1); other PAHs, such as
dibenzo[a,hlanthracene, as probably
carcinogenic to humans (Group 2A);
and others — such as naphthalene,
benzo[alanthracene, chrysene, benzo

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)

[b]fluoranthene, benzolj]fluoranthene
and indeno[1,2,3-cd]pyrene - as
possibly carcinogenic to humans (Group
2B). PAHs can also metabolize and
become reactive electrophilic
intermediates that can form DNA
adducts which may induce mutations
and ultimately tumors (IARC 2010).
Some PAHs, such as fluoranthene,
which are classified as weak
carcinogens (Group 3, IARC), have
mutagenic characteristics and may
therefore play an important role in
carcinogenesis (Bostrom et al. 2002).
Studies of other outcomes have
suggested effects of PAHs on the
development of arteriosclerosis (WHO
2000), reproductive outcomes such as
intrauterine growth retardation
(Dejmek et al. 2000; Sram et al. 2005),
and children’s neurological develop-
ment (Perera et al. 2009). Furthermore,
because PAHs are highly hydrophobic,
they have an affinity for environmental
matrices such as sediments, soils and
biota, and can bioaccumulate in
adipose tissues and become magnified
through the food chain (WHO 1998).
Because of their lipophylic charac-
teristics and limited biodegradation,
PAHs are classified as persistent organic
pollutants.

Ingestion is quantitatively the main
route for PAH human exposure.
However, inhalation is also a significant
route because of the ubiquitous
presence of these compounds in the
atmosphere (ATSDR 1995; Li et al.
2010). PAHs can be associated with the
atmospheric gas phase and particulate



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T.

1454-2011

phase (Ravindra 2008; WHO 1998). The
most lipophylic compounds are mainly
associated with the particle fraction,
which  can accumulate in the
tracheobronchial epithelium, where
they increase PAH concentrations even
at low environmental PAH exposures
(Bostrom et al. 2002; Gerde et al.
1993). Meanwhile, PAHs present in the
gas phase or those that rapidly elute
from particles upon inhalation can
reach the alveolar epithelium and
rapidly enter the circulatory system
(Bostrom et al. 2002; Gerde et al.
1993).

Risk estimation for PAH exposures is
complex for several reasons. There are
few reported human epidemiological
studies of individual PAHs, and
individual PAHs are likely to induce
cancer through different mechanisms.
As mentioned above, BaP is the most
studied PAH and other PAH have been
ranked according to cancer potency
relative to BaP using Toxic Equivalence
Factors (TEFs). The application of TEFs
combined with the World Health
Organization (WHO) Quantitative Risk
Assessment methodology (WHO 2000)
can be used to estimate the excess
lifetime lung cancer risk due to PAH
exposures. This methodology was used
previously to establish guideline values
for PAH exposures and inform
environmental policies (Morello-Frosch
et al. 2000).

The aim of this study is to estimate the
lifetime lung cancer risk of PAH
exposure by inhalation in people living
in urban and suburban areas near an

Risk assessment of atmospheric organic contaminants

important industrial chemical site in the
Tarragona region (NE Spain). To that
end, we determined 18 PAH
compounds (most of them included in
the USEPA Priority list (ATSDR 2007)), in
both the gas and particle phases. We
monitored three locations near the two
industrial complexes in the region from
June 2008 to June 2009. We evaluated
the distribution of PAHSs in the gas and
particle phase, their seasonal and
spatial distributions, and the
contribution of individual PAHs to
estimated risks.

There are few studies related to
industrial atmospheres that consider
the contribution of both the
atmospheric gas phase and the particle
phase to risk (Liu et al. 2010). To our
knowledge, this is the first study to
estimate lifetime lung cancer risk due
to inhalation of PAH in both phases in
people living near a petrochemical and
chemical industrial site of these
characteristics.

2. MATERIALS AND METHODS
2.1. Study area

The largest chemical site in Southern
Europe and the Mediterranean area is
located in the Tarragona region (ECRN
2010). Most of the chemical industries
are located in two areas known as the
North and the South Industrial
Complexes. The North Industrial
Complex has an area of 470 ha and
includes an oil refinery and other

chemical industries. Among the
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products manufactured in the North
Complex are benzene, ethylene, fuel-
oil, gasoline, kerosene, propylene,
propylene oxide, polypropylene and
styrene. The South Industrial Complex
occupies an area of 717 ha and includes
several chemical and petrochemical
plants. Among the products
manufactured in the South complex are
acrylonitrile-butadiene-styrene  (ABS),
butane, chlorine, ethylene oxide,
polyethylene, kerosene, halogenated
organic compounds, polyols, poly-

propylene, polystyrene, polyethylene,
polyvinyl chloride, propane and vinyl
acetate. The total production of the
two complexes is about 21 MT per year
[refining: 8.3 MT; chemical products:
12.7 MT (AEQT 2009)].

Figure 1 shows the map of the studied
area. We selected three sampling sites
on the basis of their proximity to the
industrial complexes, and the prevailing
wind. Site 1 is
Puigdelfi, a semirural area < 0.5 km east
of the North Industrial Complex.

located in Perafort-

Site 1

Tarragena city.
South Industrial
Complex

w E

P 2 km W s
I 2 mi

s

Figure 1. Map of the Tarragona region showing the
location of the main city (Tarragona), the
North and South Industrial Complexes and
the three sampling points: Site 1 (Perafort-
Puigdelfi) near the North Industrial Complex
and Site 2 (Tarragona -Bonavista) and Site 3
(Vila-seca) near the South Industrial
Complex.
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Site 2, Tarragona-Bonavista is in a
suburban area of the main city —
Tarragona — < 1 km north of the South
Industrial Complex and < 0.5 km from a
road with a moderate traffic density
(14,041 vehicles per day, Spanish
Ministry of Public Works, 2007).Finally,
Site 3 is also located in a suburban area
— Vila-seca — < 1 km from the west end
of the South Complex and < 1 km from
a road (20,049 vehicles per day, Spanish
Ministry of Public Works, 2007). Wind
speeds are light (annual average < 3 m
s) and the prevailing wind directions
are north-north-westerly in cold
seasons and south-south-easterly in
warm seasons.

2.2. Sample collection

We collected samples using a TE-1000
PUF Poly-Urethane Foam High Volume
Air Sampler (Tisch Environmental, Inc.,
Village of Cleves, Ohio, USA), which
simultaneously collects total suspended
particles (TSP) and airborne pollutant
vapors, meeting the specifications of
the USEPA TO-13 method (USEPA
1999). We took samples for 24 h at a
flow rate of ca. 0.2 m> min™ on quartz
microfiber filters (QFFs, 10.16 cm
diameters, Grade QM-A from
Whatman, Maidstone, UK) for trapping
particulate matter and polyurethane
foam cartridges (PUFs, diameter 63
mm, 76 mm long, also from Tisch) for
vapor phase pollutants. Before the
sampling step we conditioned the QFFs
at 400 °C for at least 6 h and the PUFs
using dichloromethane Soxhlet extrac-

Risk assessment of atmospheric organic contaminants

tion for 24 h and then dried in a
vacuum desiccator. After the
conditioning step, we individually
wrapped the QFFs and PUFs in
aluminum foil, protected them with a
saleable plastic bag and kept them at —
18 °C before and after the sampling and
until the analysis. We analyzed the
samples within two weeks of collection.
We conducted the sampling campaign
from June 2008 to June 2009. During
this period, we took a total of 153
samples of matched air and particulate
matter in three weekly samples over
approximately four months in each
location (52 samples in Site 1, 48
samples in Site 2 and 53 samples in Site
3). We collected samples during two
phases in each location, including two
months during a high temperature
period and two months during a low
temperature period, to determine
whether temperature may influence
PAH values in the atmosphere.

2.3. Chemical standards and reagents

We measured 18 target PAHs and we
used 5 deuterated PAHs as internal
standards. Standards for naphthalene
(Nap), acenaphthylene (AcPy),
acenaphthene (AcP), fluorene (Flu),
phenanthrene (PA), anthracene (Ant),
fluoranthene (FIuT), pyrene (Pyr),
benzo[a]anthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]
pyrene (BaP), and dibenzo[a,h]
anthracene (DahA) were supplied by
Sigma-Aldrich (Saint Louis, Missouri,
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USA). Standards for benzo[j]
fluoranthene (BjF), benzo[e]pyrene
(BeP), indeno[1,2,3-cd]pyrene (Ind),
benzo[g,h,i]perylene (BghiP) and the
deuterated PAHs (dg-naphthalene, dio-
acenaphthene, dip-phenanthrene, di,-
crysene and  di-perylene) were
supplied by Supelco (Bellefonte,
Pennsylvania, USA). Dimethylforma-
mide (DMF) was provided by Merck
(Darmstadt, Germany). The purity of all
standards was >96%.

Dichloromethane (DCM) with purity
>99.9% (SDS, Peypin, France) was use
to extract the analytes and prepare the
standard dilutions. Helium and nitrogen
gas (99.999% purity) were used for the
chromatographic analysis and extrac-
tions, respectively (Carburos Metalicos,
Barcelona, Spain) and Hyflo Super Cel
diatomaceous earth (Sigma-Aldrich)
was used to fill the QFF extraction cells
of the pressurized liquid extraction
equipment. Diatomaceous earth was
conditioned at 400 °C for 6 hours and
then kept in a desiccator.

2.4. Sample extraction

We extracted PAHs by Pressurized
Liquid Extraction (PLE) wusing an
Accelerate Solvent Extraction ASE 200
equipment (DIONEX, Sunnyvale, USA)
and DCM as solvent. For the
pressurized solvent extraction of the
PUFs, we cut them in two pieces using
acetone-rinsed scissors and we then
placed them in 33 mL extraction cells.
Extraction of the PUFs consisted of one
cycle that began with a preheating step

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)

of 5 min and a static time of 5 min with
a temperature of 100 °C and a pressure
of 1500 psi. Flush volume was 50% and
purge time 120 s. We cut the QFFs into
small pieces, mixed them with
diatomaceous earth and placed them in
an 11 mL cell. Extraction of QFFs was
performed in two cycles under the
same conditions as the PUF extraction.
The PLE extraction conditions of PUFs
and QFFs were optimized in a previous
study (Ras et al. 2009a).

We placed the extract from PLE in a 100
mL round-bottom flask and added 400
puL of DMF to prevent the evaporation
of the most volatile PAH (Lintelmann et
al. 2005). We reduced the extract to
the DMF volume (400 pL) on a rotary
evaporator and then transferred it to a
1 mL volumetric flask by adding DCM.
We then added 20 pL of 50 mg L™
deuterated PAH solution (to obtain an
internal standard concentration of 1 mg
L'l) and the volumetric flask was filled
to the mark with DCM. Recoveries of
the extraction were higher than 90%
for all target PAHs (see Supplemental
Material, Table 1).

2.5. Gas chromatography-mass
spectrometry analysis

We analyzed extracts in a 6890N gas
chromatograph coupled with a 5973
inert mass spectrometer (Agilent
Technologies, Palo Alto, USA), using a
capillary column Zebron ZB-5 (5%
methyl-phenyl  95%  dimethylpoly-
siloxane, 30 m x 0.25 mm i.d. x 0.25
pum, provided by Phenomenex, Le Pecq
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Cedex, France). The gas chroma-
tography-mass spectrometry (GC-MS)
analysis was performed by injecting 1
UL of extract at 270 °C, in splitless mode
at a helium constant flow of 1 mL min™.
The oven temperature program started
at 100 °C, held for 4 min, was raised to
290 °C at a rate of 6 °C min'l, and held
there for 10 minutes.

The GC-MS interface was set at 280 °C.
The mass spectrometer acquired data
in scan mode with an m/z interval from
35 to 280, operating at electron impact
energy of 70 eV. Qualitative
identification of target PAHs was based
on the match of the retention times
and the ion ratios of the target
quantifier and qualifier ions. We
quantified the isomers BjF and BbF
together because they coelute and
exhibit similar mass spectra.

We used the internal standard
calibration method for GC-MS
guantification. The standards, diluted in
DCM, ranged between 0.01 and 50 mg
L™ with an internal standard constant
concentration of 1 mg L™ We prepared
all the standards on the day of use and
we kept them refrigerated. For an
average air preconcentration of 300 m3,
limits of detection (LODs) ranged from
0.002 ng m™ to 0.033 ng m™ and limits
of quantification (LOQs) between 0.033
ng m? and 0.167 ng m’>. Repeatability
and reproducibility were below the 10%
RSD (n=5) for all target compounds. See
the Supplemental Material, Table 1 for
further  information  about the
validation parameters of the analytical
method.

Risk assessment of atmospheric organic contaminants

2.6. Quality assurance

Due to the ubiquitous presence of PAHs
in the atmosphere, precautions to
avoid sample contamination were
taken throughout the entire process. In
addition to the precautions mentioned
previously, we followed USEPA TO-13
(USEPA  1999) method guidelines.
Furthermore, components of the
extraction cells and collecting vials
were  ultra-sound
isopropanol followed by DCM and dried
inside a fume cupboard. All glassware,
including GC syringes, was rinsed three
times with isopropanol and three times
with DCM prior to being used. Field
blanks, process blanks, and solvent
blanks were also performed according
to Section 14 of the TO-13. Taking these
precautions into account, no blank
showed any detectable signals for the
target PAHs.

cleaned  with

2.7. Toxic equivalency factors.

Benzo[a]pyrene equivalency

For risk assessment calculations, we
ranked the 18 target PAHs according to
their cancer potency relative to BaP.
Most of the TEFs used in this study
were proposed by Larsen and Larsen
(1998) based on current knowledge of
PAH carcinogen effects. However, for
volatile PAHs such as naphthalene,
acenaphthylene and acenaphthene we
applied TEFs proposed by Nisbet and
Lagoy (1992).

We calculated BaP equivalents (BaP-eq)
by multiplying each individual PAH
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concentration with its corresponding
TEF and determined the concentration
of total PAH expressed as BaP-eq.
Following USEPA criteria (USEPA 2000)
for risk assessment calculations, we
substituted half  the
detectable level (LOD) value for
measured values < LODs and
substituted half  the
quantifiable level (LOQ) value for
measured values < LOQs.

minimum

minimum

2.8. Lifetime lung cancer risk of PAHs
in the atmosphere defined by the
WHO unit risk

The estimated lifetime lung cancer risk
from PAHs in the atmosphere based on
the WHO Unit Risk (UR) (WHO 2000) is
8.7 cases per 100,000 people with
chronic inhalational exposure to 1 ng m’
3 of BaP (UR = 8.7 x 10) over a lifetime
of 70 years. The risk of developing lung
cancer can thus be calculated as
follows:

Lifetime lung cancer risk = BaP-eq (ng
m3)xUR [1]

We estimated the corresponding
annual number of lung cancer cases in
the population around the chemical site
that could be attributed to PAH as:
Population exposed (number of
inhabitants) x Lifetime lung cancer risk
/ 70 (years of exposure). We defined
the exposed population for this study
(170,263 inhabitants, Statistical
Institute of Catalonia 2008) based on
proximity to the industrial complexes
and the prevailing winds.

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)

3. RESULTS AND DISCUSSION
3.1. PAH gas and particle phase values

PAHs in air can be present either in the
gas phase or in the particulate phase.
The phase distribution of the PAHSs
depends on the vapor pressure of the
compound, the atmospheric tempe-
rature, the PAH concentration, the
affinity of the PAH for the atmospheric
suspended particles (determined by the
partitioning coefficients K,), and the
nature and concentrations of the
particles (ATSDR 1995; Baek et al.
1991). Table 1 shows the summary of
the PAH concentra-tions of the
campaign. In general, PA showed the
highest average concentration in the
gas phase. Nap, Flu, FluT and Pyr also
were common gas phase PAHs,
whereas BaA, BjF, BkF and Chr formed
the majority of the particle phase.
Temperature appeared to have a
considerable  influence on  PAH
concentrations because the highest
levels of PAHs occured in winter, with
Nap, AcPy, AcP, Flu, PA, Ant, FIuT, BaA
and Chr increasing at lower
temperatures. Furthermore, in samples
collected during the low temperature
periods, the heaviest PAHs (BbF, BjF,
BkF, BeP, BaP, Ind, DahA, BghiP) were
mainly present in the particulate phase,
whilst a more equitable distribution of
these compounds in both phases was
observed in samples collected during
the high temperature periods. As an
example Supplemental Material, Table
2 and Table 3 present the daily PAH
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concentrations obtained in Site 1 over
high and low temperature periods. For
instance, in samples collected at Site 1
during the winter, BaP was not
detected in most of gas phase samples,
ranging between n.d. and 0.37 ng m?,
and its concentrations in the particle
phase ranged between 0.14 and 1.53
ng m?,
concentrations ranged between n.d.
and 1.11 ng m?> in the gas phase and
between n.d. and 1.36 ng m?> in the
possible
explanation is that when the
temperature is high some particle-
bound PAHs may evaporate and be
trapped in the PUFs during sampling
(USEPA 1999).

Although low temperatures facilitate
the condensation of volatile and semi-

whereas in summer

particle phase. One

volatile PAHs onto  pre-existing
particles, we found that PAH
concentrations in the gas phase
increased more than those in the
particle phase when temperatures
decreased (Table 1). This trend has
been also reported in previous studies
(Cincinelli et al. 2007; Ravindra et al.
2006). One possible explanation may be
that photochemical reactions with ‘OH
and NO; radicals increase with higher
temperatures. However, other factors
(plants routine  maintenance and
seasonal holidays, etc.) may also
influence seasonal variation in PAH
distributions.

In general, the highest total PAH values
were associated with the gas phase in
both sampling periods, especially in
winter (Table 1). This trend has been

Risk assessment of atmospheric organic contaminants

detected in previous studies (Ravindra
et al. 2006). It is also worth noting that
these concentrations in the gas phase
can be even higher because the
trapping efficiency of PUFs for the 2-3-
ring PAHs is about the 35% (USEPA
1999).

The European legislation only regulates
some heavy PAHs (BaA, Chr, BbF, BjF,
BkF, BaP, BeP, DahA) in the particulate
phase (EEC 2005). According to the
results obtained in this study, the
current legislation therefore appears to
underestimate the main contribution of
PAHSs to the atmosphere.

3.2. Spatial distribution of PAHs

The volatile PAHs (Nap, AcPy, AcP, Flu,
PA, Ant) were most abundant at all
three sampling sites, especially in the
gas phase, and they made a large
contribution to the total PAH values
(between 49 and 84% of the gas phase
and between 11 and 36 % of the
particle phase) (Table 1). Site 1
presented the highest average
concentrations of PAHs in the particle
phase with an average total PAH
concentration of 5.61 ng m? in summer
and 7.00 ng m~ in winter. Of particular
interest are the high concentrations of
some of the heavy PAHs in the gas
phase, such as the maximum
concentrations of DahA or BghiP (5.34
ng m?> and 2.19 ng m?, respectively).
Since Site 1 is a rural area, the PAH
values primarily may reflect activities in
the North Complex,
particularly refining, which can be an

Industrial
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Table 1. Minimum, maximal and average PAH concentrations, in ng m’3, found in the three locations

over the two seasonal sampling periods. The periods of sampling, the number of samples
and the average temperatures of each period are also indicated.

Site 1 Site 2 Site 3

PAHs Summer Winter Summer Winter-Spring Spring Autumn

Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.
Gas phase
Nap nd. 3.53 137 0.24 204 3.92 nd. 0.86 0.36 048 168 0.92 0.24 0.68 037 053 134 297
AcPy nd. 221 051 031 116 3.18 nd. 060 0.23 033 129 074 nd. 041 028 0.14 155 289
AcP nd. 1.88 033 015 5.77 1.26 nd. 047 022 038 093 0.63 0.16 0.98 0.43 025 826 231
Flu 039 1.62 0.69 042 144 552 nd. 084 041 070 210 142 0.53 2.66 135 024 33.0 6.95
PA 0.80 2.46 143 126 911 282 054 223 113 169 857 415 129 253 121 031 197 352
Ant nd. 158 0.64 0.19 9.00 2.66 nd. 227 035 0.29 0.70 0.6 0.11 1.07 046 nd. 171 243
FluT 0.29 0.94 0.56 032 204 6.01 043 118 0.64 040 174 0.82 0.38 4.39 203 024 433 584
Pyr nd. 0.83 038 024 241 631 nd. 021 0.05 038 113 0.76 nd. 217 0.65 023 329 493
BaA nd. 1.11 030 nd. 138 0.58 nd. 035 0.08 nd. 046 020 nd. 030 027 nd. 637 077
Chr nd. 126 0.25 0.07 743 130 nd. 020 0.02 nd. 043 023 nd. 045 035 nd. 294 046
BbF nd. 156 035 nd. 013 nd. nd. 078 0.09 nd. nd nd nd. nd nd nd. 929 063
BjF/BkF nd. 179 078 nd. 066 014 nd. 095 0.64 nd. nd nd nd. 0.04 0.04 nd. 111 021
BeP nd. 0.17 0.01 nd. 036 0.04 nd. 033 0.15 nd. nd. nd nd. 0.3 0.09 nd. 211 027
BaP nd. 111 029 nd. 037 0.03 nd. 035 0.17 nd. nd nd nd.  nd nd nd. 3.06 026
Ind nd. 115 032 nd. 059 0.09 nd. 045 0.25 nd. nd nd nd. 044 032 nd. 278 033
DahA nd. 534 050 nd. 089 017 nd. 077 051 nd. 057 0.02 nd. 071 0.60 nd. 382 046
BghiP nd. 219 029 nd. 074 0.09 nd. 035 0.23 nd. nd. nd nd. 051 0.32 nd. 3.00 032
Total PAH 213 285 899 3.60 167 595 272 848 552 526 182 104 463 346 178 214 361 672
Particle phase
Nap nd. 328 0.24 nd. 011 0.04 nd. 072 0.16 nd 072 021 nd. 028 0.07 nd. 033 014
AcPy nd. 252 0.10 nd. 010 0.01 nd. 054 0.12 nd 024 0.04 nd. nd nd nd. 012 nd.
AcP nd. 153 011 nd. 017 0.04 nd. 059 0.16 nd 031 0.14 nd. 043 0.09 nd. 042 0.05
Flu nd. 0.95 0.08 nd. 031 0.08 nd. 040 0.08 nd 036 0.05 nd. nd nd nd. 013 001
PA nd. 111 0.26 nd. 137 037 nd. 032 0.15 nd 015 0.01 nd. 0.68 0.04 nd. 017 0.06
Ant nd. 145 026 nd. 044 020 nd. 036 0.12 nd 031 020 nd. 0.27 0.04 nd. 0.14 001
FluT nd. 0.88 017 nd. 228 051 nd. 050 031 nd 028 0.12 nd. 041 0.07 nd. 037 011
Pyr nd. 344 038 032 157 0.3 nd. 0.17 0.05 nd 039 026 nd. 021 0.05 nd. 034 0.15
BaA nd. 267 037 012 344 099 nd. 032 0.11 0.20 059 0.34 nd. 030 019 nd. 105 017
Chr nd. 344 039 011 188 0.75 nd. 017 0.04 0.27 049 038 nd. 045 0.09 nd. 125 017
BbF nd. 267 044 nd. 007 nd. nd. 037 011 nd. nd nd nd. 004 nd. nd. 013 0.01
BjF/BkF nd. 239 1.05 nd. 193 1.03 nd. 157 0.75 nd. 020 0.04 nd. nd nd nd. 163 027
BeP nd. 0.12 0.06 0.14 038 0.23 nd. 050 0.25 nd. nd nd nd. 017 0.03 nd. 017 0.06
BaP nd. 136 0.39 0.14 153 084 nd. 045 0.24 nd. 046 0.02 nd. nd nd nd. 046 0.09
Ind nd. 225 048 nd. 096 0.60 nd. 076 0.35 nd. 045 0.10 nd. nd nd nd. 019 0.02
DahA nd. 186 042 nd. 087 0.26 nd. 082 0.54 nd. nd nd nd. nd nd nd. nd nd
BghiP nd. 153 047 nd. 120 0.65 nd. 055 0.29 nd. 037 0.10 nd. nd nd nd. 028 0.07
Total PAH 0.61 333 561 1.08 144 7.00 046 7.71 3.82 116 372 201 nd. 165 0.67 nd. 594 139
smpingperiod o0 | s osoas | oo asmien
No. Samples 26 26 22 26 26 27
Average Temp. 23.2£2.5 9.0£2.5 25.0£2.7 12.0¢1.5 20.5+2.8 15.544.3
% PAHs Air/PM 62.0/38.0 89.5/10.5 59.1/40.9 83.8/16.2 96.4/3.6 98.0/2.0

n.d., values under the limit of detection of each sample.
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important source of particulate phase
bounded PAH:s.

Site 3 presented the highest average
concentrations for the gas phase with
average total PAH values of 17.8 ng m™
in the high temperature season and
67.2 ng m> in the low temperature
season, whereas Site 2 presented the
lowest average values in both phases
(Table 1). These sites are suburban
areas near the South Industrial
Complex and roads with moderate
traffic intensity. The high maximal PAH
values found in gas phase in Site 3
could be reflect both traffic intensity
and industrial activities in the South
Complex.

The average total PAH levels of the
industrial sites of this study were
comparable with those measured in
industrial sites and in suburban areas in
Europe (Cincinelli, et al. 2007; Ravindra
et al. 2006), much higher than those
previously reported for some urban
areas (Ras et al. 2009b) and very much
higher than those reported in high
mountain regions of Europe (Fernandez
et al. 2002). The PAH levels of the
sampling sites therefore seem to be
related to the activities of the
petrochemical industry in the vicinity.

3.3. Benzo[a]pyrene equivalents of
particle and gas phase PAHs

Table 2 shows the average BaP-eq in
the gas phase and in the particle phase,
for the 18 target PAHs and the total
PAH, by site and sampling period and

Risk assessment of atmospheric organic contaminants

the TEFs applied for the 18 PAHs. We
also indicate the individual PAH
compounds that were quantified in
<15% of the samples.

The contribution of the gas phase to
the total BaP-eq in this study was
substantial, with values ranging
between 34% and 86%. This high
contribution was due to the presence
of some heavy PAHs in the gas phase
with high TEFs, and because of the high
concentrations of the most volatile
PAHs in the gas phase.

It is worth noting that BaP-eq values for
the particle phase were higher than
those for the gas phase in winter in Site
1, but comparable between the particle
and gas phases in summer at this site,
and comparable between the two
phases during both seasons at Site 2
(Table 2). For Site 3 the major
contribution to the total BaP-eq came
from the gas phase due to the lo w
concentrations of heavy PAHs- such as
BaP and DahA- in particle phase
samples from this site. Site 1 showed
the highest total BaP-eq for the
combined gas and particle phases in
summer (2.073 ng m>) and in winter
(1.992 ng m).

3.4. Lifetime lung cancer risk of 18
PAHs in the atmosphere

Figure 2A shows the average lifetime
lung cancer risk estimated for each
PAH, by sampling site and sampling
period. Site 1 showed the highest
estimated risk with values of 1.8 x 10

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)
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(1.8 additional cases per 10,000 people
exposed) for the summer period and
1.7 x 10™ for the winter period. In the
2008 sampling periods, Site 2 and Site 3
had estimated lifetime lung cancer risks
of 1.5 x 10* and 14 x 10"
corresponding to a
autumn season, respectively, that are
consistent with estimates for Site 1.

However, in the 2009 sampling periods
the estimated risks for Site 2 and Site 3
were 2.2 x 10” (winter-spring) and 2.9

summer and

Risk assessment of atmospheric organic contaminants

x 107 (spring), respectively, which were
much lower than those estimated for
2008. These differences could reflect
factors, such as the
international economic crisis which
affected many industries located at the
chemical site and probably caused
reductions in the production or
shutdowns of some chemical plants
(AEQT 2009), changing the origin of
emissions.

external

B Others

@ Dibenz[a,h]anthracene
Blndeno[1,2,3-cd]pyrene
Benz[a]pyrene
E1Benzo[j/k]fluoranthene
B Benzo[b]fluoranthene
mChrysene

O Fluoranthene

O Phenanthrene

)

2.0x104
1.8x104
el
2
g 1.6x10*
3
2 1.4x10%
=}
g
< 1.2x10*
g
% 1.0x10*
@
£ 8.0x10%
3
£ 6.0x10°
o
&
4.0x105 7
2.0x10% g
Site 1 Site 2 Site 3
(summer (summer (autumn
2008) 2008) 2008)

Site 1 Site 2 Site 3

(winter 2009) (winter-spring  (spring
2009, 2009)

Figure 2A. Average estimated lifetime lung cancer risk expressed as excess cancer risk
per people exposed, by sampling location, by period and PAH.

Concerning the individual toxicity of the
target PAHs, the compounds that
contributed most to the total estimated

risk were BaP (19-45%), DahA (24-67%)
and FluT (2-32%) (combined con-
tribution between 81% and 92%). The
contribution of FIuT, which was mainly
found in the gas phase and had high
values in Site 1 in winter and in Site 3 in

autumn, was also  noteworthy.
Although FIuT is classified as a weak
carcinogen, it is mutagenic and,
therefore, has a high TEF (0.05). BbF,
BjF, BkF, Chr and Ind also contributed
to the overall risk with maximum
individual contributions between 4%
and 7%. Although PA had the highest
average concentration of the individual

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)

199



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

54-2011 ) .
Experimental, results and discussion

PAHs at the three sampling sites, it
made a small contribution to the
overall risk because of its low TEF.

The average, the maximum and the
minimum excess lifetime lung cancer

risks per people exposed by period and

sampling site are shown in Figure 2B.
An average lifetime lung cancer risk of
1.2 x 10™ (1.2 additional cases per
10,000 people exposed) was estimated
for the study area as a whole.

1x10-2
kel
@
g
& 1x10-3
@
Q
o
: /4\
E L
5 1x10*
o
a |
g \
]
8  1x10%
4
|

1x10-6

Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
(summer (summer (autumn  (winter2009) (winter-  (spring 2009)
2008) 2008) 2008) spring 2009)

Figure 2B. Minimum, maximum and average estimated excess lifetime lung cancer risk per
people exposed, in the three sampling sites by period. The vertical lines indicate
the range of risk obtained with the daily concentrations.

This represents the estimated risk
above the baseline lifetime lung cancer
risk in the absence of atmospheric PAH
exposure. Taking into account the
calculated average lifetime risk and
assuming a homogeneous exposure of
the inhabitants (170,263) around the
chemical site, 0.3 annual cases of lung
cancer can be attributed to this PAH
exposure. Furthermore, in the absence
of major indoor PAH sources — such as
tobacco smoking, cooking fumes and
residential heating -outdoor PAHs can
that the lung cancer risk due to these
PAH exposures is not negligible and

Environ. Health Perspect. (DOI: 10.1289/ehp.1002855)

also substantially contribute to indoor
PAH levels (Spengler et al 2001).
According to the WHO Air Quality
Guidelines for Europe (WHO 2000) each
country has to determine their own
acceptable risk levels. However, the risk
estimate for the study area was higher
than 10°, the upper-bound excess
lifetime cancer risk recommended by
the WHO for carcinogens in drinking
water (WHO 1993) and higher than the
10°® risk which is the USEPA guideline
(Robson 2007). We therefore conclude
should be taken into account for health
protection in the future.
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Moreover, as it can be seen in Figure
2B, the maximum risk found was 1 x
10 in Site 1. Even though this risk
corresponds to one episode, this result
is higher than the recommended values
and would correspond to a definite risk
according to criteria used in similar risk
assessment studies (Sexton et al. 2007).
Quantitative Risk Assessment (QRA) is a
powerful tool to derive a quantitative
estimate of risk that can be used to
legislation.
However, QRA has also areas of
uncertainty that should be taken into
account. There are two main

inform environmental

uncertainties in the case of PAHs: the
TEF values, which were established
from toxicological animal studies, and
the value of BaP unit risk, which was
extrapolated from the results of
epidemiological studies with exposure
to high concentrations, and can be
biased in some cases, according to
recent studies (Armstrong et al. 2004).
Finally, although the USEPA has
demonstrated that the re-estimation of
risk substituting the non-detected
values with % LOD and the non-
quantified values with % LOQ did not
significantly affect risk assessment
calculations by itself, the contribution
of the compounds quantified in less
than 15% of the samples can be
overestimated. In such cases, the use of
statistical imputation methodologies
for risk estimation has been suggested
(USEPA 2000).

Risk assessment of atmospheric organic contaminants

4. CONCLUSIONS

In this study, 18 PAHs were determined
in 153 matched samples of atmospheric
air and particulate matter from three
sampling locations around a chemical
site. The results showed that PAH
values were generally higher in low
temperature periods than in high
temperature periods, with higher
individual PAH concentrations observed
in the gas phase, especially for the most
volatile PAHs.

Risk calculations showed that the
contribution of the gas phase PAHs to
the total risk should be taken into
account, as well as the contribution of
volatile PAHs such as FluT, and of the
heaviest PAHs, like BaP or DahA,
especially during high temperature
periods.

The average estimated lifetime lung
cancer risk for our study area was
higher than the WHO and the USEPA
recommended values, but lower than
the threshold value of 107 considered a
definite risk according to criteria used
in similar risk assessment studies.
Despite uncertainties associated with
the sampling methodology and
guantitative risk
calculations, our findings suggest that it
would be prudent to take PAH
concentrations in both gas and particle
phases into account in future health
risk legislation. The real risk values may
otherwise be underestimated.

assessment
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SUPPLEMENTAL MATERIAL

Supplemental Material, Table 1. Main method parameters tested by spiking different amounts
of the standards in clean PUFs and QFFs and then extracted and analyzed in the optimized
conditions. The table shows the average results for extraction of PUFs and QFFs.

PAHs Recovery®  Repeatability” Reproducibility © Lop* LoQ®
(%, n=5) (%RSD, n=5) (%RSD, n=5) (ngm?®  (ngm?)
Nap 90 1 3 0.016 0.033
AcPy 91 1 1 0.033 0.100
AcP 95 2 2 0.016 0.033
Flu 92 1 2 0.033 0.167
PA 98 2 2 0.033 0.067
Ant 97 1 1 0.033 0.100
FluT 91 5 7 0.033 0.067
Pyr 100 5 6 0.002 0.017
BaA 95 3 4 0.002 0.017
Chr 97 2 2 0.002 0.017
BbF 92 3 5 0.016 0.033
BjF 90 5 10 0.002 0.017
BkF 90 5 10 0.002 0.017
BeP 96 4 7 0.002 0.017
BaP 99 4 8 0.033 0.167
Ind 98 6 9 0.033 0.167
DahA 97 1 5 0.033 0.167
BghiP 98 6 6 0.033 0.167

® Recovery calculated as the percentage of the response obtained by the analysis of 5 PUFs and
QFFs spiked with 1mL of standard target PAH solution of 1 ppm, compared with the responses
obtained by direct injection of the same amount of standard under the same analytical
conditions.

b Repeatability expressed as relative standard deviation (%RSD) for the analysis of PUFs and
QFFs spiked with 1mL of standard target PAH solution of 1 ppm (n=5) on the same day.

¢ Reproducibility expressed as relative standard deviation (%RSD) for the analysis of PUFs and
QFFs spiked with 1mL of standard target PAH solution of 1 ppm (n=5) on different days.

¢ Limits of detection (LODs) defined as the concentration equivalent to three times the noise of
the quantifier ion, for 300 m? of sample volume.

¢ Limits of quantification (LOQs) defined as the lower calibration level for each compound, for
300 m’ of sample volume.
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Supplemental Material, Table 2. Daily PAH values, expressed in ng m, obtained in Site 1 between the

2nd and the 16th of June 2008.

2 Jun 08 3 Jun 08 4 Jun 08 10 Jun 08 11Jun 08 12 Jun 08 16 Jun 08

PAHs

Gas PM | Gas PM | Gas PM | Gas PM | Gas PM | Gas PM | Gas PM
Nap 344 328 | 241 nd. | 353 nd. | 149 nd. n.d. nd. | 210 n.d. n.d. n.d.
AcPy 221 252|153 nd. |18 nd | 098 nd. [095 nd | 132 nd n.d. n.d.
AcP 188 153|104 nd |109 nd |068 nd | nd nd |[071 nd | nd nd
Flu 1.62 095|115 nd. | 135 nd | 058 030|061 nd |068 nd |072 nd.
PA 184 111 | 153 068 | 211 0.71 | 1.65 044 | 1.45 042 | 213 041 | 246 0.40
Ant 158 145|118 101 | 1.24 106 | 0.75 0.60 | 0.81 0.60 | 0.97 0.58 | 0.83 n.d.
FluT 081 088|063 039|070 041|051 024|061 024|088 021|094 022
Pyr 0.48 344 | 077 088|075 093|036 026 | nd 029 | 058 028 070 0.26
BaA 111 267 | 091 088 | 099 093 | 0.62 047 | nd. 046 | 0.57 0.44 | 043 047
Chr 1.26 344 | 066 1.18 | 0.72 124 | 027 033 | nd. 030|053 030 | 033 0.33
BbF 0.84 267 | 091 071 | 112 0.75 | 156 051 | nd. 042 | 041 048 | 0.38 047
BjF/BkF | 1.76 2.39 | 1.42 1.62 | 1.79 1.71 | 1.23 1.00 | 1.05 0.96 | 0.98 0.98 | 0.95 0.95
BeP nd. nd. | nd. nd | nd nd | nd nd | nd 009 | nd 012 | nd. 0.09
BaP 1.02 136|082 082 | 111 086 | 052 048 | 059 045|051 045 | nd. 0.46
Ind 115 225|097 094 | 099 099 | nd. 049 | 0.62 0.51 | 052 059 | 045 0.58
DahA 534 186 | 1.07 110 | 116 116 | nd. 0.66 | 0.68 064 [ 0.65 0.71 | nd. 0.70
BghiP 219 153 | 063 085|078 089 | nd. 043 | 046 043|040 056 | nd. 048
:::I 285 333|176 11.0 | 21.2 117 | 11.2 6.22 | 7.82 572 | 139 6.00 | 820 5.32

n.d., values under the limit of detection of each sample.
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Supplemental Material, Table 3. Daily PAH values, expressed in ng m~, obtained in Site 1
between the 1st and the 16th of December 2008.
1 Dec 08 2 Dec 08 9 Dec 08 10 Dec 08 11 Dec 08 15 Dec 08 16 Dec 08
PAs Gas PM | Gas PM [ Gas PM | Gas PM | Gas PM | Gas PM | Gas PM
Nap 299 003 |79 0.08|267 0.08 582 0.04 (122 0.04 | 744 0.04| 204 0.08
AcPy 143 nd. | 480 nd. |15 nd. [335 nd. |863 nd. |[553 nd |903 nd
AcP 0.72 nd. | 1.81 0.04 | 577 0.04 | 133 0.03|370 0.03 | 172 0.04| 252 n.d.
Flu 6.58 0.16 | 11.7 nd. | 641 nd. | 518 0.16 | 125 nd. | 144 nd. | 13.1 nd.
PA 316 039|651 038|391 0.27 170 0.39 | 463 0.22 |91.1 0.32 | 558 0.46
Ant 3.18 0.16 | 5.28 0.20 | 3.61 0.17 | 198 0.19 | 472 0.16 | 9.00 0.24 | 5.08 0.24
FluT 580 0.22 | 12.0 041 | 6.87 0.24 | 3.42 0.35|9.68 0.20 | 204 0.56 | 11.7 0.65
Pyr 396 055|911 055|541 047|244 060 | 644 041 | 155 0.76 | 8.07 0.86
BaA 0.78 0.34 | 109 1.02 117 048 | 064 185|138 0.26 |1.09 0.73 | 1.17 0.58
Chr 065 055|125 095|103 038|007 011|153 0.26 |1.26 188 | 099 1.22
BbF nd. <LOQ| nd. <LOQ| n.d. <LOQ| nd. <LOQ| nd. <LOQ| nd. <LOQ| n.d. <LOQ
BjF/BkF 050 1.1 (066 136|012 074 | nd. 044 | nd. 034 | nd. 193 | nd. 156
BeP 034 029|036 024|032 024 | nd. 015| nd. 015 | nd. 0.38 | nd. 0.28
BaP nd. 073 | nd. 091 | nd. 084 | nd. 050 | nd. 036 | nd 143 | nd. 153
Ind nd. 062 | nd. 072 | nd. 055| nd. 029 | nd. 030 | nd. 089 | nd. 0.69
DahA nd. nd. [ nd 041 | nd. nd |[nd nd | nd nd |[nd nd | nd 034
BghiP nd. 066 | nd. 072 | nd. 065 | nd. 030 | nd. 031 | nd. 090 | nd. 0.85
Total PAH | 58.5 554 | 121 7.74 | 741 491 | 413 525 | 107 2.89 | 167 9.73 | 128 9.06

n.d., values under the limit of detection of each sample
<LOQ, values under the limit of quantification of each sample
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3.2.2. Chronic risk assessment of exposure to volatile organic
compounds in the atmosphere near industrial sites
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Risk assessment of atmospheric organic contaminants

CHRONIC RISK ASSESSMENT OF EXPOSURE TO VOLATILE ORGANIC COMPOUNDS IN
THE ATMOSPHERE NEAR INDUSTRIAL SITES

Noelia Ramirez®, Anna Cuadrasb, Enric Rovirab, Francesc Borrull®*, Rosa Maria Marcé®
® Department of Analytical Chemistry and Organic Chemistry, Universitat Rovira i Virgili, Marcel-li
Domingo s/n, Sescelades Campus, Tarragona 43007,Spain
b Observatory of Health and Environment of Tarragona, Agéncia de Proteccié de la Salut,
Departament de Salut. Generalitat de Catalunya,Tarragona, Spain

Abstract

This study focuses on characterising the risk of exposure to volatile organic compounds
(VOCs) by means of inhalation in people living in the vicinity of the largest chemical site
in the Mediterranean area. Eighty-six VOCs were initially selected for this study based
on their adverse environmental and health effects. The monitoring campaign was
conducted for 276 days in three different locations around the chemical site. The
analytical method used for the characterisation was based on European standard
method EN-14662-2, which consists of the active sampling of air for 24 h in charcoal
tubes, followed by extraction with carbon disulfide and GC-MS analysis. Forty-four VOC
compounds with toxicological data available concerning their carcinogenic and non-
carcinogenic health effects were quantified during the monitoring campaign. None of
the quantified VOCs showed average concentrations exceeding their chronic reference
concentrations and, therefore, non-carcinogenic health effects are expected as a result
of this exposure. However, the global average cancer risk due to VOC exposure in the
area (3.3 x 10'4) was found to be above the values recommended by the WHO and
USEPA.The influence of the analytical method was also evaluated by comparing cancer
risk estimates using a thermal desorption (TD) method based on method EN-14662-1.
The results of the 24-h samples for the solvent extraction method were compared with
the average of 12 daily samples of 2-h for the TD method for 24 sampling days.
Although the global estimated lifetime cancer risk was statistically comparable for both
methods, some differences were found in individual VOC risks.

To our knowledge, this is the first study that estimates the carcinogenic and non-
carcinogenic risks posed by the inhalation of VOCs in people living near a chemical site
of this size, and compares the estimated cancer risk obtained using two different
standard analytical methods.

Keywords: Air quality; Cancer risk assessment; Non-cancer risk assessment; Volatile
organic compounds.
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1. INTRODUCTION

Because of their ubiquitous presence in
the atmosphere and their significant
impact on the environment and human
health, volatile organic compounds
(VOCs) are considered essential
parameters for assessing the air quality
in indoor and outdoor environments.
Among the environmental effects of
VOCs, the most relevant is the
formation of tropospheric ozone (the
main cause of photochemical smog
formation) and secondary organic
aerosols (the primary component of
total aerosol mass) (Koppmann, 2008).
The chemical diversity of the VOC
group is reflected in the diversity of the
health effects that individual VOCs can
cause, ranging from relatively inert
VOCs with no known health effects to
the highly toxic effects of reactive
VOCs. In general, chronic health effects
of VOCs can be classified as either non-
carcinogenic or carcinogenic. The main
non-carcinogenic chronic effects are
irritative, sensory effects, damage to
the liver, kidneys and central nervous
system, asthma and other respiratory
effects (Rumchev et al.,, 2007). The
main carcinogenic effects are lung,
blood (leukaemia and non-Hodgkin
lymphoma), liver, kidney and biliary
tract cancer (WHO, 2000). With regard
to these carcinogenic effects, the
International Agency for Research on
Cancer (IARC) classifies benzene as a
human carcinogen (Group 1) (IARC,
2011). Moreover, other VOCs also
exhibit  carcinogenic  activity. For

Environ. Int. (submitted)

instance, trichloroethene, tetrachloro-
ethene and 1,2-dibromo-ethane are
considered to be probable carcinogens
for humans (Group 2A, 1ARC),
ethylbenzene, carbon tetrachloride and
chloroform are possibly carcinogenic to
humans (Group 2B, IARC), and
dibromochloromethane and  hexa-
chlorobutadiene are weak carcinogens
(Group 3, IARC).

Due to their low boiling points and high
vapour pressures, the main exposure
route to most VOCs is through
inhalation and as more time is spent
indoors than outdoors and because
indoor environments are characterised
by higher concentrations of pollutants,
indoor environments are considered
the most relevant source of VOC
exposure. Although a variety of
potential indoor sources of VOCs have
been reported — such as environmental
tobacco smoke, cooking, and cleaning
and personal care products (Zhou et al.,
2011) - recent studies have
demonstrated that one of the main
sources of indoor VOC concentrations is
the infiltration of outdoor pollution into
buildings (Esplugues et al, 2010; Loh et
al., 2007).

Current air quality legislation restricts
atmospheric VOC emissions, such as
European Council Directive
1999/13/EC, which limits the emission
of VOCs due to the use of organic
solvents (European Commission, 1999)
and 2008/50/EC, which recommends
the monitoring of ozone precursor
VOCs (European Commission, 2008).
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Furthermore, most compounds listed in
the United States Environmental
Protection Agency (USEPA) Clean Air
Act list of hazardous air pollutants are
VOCs (USEPA, 1994). However, in
European countries only the ambient
concentration of benzene, limited to an
annual average of 5 ug m?, is regulated
(European Commission, 2008).
Nevertheless, previous studies have
demonstrated that in addition to
benzene other VOCs carry significant
weight in the characterisation of
ambient chronic risk and should also be
considered (McCarthy et al., 2009; Wu
et al. 2009).

Today, many international agencies
(e.g. the World Health Organization
(WHO), the United States
Environmental Protection  Agency
(USEPA), and the Unites States Food
and Drug Administration (USFDA)) use
quantitative risk assessment (QRA) as a
basis for regulatory decisions about
chemical mixtures. Cancer risk s
typically estimated by lifetime cancer
risk (LCR) which is presented as the
increased probability of developing
cancer as a result of a specific exposure
(WHO, 2000). Non-cancer risk is
assessed by the assumption of a
threshold concentration for each
toxicant and is expressed as a hazard
ratio (HR, the ratio of a potential
exposure to a chemical to the level at
which no adverse effects are expected)
(Robson and Toscano, 2007).

Air is a complex mixture in which VOC
concentrations generally range from ug
m? to ng m>. Therefore, efficient and

Risk assessment of atmospheric organic contaminants

sensitive sampling, preconcentration
and analysis techniques are required to
reliably determine atmospheric VOC
concentrations. Of the sampling and
preconcentration techniques proposed
by official environmental agencies, the
most commonly used are those based
on enrichment onto solid sorbents
followed either by thermal desorption
(EN 14662-1, 2005; USEPA TO-17, 1999)
or liquid desorption (EN 14662-2,
2005). Because the two methods use
different adsorption sorbent and
desorption processes, it is important to
study how these can affect the risk
estimates of an area.

The aim of this study is to characterise
the risk of VOC exposure by inhalation
in people living in urban and suburban
areas near the largest chemical site in
the Mediterranean area. To our
knowledge, this is the first time that the
non-carcinogenic and carcinogenic risks
related to VOC inhalation has been
estimated for people living around a
chemical and petrochemical site of this
size. To that end, eighty-six VOCs —
most of them included in the USEPA
priority list (USEPA, 1994) - were
initially selected. The target VOCs were
determined in three locations near the
industrial site over two periods: from
October 2008 to December 2008 and
from October 2009 to May 2010.
Furthermore, the uncertainties of risk
assessment calculations were also
discussed. Specifically, the influence of
the analytical method used in the
cancer risk estimates was evaluated by
comparing the risk values obtained
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using two different standard methods
(EN 14662-1 and 14662-2).

2. EXPERIMENTAL

2.1. Study area

Because of its unique climate, location
and the volume of emissions it
receives, the Mediterranean atmos-
phere acts as a photochemical reactor
with high levels of oxidants. As a
consequence, the ozone and air quality
limits are often exceeded in this region
(Monks et al., 2009).

The largest chemical site in southern
Europe and the Mediterranean region
(ECRN, 2010) is located in the
Tarragona area (Catalonia, north-
western Spain). This chemical site is
divided into two main areas: the North
Industrial Complex, which has an area
of 470 ha and includes an oil refinery
and other chemical industries; and the
South Industrial Complex, which
occupies an area of 717 ha and
contains  several chemical and
petrochemical plants. The total
production of the two complexes is
about 21 MT per year (AEQT, 2009).
Atmospheric emissions of non-methane
VOCs have been estimated at 3,100 T
per year from the chemical site as a
whole (PRTR, 2009).

To determine VOC risk, three sampling
sites were selected on the basis of their
proximity to the industrial complexes,
and the prevailing winds (north-north-
westerly in cold seasons and south-
south-easterly in warm seasons, light

Environ. Int. (submitted)

annual average wind speeds (< 3 m s
Y). Figure 1 shows a map of the area
studied, the location of the main city
(Tarragona) and the three sampling
sites. Site 1 is located in Perafort-
Puigdelfi which is a semirural area less
than 0.5 km east of the North Industrial
Complex. Site 2, Tarragona-Bonavista,
is a suburban area of Tarragona
situated less than 1 km north of the
South Industrial Complex and less than
0.5 km from a road with moderate
traffic density (14,041 vehicles per day,
Spanish  Ministry of Public Works,
2007). Finally, Site 3 is also located in a
suburban area — Vila-seca — less than 1
km from the west end of the South
Complex and less than 1 km from a
road (20,049 vehicles per day, Spanish
Ministry of Public Works, 2007).

2.2. Sample collection

The monitoring campaign designed to
determine the VOC risk of the chemical
site was conducted over two periods:
from October 2008 to January 2009 and
from October 2009 to June 2010. A
total of 276 samples were taken in both
periods (91 in Site 1, 89 in Sites 2, and
96 in Site 3, respectively). Sampling was
performed using the standard method
for measuring benzene in air, EN-
14662-2 (EN 14662-2, 2005) (method
A). Samples were collected by means of
active sampling in standard Orbo™-32
charcoal tubes (7 cm in length x 6-mm
o.d., provided by Supelco) using a CPV-
COV-S (MCV, Collbatd, Spain) to pump
air samples at a flow rate of between
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Figure 1. Map of the studied area showing the location of
the main city (Tarragona), the North and South
Industrial Complexes and the three sampling

sites.

500 and 700 mL min™ for 24 hours, thus
collecting between 720 L and 1000 L of
air. After sampling, the charcoal tubes
were closed with PTFE caps, stored in
hermetic glass jars at -20 °C and
analysed no later than one week
subsequent to collection.In order to
determine the influence of the
analytical method on the risk
estimates, a thermal desorption
method based on standard method EN
14662-1 (EN 14662-1, 2005) (method B)
was simultaneously used for VOC
monitoring during a period of 24
sampling days. A total of 288 samples

were collected with this method
corresponding to 2 h samples (12 per
day) over eight days in each site, during
the first period of sampling (from
October 2008 to January 2009).
Samples were taken with stainless-steel
tubes (9 cm x 6.35 mm o.d. x 5 mm i.d.)
filled with a multi-sorbent bed of Tenax
TA-Carbograph 1TD (Markes
International Limited, Llantrisant, UK).
A MTS-32™ sequential tube sampler
coupled with a constant flow sampling
pump (FLEC Air Pump 1001, from
Markes) was used to pump air samples
at 22 mL min™ for 2 hours and 2.64 L of

Environ. Int. (submitted)
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air were collected. Complete infor-
mation about the development and
optimisation of this sampling method
can be found in a recent publication
(Ramirez et al., 2010).

2.3. Chemical standards and reagents

The standards of the 85 target VOCs
involved two mixtures of volatile
organic compounds at 2000 mg L?
(592/524 Volatile Organics Calibration
Mix and EPA 524.2 Revision 4 Mix in
methanol, from Supelco, Bellefonte,
USA) and the individual standards of i-
pentane, 1-pentene, n-pentane, 2-
pentene (cis/trans mixture), isoprene,
1-hexene, n-hexane, i-octane, n-
heptane, 1,4-dioxane, n-octane,
(Sigma-Aldrich, Steinheim, Germany),
2-ethyltoluene,  3-ethyltoluene, 4-
ethyltoluene, 1,2-diethylbenzene, 1,3-
diethylbenzene, 1,4-diethylbenzene
(Fluka, Buchs,  Switzerland), 1-
methylnaphthalene and 2-
methylnaphthalene (Riedel-deHaén,
Seelze, Germany). The minimal purity
of the standards was 97%. Toluene-dg
from Aldrich was used as an internal
standard as recommended by EN
14662-2 (EN 14662-2, 2005).

The standards were diluted in
methanol for gas chromatography with
purity >99.9% (SDS, Peypin, France) and
with a toluene-dg
concentration of 5 mg LY All the
standards were prepared on the day of

constant

use and stored at 4°C in 10 ml Certan’
capillary vials provided by Supelco.

Environ. Int. (submitted)

99.999% pure helium gas and nitrogen
were used for the chromatographic
analysis and thermal desorption,
respectively  (Carburos Metdlicos,
Barcelona, Spain). Carbon disulfide
from Sigma-Aldrich (purity 99.9% with
less than 0.001% benzene) was used for
the extraction of the analytes.

2.4. Analytical method

After sampling, each glass tube sample
for method A was scored with a quartz
blade (Orbo™ tube cutter, Supelco)
and the charcoal from the adsorbing
section (front section of the tube) was
transferred to a 2-mL capped vial and
the back-up section (back section of the
tube) was transferred to another
capped vial. These two sections were
analysed separately.

To desorb the samples, 1 mL of
extraction solution (5 ppm of internal
standard diluted in carbon disulfide)
was added to each sample vial. The
sample vials were immediately capped
with PTFE caps and shaken for 30 min.
Immediately following the desorption
period, 1 pul of sample extract was
injected into the gas chromatograph.
Samples whose back-up sections were
found to have 5% or more analytes
than the adsorbing section were
discarded as recommended by EN
14662-2 (EN 14662-2, 2005).

A 6890N gas chromatograph and a
5973 inert mass spectrometer (Agilent
Technologies, Palo Alto, USA) were
used to separate and determine the
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target VOCs using a Zebron ZB-5
capillary column (60 m, 0.32 mm, 1.0
pum, provided by Phenomenex, Le Pecq
Cedex, France).
performed by injecting 1 uL of extract

Analyses  were

in a split/splitless port at 180C with a
split of 5 mL min” and a helium flow
rate of 1.2 mL min". The oven
temperature of the GC was initially
maintained at 40 °C for 5 min, then
raised to 140 °C at a rate of 6 °C min™
and raised again to 220 °C at a rate of
15 °C min and maintained at that
temperature for 8 min. The GC-MS
interface was set at 280 °C and the
mass spectrometer acquired data in
scan mode with an m/z interval from 35
to 280 and an electron impact energy
of 70 eV.

Samples taken with method B were
thermally desorbed in a Unity Thermal
Desorption system connected to an
Ultra A automatic sampler (both from
Markes Limited,
Llantrisant, UK) and analysed using the

international

chromatographic method described
above. More detailed information
about the
performance of method B has recently
been published (Ramirez et al, 2010).

The guidelines for methods EN 14662-2
and EN 14662-1 (EN 14662-1, 2005; EN
14662-2, 2005) were followed for
quality assurance purposes. The
internal standard calibration method
was used for the GC-MS quantification
in method A and the external standard
calibration was used in method B, with

optimisation and

coefficients of determination values (r?)

Risk assessment of atmospheric organic contaminants

higher than 0.996 for all target VOCs
for both methods.

The limits of the detection (LODs) for
method A ranged from 0.01 to 1 pug m?
(for a sample preconcentration of 1
m?), and from 4x10™ to 0.4 ug m for
method B (for a sample pre-
concentration of 2.64 L). The limits of
quantification (LOQs) were between
0.05 and 2 pg m for method A and
between 0.002 and 0.45 ug m? for
method B. Repeatability was < 13% RSD
(n=5) for all target VOCs for method A
and < 7% for method B and recoveries
for most compounds were > 95% for
both methods.

To detect possible
contamination, weekly field blanks
were tested by placing a charcoal tube
with broken ends into one of the

background

sampler’s  channels, but without
passing an air sample through it. With
method B, blanks of the total process
were checked by placing two blank
tubes into the sequential tube sampler
every sampling day without passing a
sample through it. Signals of the target
compounds in field blanks were taken
into account when calculating sample
concentrations. None of the samples
showed VOC concentrations >5% in the
back-up section compared to the
respective adsorbing section; therefore,
no samples were excluded from the
study. More information about the
method validation parameters and the
quality assurance procedures employed
can be found in a recent publication
(Ramirez et al., 2010).
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2.5. Risk assessment

The estimates for the non-cancer risk
the
ambient

were based on
comparison of the daily
concentrations with their respective
chronic non-cancer inhalation level at
which no adverse effects are expected
for single VOCs. These
expressed as Reference Concentrations
(RfCs) — used by the USEPA Integrated
Risk Information System (IRIS) (IRIS,
2011); Minimum Risk Levels (MRLs) —
used by the Agency for Toxic
Substances and Disease Registry
(ATSDR) (ATSDR, 2011); or Reference
Exposure Levels (RELs) — used by the
California Office of Environmental
Health Hazard Assessment (OEHHA)
(OEHHA, 2003). Therefore, the Hazard
Ratio (HR) of each compound (i) was
calculated by dividing its daily
concentration (expressed in pg m~) by
its corresponding
Concentration (RfC, also in pg m™):

assessment

levels are

Reference

HR, = C,/ RfC, [1]

The reference concentrations for each
VOC were taken first from IRIS and
ATSDR, giving priority to the most
recent available data. For reference
concentrations not available from these
agencies, those provided by OEHHA,
the USEPA Health Effects Assessment
Summary Tables (HEAST) or the USEPA
provisional values were used (RAIS,
2009). The reference concentrations
used in this study and their sources are
listed in Table 1.

Environ. Int. (submitted)

Cancer risk assessment was calculated
for the carcinogenic VOCs detected in

the samples, whose unit risk (UR)
values have been established by an
official agency. These URs were

extracted from databases provided by
the WHO (WHO, 2000), the IRIS (IRIS,
2011), the OEHHA (OEHHA, 2003),
giving priority to the WHO and IRIS URs,
in this order (see Table 1).

The lifetime (LCR)
attributable to inhalation exposures
was calculated by multiplying each UR
estimate the  daily
concentrations (in pg m>) of each
compound (i):

cancer risk

value by

LCRF Ci X UR, [2]

The UR of each compound corresponds
to excess lifetime cancer risk calculated
as a result of the continuous exposure
to an agent at a concentration of 1 ug
m> over a lifetime of 70 years (IRIS,
2011). In this study, the individual
cancer risk of each VOC was assumed
to be additive, and therefore, the
global cancer was
considered as the sum of the LCRs of
the individual compounds.

To determine the risk of the industrial
area,

lifetime risk

the risk values of the three

sampling sites were considered
together.
calculations, VOC concentrations under
the LODs and the LOQs were
considered as half the LOD or half the
LOQ, in accordance with USEPA criteria
(USEPA, 2000). The acceptance of these

criteria provides a background risk for

For risk assessment
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Table 1. Non-cancer reference concentrations, cancer unit risks of the VOCs found during the

monitoring campaign and their carcinogenic classifications in the IARC.

Non-cancer Cancer

VOCs Ch;irg“:nc,go)nc' Source GI/F;:JCp (Ldgl;r;s)kl Source
n-Pentane 1000 PPRTV - - -
Methyl-tercbutylether 2520 ATSDR 3 2.6x107 OEHHA
n-Hexane 700 IRIS - -
Methacrylonitrile 0.7 HEAST - - -
Chloroform 98 ATSDR 2B 2.3x10° IRIS
1,1,1-Trichloroethane 5000 IRIS 3 - -
1,2-Dichloroethane 2430 ATSDR 2B 2.6x10° IRIS
Benzene 9.6 ATSDR 1 6.0x10° WHO
Carbon tetrachloride 100 IRIS 2B 6.0x10° IRIS
2-Nitropropane 20 IRIS 2B - -
1,2-Dichloropropane 4 IRIS 3 1.0x10° OEHHA
Trichloroethene 600 OEHHA 2A 43x107 WHO
1,4-Dioxane 3600 ATSDR 2B 7.7x10°® OEHHA
Methylmethacrylate 700 IRIS 3 - -
Cis-1,3-Dichloropropene 31.8 ATSDR 2B 4.0x10° IRIS
Trans-1,3-Dichloropropene 31.8 ATSDR 2B 40x10° IRIS
Toluene 5000 IRIS 3 - -
1,1,2-Trichloroethane - - 3 1.6x10° IRIS
Ethylmethacrylate 300 PPRTV - - -
Dibromochloromethane - - 3 2.7x10° OEHHA
1,2-Dibromoethane 9 IRIS 2A 6.0x10™ IRIS
Tetrachloroethene 271 ATSDR 2A 59x10° OEHHA
Chlorobenzene 1000 OEHHA - - -
1,1,1,2-Tetrachloroethane - - 3 7.4x10° IRIS
Ethylbenzene 1300 ATSDR 2B 25x10° OEHHA
m,p-Xylene 217 ATSDR 3 - -
Bromoform - - 3 1.1x10° IRIS
Styrene 852 ATSDR 2B - -
o-Xylene 217 ATSDR 3 - -
1,1,2,2,-Tetrachloroethane - - 3 5.8x10° OEHHA
1,2,3-Trichloropropane 0.3 IRIS 2A - -
Isopropylbenzene 400 IRIS - - -
Bromobenzene 60 IRIS - - -
1,3,5-Trimethylbenzene 6 PPRTV - - -
1,2,4-Trimethylbenzene 7 PPRTV - - -
1,2,3-Trimethylbenzene 5 PPRTV - - -
1,4-Dichlorobenzene 60 ATSDR 2B 1.1x10° OEHHA
1,2-Dichlorobenzene 200 HEAST 3 - -
Hexachloroethane - - 2B 40x10° IRIS
1,2-Dibromo-3-chloropropane 0.2 IRIS 2B 20x10° OEHHA
1,2,4-Tricholorobenzene 200 HEAST - - -
Naphtalene 3.7 ATSDR 2B 8.7x10° WHO
Hexachlorobutadiene - - 3 2.2x10° IRIS

ATSDR (Agency for Toxic Substances and Disease Registry) (ATSDR, 2011); HEAST (Health Effects
Assessment Summary Tables) (RAIS,2009); IRIS (Integrated Risk Information System) (IRIS, 2011);
PPRTV (Provisional Peer Reviewed Toxicity Values of IRIS) (RAIS,2009); OEHHA (Office of Environmental
Health Hazard Assessment) (OEHHA, 2003); WHO (World Health Organization) (WHO, 2000).

Environ. Int. (submitted)
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each non-detected and non-quantified
VOC.

Moreover, the corresponding attri-
butable annual number of cases in the
population around the chemical site
were calculated as: population exposed
(number of global
lifetime cancer risk (number of cases
per population) / 70 (years of

inhabitants) x

exposure). The exposed population
(170,263 inhabitants, Statistical
Institute of Catalonia, 2008) was

defined based on the proximity to the
industrial site and the
winds.Furthermore, in

ascertain how the analytical method
employed might influence cancer risk
estimates, some parameters
evaluated for both official methods on
24 days (8 days at each sampling site)
during the first monitoring period. The
following parameters were compared
for each carcinogenic compound
detected in the samples: the number of
quantified samples; the background

prevailing
order to

were

LCR considered as the estimated risk
assuming half of the MDL for non-
detected samples; and average LCR.
Moreover,
obtained for each method was also
statistically compared.

the global cancer risk

3. RESULTS AND DISCUSSION

Seventy-two of the 86 target VOCs
initially selected for this study were
detected during the monitoring
campaign. Of these 72 VOCs detected,
toxicological data for
reference concentrations and/or cancer

non-cancer

Environ. Int. (submitted)

UR were only available for 44;
therefore, these VOCs were selected
for risk assessment estimations.

The remainder of the VOCs detected
can be classified as uncertain risk
compounds because there was
insufficient data to ascertain risk and
they were therefore excluded from the
risk  estimates. their
detection in the samples should be
taken into account for future research.

Data about the 42 VOCs excluded from

However,

the risk study is shown in the
supplementary material section, in
Table 1S.

3.1. VOC distribution

Table 2
minimum
trations of the VOCs considered for the
risk assessment estimations. The
sampling period and the number of
samples in each site, as well as the

summarises the average,

and maximum  concen-

number of samples in which each
compound was quantified are also
indicated in the table. In general, the
most guantified compounds
(>75%) were  benzene,
tetrachloride, toluene, ethylbenzene,
m,p-xylene, styrene and o-xylene.
Other VOCs such as n-pentane,
chloroform,  2-nitropropane,
chloroethene, 1,3,5 trimethylbenzene

often
carbon

tetra-

and 1,2,4-trimethylbenzene  were
detected in more than 50% of the
samples.

The highest maximum concentrations
were found at Site 2 and correspond to
n-pentane (34.2 pug m™~), toluene (26.2
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Table 2. Target VOCs (in chromatographic elution order) found during the campaign and considered
for the risk estimations, showing their average, minimum and maximum concentrations at
each sampling site, expressed in pg m’3, and percent of detected samples.

Voce Site 1 Site 2 Site 3 % Quant.
Aver. Min Max  Aver. Min Max | Aver. Min Max samples
n-Pentane ° 2.06 n.d. 6.30 1.73 <LoQ 34.2 0.85 n.d. n.d. 60.1
Methyl-tercbutylether * 0.01 n.d. 0.50 0.05 n.d. 0.6 n.d. n.d. n.d. 3.6
n-Hexane *° 1.06 n.d. 10.70 0.39 n.d. 4.8 0.31 n.d. 7.1 35.5
Methacrylonitrile n.d. n.d. 0.20 n.d. n.d. n.d. 0.24 n.d. 4.5 9.4
Chloroform ? 0.65 n.d. 1.50 0.52 n.d. 13 2.29 n.d. 129.7 59.1
1,1,1-Trichloroethane ° 0.09 n.d. 0.70 0.04 n.d. 0.8 0.09 n.d. 0.6 10.1
1,2-Dichloroethane © 0.03 n.d. 1.50 0.21 n.d. 2.8 0.07 n.d. 3.6 6.2
Benzene *** 1.50 n.d. 6.40 137 <LOQ 3.7 0.48 n.d. 2 80.1
Carbon tetrachloride ° 1.29 0.8 2.30 0.99 0.6 2.3 0.37 n.d. 2.5 77.2
2-Nitropropane ° 0.50 n.d. 1.40 1.31 0.5 4.9 0.20 n.d. 1.9 59.8
1,2-Dichloropropane * 0.05 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 1.8
Trichloroethene ** 0.74 n.d. 2.20 0.67 n.d. 3 0.28 n.d. 3 46.0
1,4-Dioxane * 0.01 n.d. 1.10 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Methylmethacrylate * 1.25 n.d. 14.40 0.05 n.d. 0.6 n.d. n.d. <LoQ 22.8
Cis-1,3-dichloropropene 0.20 n.d. 4.50 0.03 n.d. 0.6 n.d. n.d. n.d. 33
Trans-1,3-dichloropropene 0.14 n.d. 2.70 0.06 n.d. 0.8 n.d. n.d. n.d. 3.6
Toluene *** 261 03 830 | 4.26 1.00 26.2 1.12 n.d. 6.7 93.8
1,1,2-Trichloroethane * 0.01 n.d. 0.60 0.01 n.d. 0.4 n.d. n.d. n.d. 0.7
Ethylmethacrylate n.d. n.d. n.d. 0.02 n.d. 0.7 n.d. n.d. n.d. 1.1
Dibromochloromethane 0.01 n.d. 0.60 n.d. n.d. n.d. n.d. n.d. n.d. 0.7
1,2-Dibromoethane 0.01 n.d. 0.60 n.d. n.d. n.d. n.d. n.d. n.d. 0.7
Tetrachloroethene * 0.67 n.d. 1.00 | 0.57 n.d. 0.2 0.05 n.d. 0.6 67.0
Chlorobenzene ° 0.13 n.d. 1.10 0.34 n.d. 1.1 n.d. n.d. <LoQ 19.9
1,1,1,2-Tetrachloroethane 0.01 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Ethylbenzene ° 191 0.7 5.70 1.85 0.5 143 0.46 n.d. 3.1 77.5
1,2,3-Trichloropropane 0.01 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
m,p-Xylene > 1.22 0.7 280 | 113 0.6 2.9 048  nd. 2.9 77.2
Bromoform * 0.01 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Styrene ** 1.25 0.2 4.20 1.21 n.d. 2.8 0.34 n.d. 3.7 75.0
o-Xylene ap 0.96 n.d. 2.00 0.82 0.4 1.6 0.35 n.d. 2.3 76.1
1,1,2,2-Tetrachloroethane * 0.01 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Isopropylbenzene * 0.34 n.d. 0.80 0.23 n.d. 0.8 n.d. n.d. <LoQ 31.2
Bromobenzene 0.51 n.d. 1.10 0.13 n.d. 0.7 n.d. n.d. 0.1 25.0
1,3,5-Trimethylbenzene b 0.61 n.d. 0.90 0.45 0.3 1.00 0.21 n.d. 1.4 64.9
1,2,4-Trimethylbenzene b 0.62 n.d. 1.60 0.78 0.4 1.5 0.28 n.d. 2.3 68.5
1,2,3-Trimethylbenzene ° 0.03 n.d. 0.90 0.21 n.d. 18.6 0.08 n.d. 13 5.1
1,4-Dichlorobenzene * 0.04 n.d. 0.80 0.03 n.d. 0.4 n.d. n.d. n.d. 3.6
1,2-Dichlorobenzene 0.04 n.d. 0.80 0.01 n.d. 0.4 n.d. n.d. n.d. 2.9
Hexachloroethane ° 0.01 n.d. 0.70 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
ihzlotr’:r’)rr‘:;:ni 001 nd 08  nd nd nd nd nd  nd 0.4
1,2,4-Trichlorobenzene 0.02 n.d. 1.00 n.d. n.d. n.d. n.d. n.d. n.d. 0.7
Naphthalene ** 0.33 n.d. 1.40 0.45 n.d. 1.9 0.02 n.d. 1.7 19.2
Hexachlorobutadiene 0.01 n.d. 0.85 n.d. n.d. n.d. n.d. n.d. n.d. 0.4

Sampling period

Number of samples

07-10-2008/04-12-2008
20-10-2009/29-12-2009

91

05-11-2008/05-12-2008
19-01-2010/31-03-2010

89

06-12-2008/09-01-2009
09-04-2010/17-06-2010

96
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Table 2 (cont.)

® Compounds included in the USEPA List of Hazardous Air Pollutants (USEPA, 1994).
® 0zone precursors recommended for measurement by the Directive 2008/50/EC (European

Commission, 2008).

¢ Compounds included as hazardous organic pollutants in the WHO Air Quality Guidelines (WHO, 2000).

n.d., values under the limit of detection of each sample.

< LOQ, values under the limit of quantification of each sample.

ug m3), ethylbenzene (14.3 ug m) and
1,2,3-trimethylbenzene (18.6 pug m>).
metacrylate (14.4 ug m™) at Site 1 and
chloroform at Site 3 (129.7 pg m>)
were also high. It is worth mentioning
that the average concentration of
benzene at all three sites did not
exceed the 5 pg m™ established as the
annual average threshold limit
(European Commission, 2008), which
was exceeded on only one day at Site 1
(6.4 pg m”).

The VOC concentrations found in this
study were comparable with those
measured in other industrial and
suburban sites in Spain (Pérez-Rial et
al., 2010). However, the average
concentrations of benzene, toluene,
ethylbenzene and xylenes (BTEX) were
below those reported in previous
studies in the main city of the area
(Ras-Mallorqui et al. 2009) and in other
areas with intensive street traffic
(Buczynska et al., 2009).

3.2. Non-cancer risk assessment

Thirty-seven quantified VOCs have
estimated reference values for non-
cancer effects (see Table 1). Figure 2
shows the average, maximum,
minimum, 25", 50" (median) and the
755 percentile HR for these com-
pounds.

Environ. Int. (submitted)

The maximum concentrations of n-
hexane (10.7 pug m?>) and methyl-
The average HRs were less than 1 for all
the studied VOCs, which means that
their concentrations were commonly
below the level of concern. However,
five VOCs showed
concentrations over their reference
value: 1,2-dibromo-3-chloropropane,
1,2,3-trichloropropane, methacrylo-
nitrile, 1,2,3-trimethylbenzene and
chloroform. It is also worth mentioning
that four compounds presented
average HR values of over 0.1, which
can also be considered of potential
concern (McCarthy et al., 2009).
However, among these VOCs only
benzene was quantified in more than
15% of the samples.

maximum

3.3. Cancer risk assessment

Figure 3 shows the average, maximum,
minimum, 25", 50" (median) and 75t
percentile of the individual LCRs for the
23 VOCs found in the samples that
showed a cancer potential value (see
UR values in Table 1). A LCR of 10°
(recommended by USEPA (Robson,
2007) was used for reference in this
study and is also indicated in Figure 3.
In accordance with a previous study
(Sexton et al., 2007), compounds with
an attributable cancer risk of over 10™
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Figure 2. Percentile distributions for hazard ratios for the VOCs detected with non-cancer reference
concentrations. For each individual VOC, the box plot represents the 25" and 75" percentile
of the hazard ratio and the horizontal line inside the box represents the median. The bottom
and top vertical lines indicate the minimum and the maximum hazard ratios and the circle

symbol the average hazard ratio.

can be considered as a “definite risk”,
between 10 and 10 as a “probable
risk” and between 10 and 10° as a
“possible risk”.

In this study, the carcinogenic VOCs
were grouped into three different
categories depending on their LCRs and
the samples each
compound: group A compounds were
quantified in over 15% of the samples,
whose average LCR is above the 10°® (2
additional case per 1,000,000 people
exposed) benchmark;  group B
compounds were quantified in fewer
than 15% of the samples with average
LCR 10% and group C

quantified for

above

compounds with LCRs below 10° were
either quantified or not in 15% of the
samples.

Group A includes chloroform (2.5x10°,
probable risk), naphthalene (1.9 x 107,
probable risk), benzene (6.9x10°,
possible risk), carbon tetrachloride (5.6
x 10°, possible risk), ethylbenzene
(3.5x10°, possible risk) and
tetrachloroethylene (2.3 x 10°®, possible
risk).

Group B includes 1,2-dibromo-3-
chloropropane, 1,2-dibromoethane,
1,2-dichloroethane, 1,1,2,2-tetrachloro-
ethane. As mentioned earlier, these
compounds were quantified in fewer

Environ. Int. (submitted)
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Figure 3. Percentile distribution of individual LCRs for the quantified VOCs with cancer potential values.
The box plot of each individual VOC represents the 25" and 75" percentile of the LCRs and
the horizontal line inside the box indicates the median LCR. The bottom and top lines
indicate the minimum and the maximum LCRs, and the circle symbol the average LCR.

than 15% of the samples and therefore
their risk values reflect the distribution
% LOD than ambient
concentrations. instance, 1,2-
dibromo-3-chloropropane (LCR= 2.3x
10™) was only determined in one of the
samples throughout the course of the

of rather

For

entire campaign. Lower LODs would
help to reduce the uncertainty in
ambient risk estimates, especially for
compounds with very high URs.The
remainder of the VOCs detected were
included in group C (LCRs below 10®),
and their risk values did not pose a
relevant health concern. This group
the quantified

included least

Environ. Int. (submitted)

compounds such as 1,4-dichloro-
benzene (2.5x107), quantified in 4% of
the samples,
quantified in most of the samples, such
as trichloroethene (2.7x107), found in
46% of the samples.

The average, P25 and P75 lifetime
cancer risks for the global study were
3.3x10" (3.3 additional cases per
10,000 people exposed), 2.6x10™ and
3.5x10™, respectively. This represents
the estimated risk above the baseline
lifetime cancer risk in the absence of
atmospheric VOC exposure. Taking into
account the calculated average lifetime
cancer risk and assuming exposure of

and compounds
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the inhabitants (170,263) around the
chemical site, 0.8 (0.6-0.9) annual cases
of cancer can be attributed to this VOC
exposure.

The results obtained at each site
showed similar estimated cancer risks
at all three locations: Site 1, 3.4x10™
(2.7x10* - 3.6x10™); Site 2, 3.2x10™
(2.7x10™ - 3.5x10™); and Site 3, 3.2x10°
*(2.3x10™ - 3.4x10™). Previous studies
estimating the overall cancer risk of
different atmospheric contaminants
have reported similar health risk values
(Loh et al., 2007; Morello-Frosch et al.,
2000; Wu et al., 2009). The estimated
risk of this study was higher than the
USEPA guideline (10°), and exceeded
10°, which is the upper-bound excess
lifetime cancer risk recommended by
the WHO for carcinogens in drinking
water (WHO, 1993). Therefore, the
average cancer risk attributed to this
VOC exposure is not negligible and
should be taken into account for future
health risk legislation.

In a recent study the excess lifetime
cancer risk attributable to exposure to
polycyclic aromatic compounds (PAHs)
from the same chemical site was
estimated as 1.2 per 10,000 people
exposed (Ramirez et al., 2011).
Assuming accumulative cancer risks,
the global cancer risk estimate for VOCs
(3.4x10™) should be added to those
found for PAHs (1.2x10%. Although
neither the individual compounds of
VOCs or PAHs revealed a definite risk in
either study, the global lifetime cancer
risk in this area is clearly high.
Therefore, these risks are not negligible

Risk assessment of atmospheric organic contaminants

and can  help to prioritise risk
management decisions in a socially
responsible and beneficial way for the
protection against illness in the future.
According to the WHO Air Quality
Guidelines for Europe (WHO, 2000)
each country has to determine their
own acceptable risk levels. In fact,
acceptable risk levels should be
justifiable based on expected public
health, environmental and socio-
economic  impacts  (Assante-Duah,
2002).

3.4. Uncertainties and limitations of
risk estimates

QRA can appropriately be regarded as a
valuable tool for public health and
environmental decisions. However,
there are also some limitations and
uncertainties inherent to QRA and the
overall risk estimates that should be
taken into account.

First, the analytical method chosen can
play an important role in the
quantification of the samples, and
therefore in the estimated risk
(Assante-Duah, 2002). Table 3 shows
the most
calculation parameters for the methods
compared in this study: enrichment
into charcoal tubes and liquid
desorption (method A, 24 h samples)
and enrichment into Tenax TA-
Carbograph 1TD tubes and subsequent
thermal desorption (method B, average
of 12 daily samples of 2 h each). These
parameters were calculated for each
detected carcinogenic compound over

relevant cancer risk

Environ. Int. (submitted)
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Table 3. Main risk calculation parameters for the detected carcinogenic compounds for both methods:
% of quantified samples; limit of detection (LOD), average daily concentrations (expressed in pg m™>);
background LCR (risk estimated considering % LOD in the non detected samples); average LCR; and the

range of the global LCR estimated for each method.

Method A Method B
Aver. Aver.
0, - 7 &
% LOD daily Back Aver. % LOD daily Back Aver.
VOCs Quant. ( 5 ground a Quant. 3 ground a
ugm?3)  concen. a LCR (ug m3)  concen. a LCR
samples 3 LCR samples 3 LCR
(Hg m?) (ng m?)
Methyl-tercbutylether 8 0.05 045  6.5x10°  1.9x10° 8 0.04 052  4.9x10° 1.2x10°
Chloroform 50 0.01 3.23 1.2x107  3.8x10° 9% 0.02 048  2.2x107 1.0x10°
1,2-Dichloroethane 13 0.50 196  6.5x10° 1.5x10° 58 0.004 136 5.2x10° 2.2x10°
Benzene 100 0.20 1.64  6.0x107 9.8x10° | 100 0.16 557  49x107 3.3x10°
Carbon tetrachloride 100 0.50 1.23 1.5x10°  7.4x10° 9% 0.02 072  57x10® 4.1x10°
Trichloroethene 67 0.20 1.67  4.3x10° 5.0x107 92 0.004 022  8.6x10™° 8.4x10°
1,4-Dioxane 0 0.05 nd 1.9x10” - 79 0.30 0.54  1.2x10° 4.0x10°
Tetrachloroethene 71 0.05 0.16  1.5x107 7.8x10” 9% 0.002 047  59x10° 2.6x10°
Ethylbenzene 100 0.05 1.99  6.3x10° 5.0x10° 9 0.04 3.01  4.8x10° 7.1x10°
1,4-Dichlorobenzene 0 0.01 nd 5.5x10° - 29 0.004 006  2.2x10° 2.2x107
Naphthalene 0 0.05 nd 2.2x10° - 17 0.04 064  1.7x10® 1.6x10°
3

::i;gf?Min Max) 7.9x10° (2.3 10° - 7.1x 10%) 9.9x10° (2.2x 10° - 4.4x10™)

a period of 24 sampling days from This background risk is especially

October 2008 to January 2009. In

relevant for the VOCs detected in fewer

general, method B resulted in more
compounds detected in the samples

except for benzene, carbon
tetrachloride, and ethylbenzene, whose
results were ca. 100% for both
methods.This  higher number of

compounds detected in these samples
may indicate that more confident risk
estimations can be obtained when
using method B.

In general, background LCR values for
method A were higher than those
obtained for method B because the
LODs for method B were generally
lower (ranging from 0.002 pg m?3 to
0.30 pg m™ for method B and from 0.01
ug m™ to 0.50 ug m™ for method A).

Environ. Int. (submitted)

than 15% of the samples, in which
overall risk can be overestimated,
especially when using method A. The
average LCR for each carcinogenic VOC
and total LCR was estimated for both
As Table 3 shows, the
estimated individual LCRs may differ
depending on the method used. For
instance, the estimated average LCR for
benzene was 9.8 x 10° with method A,

methods.

whereas with method B it was 3.3 x 10°

Similarly, the estimated risk for
trichloroethene was 5.0 x 107 with
method A and 8.4 x 10 with method B.
Despite the differences in the individual
LCR estimates, the global LCR estimated
for both methods was statistically
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comparable (p=0.05). Since chronic risk
is assessed using the average global
daily concentrations (Robson, 2007),
both methods can generate similar risk
estimates. However, the differences for
the individual VOCs should not be
underestimated and further research
should be directed toward exploring
such differences.

Other important QRA uncertainties
come from the limited and incomplete
available toxicological information. For
non-cancer risk estimates, HR
calculations are useful for health
endpoints, but do not provide an
estimated probability of effects and the
chronic reference benchmarks are
often derived from No-Observed-
Adverse-Effect Levels (NOAEL) or
Lowest-Observed-Adverse-Effect Levels
(LOAEL) with their
uncertainty factors. For cancer risk, UR
values are estimated from occupational
studies in

associated

humans and from
toxicological studies in animals, and are
usually determined for adults with
body weights of 70 kg and inhalation
rates of 20 m> h™. Therefore, these
toxicological data do not account for
the wide variability of the exposed
population. Moreover, only 54% of the
86 VOCs determined in this study had
RfC or UR. For instance, styrene and 2-
nitropropane (Group 2B, IARC) and
1,2,3-trichloropropane  (Group 2A,
IARC) do not have a certain estimated
UR, and hence were excluded from the
cancer risk estimate.

Furthermore, the risks of the individual
compounds were considered accumu-

Risk assessment of atmospheric organic contaminants

lative in this study. However, some
authors have suggested that possible
mixture-related effects, such as,
antagonistic, synergistic, potentiating
or additive effects may occur in
complex mixtures such as industrial air
(Sterner 2010). Because of the lack of
information about these mixture-
related effects, they could not be
considered in this study.

Finally, although the USEPA has
demonstrated that the re-estimation of
risk by replacing non-detected values
with % LOD and the non-quantified
values with % LOQ does not
significantly affect risk assessment
calculations in itself, the contribution of
the compounds quantified in fewer
than 15% of the samples may be
overestimated. In this case, guidance of
the risk decisions by statistical
imputation methods for risk
estimations have been suggested
(USEPA, 2000).

4. CONCLUSIONS

In this study, 86 VOCs were selected for
the risk characterisation of the largest
chemical site in the Mediterranean
area. Of these, 44 VOCs with
qguantifiable health effects were found
in some of the 276 samples of
atmospheric air from three sampling
locations around the chemical site. For
non-carcinogenic effect calculations, all
the quantified VOCs showed average
concentrations below their chronic
reference concentrations; therefore no
adverse health effects are expected as
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a result of this exposure. For cancer
effects, although none of the individual
VOCs presented average LCRs over the
definite lifetime cancer risk (10, the
global cancer risk of the area was above
this benchmark. The VOCs that most
contributed to the global risk were
chloroform, naphthalene, benzene,
carbon tetrachloride, ethylbenzene and
tetrachloroethylene.

The comparison of risk estimated using
two different analytical
showed that the analytical

methods
method
employed may play an important role
in  the
differences in

obtained. Some
individual VOoC
concentrations and LCRs were found
when determining the target VOCs by
solvent desorption and by thermal
desorption. However, global estimated
cancer LCR was statistically comparable
in both methods.
Despite  the

limitations

results

uncertainties and
associated  with  risk
estimates, this study demonstrates that
VOCs in addition to benzene should be
taken into account in future regulatory
approaches because they can affect air
pollution and the distribution of cancer
and non-cancer health risks.
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SUPPLEMENTARY MATERIAL

Risk assessment of atmospheric organic contaminants

Supplementary Material, Table S1. Target VOCs excluded from the risk study, showing their average,
minimum and maximum concentrations at each sampling site, expressed in pg m'3, and percent of

detected samples.

Perafort Bonavista Vilaseca #Quant
VOCs . Sampl.
Aver.  Min Max | Aver.  Min Max | Aver.  Min Max
i-Pentane 445 <LQM 187 | 3.6 nd. 224 | 167 nd. 7.6 66
1-Pentene ” n.d. n.d. n.d. n.d. n.d. n.d. 5.7 n.d. 5.7 3
Diethyl ether n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
2-Trans-pentene b n.d. n.d. n.d. 0.09 n.d. 3.1 n.d. n.d. n.d. 3
Isoprene b 0.1 n.d. 1.4 0.09 n.d. 7.7 n.d. nd. <LQM 2
2-Cis-pentene ° 002 nd. 10 | 003 nd 78 | nd nd nd 1
1,1-Dichloroethylene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
1-Hexene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
Trans-1,2-dichloroethene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
1,1-Dichloroethane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
Cis-1,2-dichloroethylene n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. <LQM 0
Methylacrilate n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
2,2-Dichloropropane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
Bromochloromethane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
Tetrahydrofuran 0.06 n.d. 0.8 0.01 n.d. 0.7 n.d. nd. <LQM 2
1-Chlorobutane n.d. n.d. nd. | 0.01 n.d. 0.5 n.d. nd. <LQM 1
1,1-Dichloropropene 0.02 n.d. 0.8 n.d. n.d. n.d. 0.03 n.d. 1.6 1
i-Octane ” 0.09 nd. 6.3 0.12 n.d. 104 | 019 nd. 1.7 8
n-Heptane ° 058 nd 23 | 11 <M 108 | 038 nd. 3.6 53
Dibromomethane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
Bromodichloromethane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
1,3-Dichloropropane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
n-Octane ” 0.19 nd. 1.4 0.33 nd. 015 | 021 n.d. 1.8 35
1,4-Dichloro-2-butene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
n-Propylbenzene 0.3 n.d. 0.8 0.36 n.d. 0.6 n.d. nd. <LQM 28
2-Chlorotoluene 0.01 nd. 0.7 n.d. n.d. n.d. n.d. nd. <LQM 0
4-Chlorotoluene 0.04 nd. 0.7 0.04 nd. 0.4 n.d. nd. <LQM 4
3-Ethyltoluene 0.05 n.d. 05 | 057 <M 036 | 032 nd. 8.4 29
4-Ethyltoluene 0.12 n.d. 0.4 0.59 n.d. 329 | 017 n.d. 0.9 51
2-Ethyltoluene 0.04 n.d. 0.3 042 <LOM 354 | 0.01 n.d. 0.3 34
Pentachloroethane n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
tert-Butylbenzene 0.33 n.d. 0.8 0.29 n.d. 0.6 0.08 n.d. 1.1 45
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Table S1 (cont.)

1,3-Dichlorobenzene 0.01 n.d. 0.8 0.06 n.d. 0.7 n.d. n.d. n.d. 3
sec-Butylbenzene 0.14 n.d. 0.7 0.09 n.d. 0.3 n.d. nd. <LQM 11
p-Isopropyltoluene 0.39 n.d. 15 0.29 n.d. 2.2 0.1 n.d. 1.3 46
1,3-Diethylbenzene 0.01 n.d. 0.2 0.42 n.d. 36.6 n.d. nd. <LQM 5
1,4-Diethylbenzene 0.01 n.d. 0.6 0.45 n.d. 36.4 0.2 n.d. 3.1 13
n-Butylbenzene 0.23 n.d. 0.6 0.11 n.d. 4.1 0.03 n.d. 0.2 20
1,2-Diethylbenzene n.d. nd. <LQM| 0.41 n.d. 36.3 n.d. nd. <LQM 0.4
1,2,3-Trichlorobenzene 0.02 nd. 099 n.d. n.d. n.d. n.d. n.d. n.d. 0.4
2-Methylnaphtalene ** nd. nd. 03 | 036 nd 324 | 028 nd 7.5 2
1-Methylnaphtalene *¢ 005 nd. 38 | nd. nd. <'\L/|Q 041 nd. 12.2 3

® Compounds included in the USEPA List of Hazardous Air Pollutants (USEPA, 1994).

® 0zone precursors recommended for measurement by the Directive 2008/50/EC (European
Commission, 2008).

¢ Compounds included as hazardous organic pollutants in the WHO Air Quality Guidelines (WHO, 2000).
Available toxicological information of these compounds: 1,1-diethylether (RfC 200 ug m™ (IRIS, 2011));
Methylacrilate, Group 3 (IARC, 2011); Bromodichloromethane, Group 2B (IARC, 2011), UR=3.7 x 10”
(OEHHA, 2003), Pentachloroethane, Group 3 (IARC, 2011).
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Risk assessment of atmospheric organic contaminants

The results presented in these studies demonstrate the presence of airborne PAHs and
VOCs in the surroundings of the chemical site, and, therefore, the potential human
exposure to these atmospheric contaminants in this area.

Regarding the results obtained from the PAH study, the most abundant PAHs around
the chemical site were the most volatile ones, the highest concentrations of which were
found in the gas phase. As expected, the airborne gas phase contained the most volatile
PAHs, such as Nap, Flu, FIuT, PA and Pyr. However, less volatile PAHs were also found in
the gas phase, especially during high temperature periods. Additionally, temperature
appeared to have a considerable influence on PAH values because the highest
concentrations of PAHs occurred at low temperature periods. Furthermore, the
heaviest PAHs were more equally distributed in both phases at low temperatures than
in high temperature periods. As mentioned before, the three monitoring sites are
suburban and rural areas near the chemical site and roads with moderate traffic and
PAH concentrations can reflect both traffic intensity and industrial activities. Regarding
the monitoring sites, the highest average concentrations of PAHs in the particle phase
were registered in Perafort-Puigdelfi, the sampling site closest to the refining area. The
average levels of PAHs found in this study for both phases (9.3-68.6 ng m’) were higher
than those found in the air and particulate phases of the main city of the area,
Tarragona (4.2-14.3 ng m'3) [1], and in other European cities, such as Toulouse in France
(12.3-21.6 ng m'3) [2], but similar to those found in other industrial sites in Europe, such
as in Italy (25.6-59.4 ng m~) [3] and lower than those found in a Petrochemical complex
in Belgium (90.6-137 ng m>) [4]. Regarding the PAH lung cancer risk estimates, the
compounds that most contributed to the total risk were BaP (19-45%), DahA (24-67%)
and FluT (2-32%). The contribution of the gas phase PAHs to the risk ranged from
between 34% and 86% and, therefore, the important contribution of the PAHs present
in this phase to the estimated lung cancer risk has been confirmed.

Concerning VOC concentrations, BTEX was found in most of the samples, as well as
carbon tetrachloride and styrene. The maximum concentrations of VOCs were found in
Tarragona-Bonavista, although the average total VOC concentrations were similar to
those found in Perafort-Puigdelfi (28.8 and 26.6 ug m?, respectively). Average VOC
concentrations were higher than the average found in previous studies in Tarragona,
but lower than the maximum concentrations found in this city during periods of high
traffic intensity when the figures increased up to 306 ug m™ [5-7]. Moreover, VOC
concentrations were similar to those recently found in a suburban industrial area in
northern Spain [8]. Concerning the VOC cancer risk estimates, it should be pointed out
that some of the compounds with higher risk estimates were quantified in very few
samples. For instance, 1,2-dibromo-3-chloropropane, which presents the highest
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individual estimated cancer risk (LCR=2.3 x 10™), was only determined in one of the
samples. Therefore, we want to highlight with confidence the contribution of the VOCs
classified as Group A in the study, quantified in more than 15% of the samples and
whose average LCR were above 10° (more than 1 additional case per 1,000,000 people
exposed). Regarding the non-cancer effects of VOCs, none of the quantified compounds
showed average concentrations higher than their chronic reference concentrations and,
therefore, no adverse health effects are expected as a result of this exposure.

Quantitative Risk Assessment (QRA) has been demonstrated as a powerful tool for risk
calculations. However, QRA presents some limitations and uncertainties that have been
discussed in the studies. Some remarkable uncertainties of QRA come from the limited
data available and the uncertainty of TEF, UR and RfC values, which were established
from toxicological animal studies and which can vary depending on the official agency.

Another relevant limitation of risk estimates is the analytical methodology used in the
monitoring campaigns. This limitation is especially relevant for the compounds which
were non-detected and non-quantified in the samples. Their values were substituted for
%LOD or %LOQ, respectively, according to the USEPA guidelines [9]. For these
compounds, LOD and LOQ values provide a background risk, which can lead to
overestimating the exposure risk. To further evaluate the influence of the analytical
method in the study of VOCs, the main parameters for cancer risk estimates were
compared using two different standard analytical methods for determining VOCs over
24 sampling days during the first period of sampling. Since the TD method provided
lower limits of detection and was able to quantify more VOCs in the samples, this
analytical method was thought to provide more accurate risk estimates. As seen in the
study, some differences were found in the LCRs of the individual VOCs, and therefore,
further investigation is needed in this respect.

Besides the limitations and uncertainties mentioned before, several important
conclusions regarding risk estimates can be drawn from the studies presented in this
section. As regards the average cancer estimates for both studies, a similar risk was
found for both families of contaminants (1.2 and 3.4 additional cases per 10,000 people
exposed to PAHs and VOC exposure, respectively). This means that there is an
estimated cumulative risk of 4.6 additional cases per 10,000 people related to inhalation
of PAHs and VOCs in this area. Although none of the individual PAHs or VOCs presented
average LCRs over the definite lifetime cancer risk (LCR > 10™) considered by Sexton et
al. [10], the global cancer risk was over this benchmark. Considering the population
exposed and an homogenous exposure of the inhabitants for 70 years of life, an average
of 1.1 annual cases of cancer can be attributed to the exposure to these atmospheric
contaminants (0.3 cases for PAH and 0.8 cases for VOC exposure).
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Risk assessment of atmospheric organic contaminants

In conclusion, both studies have demonstrated that the estimated risks by inhalation of
PAHs and VOCs for people living near the chemical site is not negligible and, therefore,
should be taken into account when risk management and policy decisions are made in
the future. In the case of PAHs, as mentioned before, only BaP in the PMy, fraction is
regulated in Europe [11]. However, in the PAH study it was demonstrated that besides
BaP, other PAHs contribute significantly to the estimated risk. Furthermore, the results
obtained also demonstrate that the contribution of the gas phase PAHs should not be
underestimated. In the case of VOCs, only annual benzene emissions are regulated to an
annual average of 5 ug m. However, the results obtained in the VOC study showed
that other compounds besides benzene have a high contribution to risk and should be
taken into account when considering the effects on human health.
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3.3. Personal care products in indoor and outdoor
atmospheres
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The studies presented in the two previous sections focused on VOCs of PAHs,
contaminants which are widely-studied and whose effects on health and the
environment are quite well-known. However, new contaminants are receiving
increasing attention by the scientific community because of their presence in different
environmental matrices, and the potential bioaccumulation and health effects of some
of them. These are the so-called emerging organic contaminants (EOCs) and consist of a
broad range of new kinds of organic contaminants continuously introduced into the
environment by anthropogenic activities. Because of the increasing relevance of these
compounds in environmental analytical chemistry, from now on the studies presented
in this Thesis will focus on the determination of several groups of EOCs in different
environmental matrices.

The study presented in this section focuses on the development of an analytical method
for determining some groups of personal care products (PCPs) in atmospheric samples.
As mentioned in the introduction, the active ingredients of PCPs include several families
of organic compounds used as additives in a wide range of consumer products. The
atmosphere is one of the main routes of exposure and diffusion of the most volatile
PCPs. However, only a few studies have focused on the determination of PCPs in air.
Among the volatile PCPs, the most studied are synthetic musks fragrances. Since their
first determination in 1999 in indoor and outdoor air in Norway by Kallenborn et al. [1],
the presence of synthetic musks has been reported in different indoor [2-4] and
outdoor environments [5]. As they are persistent in the environment, the long-range
transport of synthetic musks has caused them to be found in remote non-anthropogenic
areas such the Arctic [6]. Other PCPs determined in air matrices are p-hydroxybenzoic
esters (parabens) [7] and siloxanes [8]. However, there is no information about the
occurrence of any insect repellent compounds in air. Although there is a lack of
information about the health effects of most PCPs, it should be pointed out that some
of them, such as parabens and synthetic musks, are considered endocrine-disrupting
chemicals by several authors [9].

The analytical methods used for the determination of PCPs in air are based typically on
the collection of air in high-volume samplers followed by sample preparation methods
that commonly involve multiple steps. Atmospheric PCPs are usually trapped in PUFs or
XAD-2 resins or combinations of both sorbents. After the sampling, samples are
desorbed with organic solvents using a Soxhlet [10] or pressurised liquid extraction
technique (PLE) [3]. Typically a clean-up step is also needed prior to the GC-MS analysis,
using chromatographic columns of silica, alumina or florisil [1,5,7,10]. Besides the fact
that these methods take long periods of time, the sample manipulation and use of
organic solvents increase the risk of background contamination because of the presence
of the PCPs in the environment. Recently, a high throughput method for determining
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synthetic musks in air based on active sampling in Tenax followed by desorption with
100 pL of acetone and further headspace SPME extraction was developed by Regueiro
el al. [2].

In section 3.1, the applicability of methods involving enrichment into solid sorbents
followed by TD prior to GC-MS for determining VOCs was demonstrated. As mentioned
before, this analytical method provides enhanced sensitivity because the entire sample
is analysed. Although TD methods have been widely-used for determining volatile
contaminants, their application for semi-volatile compounds is scarce.

Therefore, to extend the application of TD, the purpose of the study presented in this
section was to develop a TD-GC-MS method for the simultaneous determination of
semi-volatile PCPs. Fourteen PCPs were selected for this study: 6 polycyclic musks
(cashmeran, celestolide, phantolide, traseolide, galaxolide and tonalide), 3 nitro musks
(musk xylene, musk moskene and musk ketone), 4 parabens (methyl, ethyl, propyl and
butyl paraben) and 1 insect repellent (N,N-diethyl-m-toluamide, DEET). Three kinds of
fillings for the sorbent tubes and traps were tested for trapping the target PCPs:
Carbograph 1TD, Tenax TA, and two-sorbents tubes with a mixture of Tenax TA and
Carbograph 1TD.

The optimised method was applied for the determination of the target PCPs in different
indoor atmospheres (a chemical laboratory, a classroom, a secretary’s office, a medical
centre, a pharmacy, a hairdresser’s and a flower shop) and two outdoor environments
(one urban and one suburban). Because of their use in consumer products, the
presence of these PCPs is especially important in indoor environments. Previous studies
have determined synthetic musks and parabens in indoor environments, such as
kindergartens [3], sport centres [4] and houses [7]. The presence of these fragrances
has also been determined near a cosmetics plant [11], but there is no information
concerning these compounds in outdoor air. Hardly any information can be found in the
literature about the presence of parabens in the atmosphere [12] and, as previously
mentioned, there is no information about DEET in indoor and outdoor samples.

A paper with the results obtained in this study has been published in the Journal of
Chromatography A 1217 (2010) 4430-4438.
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3.3.1. Development of a thermal desorption-gas chromatography-
mass spectrometry method for determining synthetic
musks in water samples
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DEVELOPMENT OF A THERMAL DESORPTION-GAS CHROMATOGRAPHY-MASS
SPECTROMETRY METHOD FOR DETERMINING PERSONAL CARE PRODUCTS IN AIR

Noelia Ramirez, Rosa Maria Marcé, Francesc Borrull
Department of Analytical Chemistry and Organic Chemistry
Universitat Rovira i Virgili, Marcel-li Domingo s/n
Sescelades Campus, Tarragona 43007, Spain

Abstract

This study describes the development of a new analytical method for determining 14
personal care products (PCPs) - nine synthetic musks, four parabens and one insect
repellent - in air samples. The method is based on active sampling on sorbent tubes and
thermal desorption - gas chromatography - mass spectrometry analysis, and is rapid,
sensitive and drastically reduces the risk of sample contamination. Three kinds of tubes
and traps were tested, those filled with Tenax TA being the most suitable for this study.
Method validation showed good repeatability and reproducibility, low detection limits
(between 0.03 ng m? for DPMI and 12.5 ng m” for propyl paraben) and good linearity
for all compounds. Stability during storage indicated that samples must be kept
refrigerated at 4 °C and analysed within one week of collection.

The applicability of the technique to real samples was tested in different indoor and
outdoor atmospheres. The total PCP values for indoor air ranged from 135 ng m>in a
pharmacy to 2838 ng m™ in a hairdresser’s, whereas the values for outdoor air ranged
from 14 ng m™ for a suburban environment to 26 ng m’ for an urban environment. In
general, the most abundant synthetic musks were galaxolide (5.9 ng m?- 1256 ng m?),
musk xylene (1.6 ng m™ - 766 ng m) and tonalide (1.1 ng m™> -138 ng m™). Methyl and
ethyl paraben (2.4 ng m™ - 313 ngm™and 1.8 - 117 ng m™, respectively) were the most
abundant parabens. Although thermal desorption methods have been widely used for
determining volatile organic compounds, they are rarely used with semi-volatile
compounds. This study thus demonstrates that the thermal desorption method
performs well with semi-volatile compounds and, for the first time, that it can be used
for determining PCPs.

Keywords: Thermal desorption; personal care products; synthetic musks; parabens;
insect repellent; air analysis

1. INTRODUCTION food and pharmaceutical products
among others. Because of their

Personal care products (PCPs) include a widespread use, they are commonly

broad range of compounds widely used
as additives in cosmetic, household,

found in environmental matrices such
as water, biota, sediments and even air

J. Chromatogr. A 1217 (2010) 4430-4438
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[1]. Recent research suggests that some
groups of PCPs are potentially harmful
to the environment and human health
[1-4]. Because of their adverse effects
and the high hydrophobicity of some of
them, which potential
bioaccumulation [3], some PCPs are
regarded as emerging  organic
contaminants [5].

Although in recent years several studies
have focused on detecting PCPs and
their degradation products in
environmental matrices [1,2,6-8], few

indicates

studies have dealt with air matrices
[5,9,10]. Synthetic musk fragrances,
preservatives (p-hydroxybenzoic esters,
parabens) and insect repellents are
some of the PCPs which, because of
their physical and chemical properties
and their possible sources of emission,
can be found in air matrices.

Synthetic musk fragrances are added in
high quantities to scent a wide variety
of consumer products. There are three
types of synthetic musk fragrance:
nitro, polycyclic and macrocyclic. The
nitromusks
produced but their
drastically reduced in recent decades

were the first to be
use has been

due to their accumulation in
environmental matrices [21].
Nowadays, the polycyclic  musk

fragrances are the most widely used,
especially galaxolide (HHCB) and
tonalide (AHTN), which are included in
the US
Agency’s (EPA) High Production Volume
(HPV) list [12]. These compounds have
been detected in indoor air [13-16] and
[15,17,18] and their

Environmental Protection

outdoor air

J. Chromatogr. A 1217 (2010) 4430-4438

presence in Arctic samples suggests
that atmospheric transport plays an
important role in dispersing these
fragrances throughout the global
environment [19]. Although synthetic
musks are produced to replace the
more  expensive musks,
polycyclic and are not
structurally or chemically similar to
natural ones and are lipophilic,
persistent chemicals which biomagnify
throughout the food chain [11,20].
Synthetic musks have been found in
human adipose tissue, breast milk and

natural
nitromusks

blood and inhibit the activity of
multidrug efflux transporters
responsible for multixenobiotic
resistance in muscle among other

effects. Although polycyclic musks have
not shown mutagenic potential in
different tests, general data on their
toxicological properties are
[21,22].

p-Hydroxybenzoic esters (parabens) are
the most common preservatives and
antimicrobial agents used in personal
care, pharmaceutical and food
products. The most widely used are
methyl paraben and propyl paraben,
but ethyl, isopropyl, butyl and benzyl
paraben are also commonly used.
Although there is no clear evidence of
their bio-accumulation, parabens have

scant

been detected in human tissue,
including breast tumours [23,24], and
have endocrine activity [25]; therefore,
they are
disrupting chemicals (EDCs). However,
there is little information regarding

either their presence in air or their

considered endocrine
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toxicity and their absorption into the
human body through the skin or the
respiratory system [10,26].

Finally, DEET is the most commonly
used insect repellent. It has been
widely detected in aquatic systems, but
the processes controlling its
environmental effects have not been
well-studied and there is no
information about its presence in
atmospheric  samples.
about DEET toxicity is also scarce but
there is evidence that it is slightly toxic
to aquatic invertebrates, fish and birds
[1].

Several  analytical
determining PCPs in air have been
developed in the last decade. Samples
have typically been collected by active
sampling in high volumes (ranging from
2 to 100 m®) using polyurethane foams,
XAD-2 resins or combinations of both
these sorbents [13,18,19,26]. The
samples were then solvent extracted
with organic solvents by Soxhlet
extraction, sonication or pressurised
liquid extraction (PLE). A clean-up step
with chromatographic columns of
deactivated silica, silica/alumina (2:1)
or florisil is commonly needed before
the analysis. The typical analytical
techniques were GC-MS by EI for musks
and GC-MS by NCI for nitromusks [1].
Parabens should be derivatized prior to
GC analysis [10]. These methods are
time-consuming and require the
samples to be manipulated, which
means that there is a high risk of
samples being contaminated by the
presence of the PCPs in the

Information

methods for

PCPs in indoor and outdoor atmospheres

environment.

Recently, Regueiro et al. [17] developed
a new method for determining
synthetic musks in which they collected
5 m?® of air in 25 mg of Tenax, added
100 pl of acetone to the sorbent, and
extracted musks using a headspace
SPME with a DVB/CAR/PDMS fibre.
However, thermal desorption methods
(TD) have vyet to be applied to
determining PCPs in air. These
methods, widely used for volatile target
compounds, have
successfully used to determine semi-
volatile com-pounds such as polycyclic
aromatic hydrocarbons [27].

The aim of this study is to develop a TD-
GC-MS method for determining three
families of PCPs (synthetic musks,
parabens and insect repellents) in air
samples. The TD method is rapid and
simple, and provides enhanced
sensitivity because the whole sample is
analysed. It also reduces the risk of
sample contamination because a
minimal manipulation of the sample is
required. Furthermore, parabens can
be directly determined by this method
and there is no need for derivatization
prior to GC-MS analysis. The
applicability of the technique in real
samples was tested in different indoor
and outdoor atmospheres.

recently been

2. EXPERIMENTAL

2.1. Chemical standards

Promochem lIberia (Barcelona, Spain)
supplied the six polycyclic musks: 6,7,-

J. Chromatogr. A 1217 (2010) 4430-4438
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dihydro-1,1,2,3,3-pen-tamethyl-4(5H)-
indanone (DPMI, cashmeran), 4-acetyl-
1,1-dimethyl -6-tert-butyl-indane (ADBI,
celestolide), 6-acetyl-1,1,2,3,3,5-hexa-
methylindane (AHMI, phantolide), 5-
acetyl-1,1,2,6-tetramethyl-3-iso-
propylindane (AT, traseolide),
1,3,4,7,8 — hexahydro - 4,6,6,7,8,8 —
hexamethylcyclopenta - (y) -2-benzopy-
ran (HHCB, galaxolide) and 7-acetyl-
1,1,3,4,4,6-hexamethyl-1,2, 3,4-tetra-
hydronaphthalene (AHTN, tonalide).
The nitro musk fragrances 2,4,6-trinitro
-1, 3 - dimethyl - 5 - tert - butylbenzene
(musk xylene) and 1,1,3,3,5-penta-
methyl-4,6-dinitroindane (musk mos-
kene) were purchased as 100 pg m?
solutions in acetonitrile from Sigma-
Aldrich  (Steinheim, Ger-many) and
Riedel de Haén (Seelze, Germany),
respectively. The standards were also
4-aceto-3,5-di methyl-2,6-dinitro-tert-
butyl-benzene (musk ketone) from
Fluka (Buchs, Switzerland) and 4-
hydroxybenzoic acid methyl ester
(methyl paraben),
acid ethyl ester (ethyl paraben), 4-
hydroxybenzoic acid propyl
(propyl paraben), 4-hydroxybenzoic
acid butyl ester (butyl paraben) and
N,N-diethyl-m-toluamide (DEET) from
Aldrich. Table 1
characteristics (formula name, boiling
point, vapour pressure and molecular
structure) of the target compounds.
The individual standard solutions of the
synthetic musks were prepared in
acetone and the mixture with the rest
of the PCPs was prepared in methanol.
The solvents were GC grade with purity

4-hydro-xybenzoic

ester

shows the main

J. Chromatogr. A 1217 (2010) 4430-4438

>99.9% (SDS, Peypin, France). All the
standards were prepared on the day of
use, and stored at 4 °C in 10 ml Certan®
capillary vials provided by Supelco.
Nitrogen gas of 99.999 % purity was
used to activate the thermal desorption
and 99.999% pure
helium gas was used for the
chromatographic analysis (both gases
from Carburos Metdlicos, Barcelona,
Spain).

sorbent tubes

2.2. Sampling tubes and cryogenic
traps

Cartridges for thermal desorption were
stainless-steel tubes (Markes Inter-
national Limited, Llantrisant, UK,
length: 9 cm x 6.35 mm o.d. x 5 mm
i.d.). Three kinds of cartridge package
were tested in this study: Carbograph
1TD, Tenax TA and a mixture of Tenax
TA and Carbograph 1TD. These three
kinds of cartridge were respectively
used in combination with three kinds of
cryogenic trap (also from Markes): a
high boiler trap (filled with Carbograph
1 TD, glasswool and quartz particles), a
Tenax trap (filled with Tenax TA) and a
General Purpose Hydrophobic trap
(filled with Tenax TA and Carbograph
1TD).

Before each use, tubes were
conditioned by thermal cleaning under
a nitrogen flow rate of 100 ml min-1
(Tenax TA and Tenax TA/Carbograph
1TD tubes: 335 °C for 30 min,
Carbograph 1TD tubes: 380 °C for 30
min). After conditioning, the tubes

were sealed with Swagelok end caps
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Table 1. Formula name, boiling point, vapor pressure and molecular structure of the target PCPs.

Vapor Molecul
.p. olecular
No. Compound Formula name pressure
(°C) (mm He) structure
1  Cashmeran 6,7,-Dihydro-1,1,2,3,3-  286.1 2.69x10° I
(DPMI) pentamethyl-4(5H)-indanone
2 Methyl 4-Hydroxybenzoic acid methyl 265 5.55x10°
paraben ester o
(MeP) Ho
3 Ethyl paraben 4-Hydroxybenzoic acid ethyl 297.5 7.6x10™
(EtP) ester N
HO
4  DEET N,N-Diethyl-m-toluamide ~ 297.5 1.35x10° it
ARG
5 Celestolide, 4-Acetyl-1,1-dimethyl-6-tert- 309 6.5x10™
Crisolide butylindane
(ADBI)
(o]
6 Propyl 4-Hydroxybenzoic acid propyl 294 3.56x10° i
paraben (PrP) ester /@)ko/\/
HO
7  Phantolide 6-Acetyl-1,1,2,3,3,5- 336.6 1.11x10" |
(AHMI) hexamethylindane
8 Butyl paraben 4-Hydroxybenzoic acid butyl 309 3.56x10™ i
(BuP) ester O)ko/\/\
HO
9 Traseolide, 5-Acetyl-1,1,2,6-tetramethyl-3- 350 4.56x10” 0

Fixolide (ATI) isopropyl-indane

J. Chromatogr. A 1217 (2010) 4430-4438
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Table 1 (cont.)

10 Galaxolide, 1,3,4,7,8-Hexahydro- 326 4.14x10™
Abbalide, 4,6,6,7,8,8-
Pearlide hexamethylcyclopenta-(y)-2-
(HHCB) benzopyran
11 Tonalide 7-Acetyl-1,1,3,4,4,6-
(AHTN) hexamethyl-1,2,3,4-

tetrahydronaphthalene

12 Musk Xylene 2,4,6-Trinitro-1,3-dimethyl-5- 392.3 5.23x10°

(MX) tert-butylbenzene

13 Musk 1,1,3,3,5-Pentamethyl-4,6-
Moskene dinitroindan
(MM)

14 Musk Ketone  4-Aceto-3,5-dimethyl-2,6-
(MK) dinitro-tert-butylbenzene
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fitted with PTFE ferrules and stored in
hermetically sealable glass jars with
desiccant material in order to prevent
any ambient contamination of the
sorbents.

2.3. Sampling

Air samples were collected by active air
sampling with a constant flow air
sampling pump (FLEC Air Pump 1001,
from Markes) at a flow rate of 100 mL
min™.

Samples were taken from seven indoor
environments (a chemical laboratory, a
classroom, a secretary’s office, a
medical centre, a pharmacy, a

hairdresser’s and a flower shop) and

J. Chromatogr. A 1217 (2010) 4430-4438

two outdoor environments (one urban,
in a city centre, and one suburban, on
the outskirts of a city).

The volume and the period sampled
varied depending on the characteristics
of each atmosphere. The indoor
samples were taken over 8 hours
coinciding with the working hours of
each place, except for the hairdresser’s
where the samples were taken over 2
hours because of the high levels of
PCPs expected. The outdoor samples
were taken over 24 hours.

After  collection, samples were
immediately sealed with Swagelok end
caps fitted with PTFE ferrules, stored at
4 °C in hermetically sealable glass jars
with desiccant material and analysed
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within seven days of collection.

2.4. Thermal
analysis

desorption GC-MS

Thermal desorption of the analytes
retained on the tubes was performed in
a Unity Thermal Desorption system
combined with an Ultra A autosampler
(both from Markes). The optimised

PCPs in indoor and outdoor atmospheres

thermal desorption conditions for the
Tenax TA tubes and trap were: pre-
purge for 1 minute at room
temperature, tube desorption at 320 °C
for 15 minutes using helium carrier gas
at 100 mL min? in splitless mode,
trapping at 0 °C and finally trap
desorption at 320 °C for 10 min with a
split of 5 mL min™.

Table 2. Target PCPs with quantifier ions, qualifier ions (with their percent
abundaces in brackets) and the time windows used for the SIM

detection.
Quantifier . Time window
No. Compound . Qualifiers .
ion (min)
1 DPMI 191 206 (60), 192 (14) 4.00-5.50
2 MeP 121 152 (30), 93 (12) 5.50-7.00
3 EtP 121 138 (21), 65 (12) 5.50-7.00
4 DEET 119 190 (48), 91 (35) 7.00-7.60
5 ADBI 229 244 (45), 173 (20) 7.60-7.95
6 Prp 121 138 (60), 93 (11) 7.95-8.50
7 AHMI 229 244 (24), 187 (10) 8.50-9.00
8 BuP 121 138 (90), 65 (20) 9.00-9.85
9 ATII 215 258 (15), 173 (16) 9.85-10.15
10 HHCB 243 213 (15), 258 (10) 10.15-11.00
11  AHTN 243 258 (28), 159 (20) 10.15-11.00
12 MX 282 283 (15), 128 (13) 11.00-12.20
13 MM 263 264 (15), 278 (10) 11.00-12.20
14 MK 279 294 (20), 280 (15) 12.20-20.33
Separation and detection were the helium carrier gas flow was 2 mL
performed in a 6890N gas min and the temperature program

chromatograph and 5973 inert mass
spectrometer (Agilent Technologies.
Palo Alto, USA), using a Zebron ZB- 50
capillary column (30 m, 0.25 mm, 0.25
pum, provided by Phenomenex, Le Pecq
Cedex, France). For the GC-MS analysis,

was as follows: initial temperature 100
°C, 30 °C min™ to 170 °C, then at 5 °C
min™ to 190 °C and then at 15 °C min™
to0 290 °C and held for 4 min.

The GC-MS interface was set at 290 °C.
MS-detector acquired in the selective

J. Chromatogr. A 1217 (2010) 4430-4438
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ion monitoring mode (SIM) operating at
an electron impact energy of 70 eV.
Table 2 shows the quantification ions,
the qualifier ions and the time windows
used for the SIM detection.
Quantification was done via an external
standard method in which microlitre
quantities (ranging from 1 to 5 pL) of
the corresponding standard solution
were loaded into the cartridges using a
conventional GC syringe. The tubes
were attached to a Calibration Solution
Loading Rig (Markes) and purged for 5
minutes with a Helium stream of 100
ml min™ to evaporate the solvent and
to ensure the repeatability of the
injection. After this, the tubes were
sealed with Difflok caps and then
immediately analysed.

3. RESULTS AND DISCUSSION
3.1. Method optimisation

The chromatographic separation of the
14 PCPs was done in a midpolarity
phase capillary column coated with a
50% diphenyl/50% dimethyl
polysiloxane. This kind of coating allows
a high column flow rate (2 mL min™ in
this study) without compromising the
resolution of the compounds. As a
result, the 14 analytes were resolved in
13 min (Figure 1A). The
chromatogram (Figure 1B) also shows
the separation of the four HHCB
enantiomers (4S, 7S, tz=10.25 min; 48,
7R, tg=10.31 min; 4R, 7S, tg= 10.71 min;
4R, 7R, tz=10.80 min). The HHCB was

about

J. Chromatogr. A 1217 (2010) 4430-4438

quantified in real samples by
integrating the 4S and 7R/S isomers
peaks. These were chosen because of
their high chromatographic signal and
the fact that they are the
diastereoisomers responsible for the
musky odour [28].

Finally, it is worth noting the good
shape of the paraben peaks, which
were directly spiked in the thermal
desorption tubes without any previous
derivatization. This implies that the TD
method is more effective than previous
direct injection and SPME methods,
which need the paraben hydroxylic
group to be derivatized prior to the
analysis [26,29].

For the thermal desorption of the
target compounds, the suitability of
three kinds of sorbent tubes combined
with three kind of cryogenic traps were
tested. The optimal desorption
conditions of each tube and each trap
were determined to yield the maximal
recovery of the analytes, taking into
account the time of the whole analysis
and without exceeding the desorption
conditions recommended for the
sorbents. Tests were performed by
spiking the sorbent tubes with the
highest calibration level (20 ng).

The optimal
combination of

conditions for each
cartridge/trap are
shown in Table 3. Due to the relatively
high boiling points of the analytes
(between 265 and 392 °C), the sorbent
tubes were packed with Carbograph
1TD and the high boiler cryogenic trap

during the initial tests. Carbograph 1TD
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Figure 1. Chromatogram of 5 ng of PCP standard mixture spiked on a Tenax tube (A) and
the peaks of the HHCB diastereoisomers (B).

is a hydrophobic sorbent which resists
high temperatures, so it can be used in
the thermal desorption of semi-volatile
compounds  [30]. Although this
combination allows desorption
temperatures of 370 °C, splits of at
least 30 mL min™* are needed to achieve
complete analyte desorption from the
trap. This high split significantly
compromised method detection limits
raising them to ug m’ levels. Given that
PCPs in air have been found at ng m?
levels, this combination was discarded.
The second series of tests used a
combination of Tenax TA and
Carbograph 1TD. Tenax TA sorbent is
weaker than Carbograph 1 TD, and
analytes can be easily removed with

low splits. However, Tenax degrades at
temperatures higher than 320 °C.

The optimal desorption conditions
(Table 3) were set at 320 °C combined
with the maximal desorption flow
recommended by the manufacturer
(100 mL min™). Carry-over was checked
by performing a second desorption of a
sorption tube spiked with the highest
calibration level. The peak areas found
in the second analysis were higher than
20% for most analytes. Hence, this
combination was also discarded for the
study. Finally, tests with the tubes and
the trap filled with Tenax TA at the
optimised desorption
showed, for the highest -calibration
level, a carry-over of less than 1% for all

conditions

J. Chromatogr. A 1217 (2010) 4430-4438
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Table 3. Optimised thermal desorption conditions for the three cartridges and traps

tested in this sudy.

Carbograph Carbograph 1TD/

1TD Tenax TA Tenax TA
Pre-purgue (min) 1 1 1
Tube desorption
Temperature (°C) 370 320 320
Time (min) 15 15 15
Flow (mL min?) 100 100 100
Trap temperature (°C) 0 0 0
Split (mL min™) splitless splitless splitless
Trap desorption
Temperature (°C) 370 320 320
Time (min) 10 10 10
Flow (mL min™) 32 7 7
Split (mL min™) 30 5 5

analytes. Consequently, the Tenax TA
sorbent for the tube and the trap was
chosen as the best option.

Blank signals and the artifacts of the
Tenax tubes were tested by analyzing
the 10 freshly cleaned sorbent tubes
involved in this study. Two blank signals
coincided with the retention time and
the quantifier ion of two target

compounds: methyl paraben and
propyl paraben. The average blank
concentrations (0.07 +0.01 ng for

methyl paraben and 0.51+0.03 ng for
propyl paraben) were included in the
calibration curves of these parabens.
However, it is worth pointing out that
the extensive use of PCPs as additives
in a wide range of consumer products
meant that there was a high risk that
the samples
Therefore, the deter-mination of trace
PCPs requires special precautions

were contaminated.

J. Chromatogr. A 1217 (2010) 4430-4438

throughout the analytical procedure.
The method developed in this study
already  drastically the
potential contamination risk because
the sample is directly analyzed after the
sampling step; further
precautions were taken such as using

reduces

nevertheless,

PCP-free gloves and tissues and storing
the samples in sealable glass jars. It is
also worth noting that the thermal
desorption of semi-volatile compounds
can cause memory effects in the
instrumentation due to either the
partial desorption of the analytes from
the trap or their accumulation in the
transfer lines, whose temperature can
only be raised to 200 °C [27]. Thus, it is
important not to overload the sampling
tube with high amounts of standards
and to check the blanks after sample
analysis if high concentrations have
been determined.
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To set the sample volume, samples
were taken by connecting two freshly
cleaned Tenax tubes in series. For the
indoor samples, tests were performed
in a hairdresser’s, whose indoor
environment had the highest
concentrations of the target PCPs.
Several flow rates (ranging between
1000 mL min™ and 50 mL min ) and
sampling volumes of air (ranging from
500 L and 25 L) were tested. Some
analytes, especially parabens, appeared
in the second tube when sampling at
high flows and high volumes of air.
Therefore, the sampling flow rate was
fixed at 100 ml min™ and a maximal
volume of 100 L of air could be
preconcentrated in this environment
without significant loss of analytes. At
this volume, only three PCPs were
found in the second tube: methyl
paraben, ethyl paraben and HHCB in
concentrations of 4.3, 4.9 and 0.4% of
their respective concentrations in the
first tube. For the outdoor samples the
preconcentrated volume was increased
to 144 L (24 hours of sampling) due to
the low levels of PCPs expected in these
environments. No analyte was detected
in the second tube for the outdoor
samples.

3.2. Method validation

The linearity was measured by loading
sampling tubes with different amounts
of PCPs (between 0.01 and 20 ng). The
coefficient of determination (rz) values
were higher than 0.999 for polycyclic
musks and higher than 0.990 for all

PCPs in indoor and outdoor atmospheres

analytes. The results of the other
parameters are
summarised in Table 4. The instru-
mental repeatability was tested by
spiking five Tenax tubes with a low
calibration level and with a midpoint
calibration level (0.5 ng and 5 ng per
analyte). The five tubes of each
calibration level were analysed the
same day. The RSDs for the 14 target
compounds ranged between 2.3% and
4.7% for the low calibration level and
1.4% and 3.9% for the midpoint
calibration level (n=5).

Similarly, the instrumental reprodu-
cibility was tested by analysing five
replicates of each calibration level on
different days. The RSDs for the
instrumental reproducibility ranged
between 2.8% and 5.4% for the low
calibration level and between 1.6% and
4.3% for the high calibration level.

For target compounds without blank
signals, the instrumental limits of
detection (LODs) were determined as
the concentrations corresponding to
three times the noise signal of the
quantifier ion. For target compounds
which present a signal in the blank
(methyl and propyl paraben), the LODs
were determined as the average of the
blank signal of each target ion plus
three times the standard deviation of
this signal (n=10). In all cases the
instrumental limits of quantification
(LOQs) were fixed as the lowest
calibration level. As Table 4 shows, the
synthetic musks generally have the
lowest LODs and LOQs. The LODs
ranged between 0.004 ng for ATIl and

instrumental

J. Chromatogr. A 1217 (2010) 4430-4438
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Table 4. Instrumental parametres: retention time (tz), repeteability and reproducibility
between days at a low and a mid point calibration level and the instrumental
limit of detection and limit of quantification, expressed in ng.

Repeatability

Reproducibility

No. Compound ty(min)  (%RSD,n=5) (%RsD,n=s) o0  l0Q

0.5ng 5ng 0.5ng 5ng (ng) (ng)

1 DPMI 5.17 3.3 2.4 3.6 2.5 0.005 0.01

2 MeP 5.85 4.1 2.8 53 3.1 0.1 0.2

3 EtP 6.68 4.5 3.2 5.5 4.3 0.05 0.1

4 DEET 7.25 2.8 2.2 2.8 2.3 0.02 0.1

5 ADBI 7.92 3.2 2.4 3.5 2.8 0.01 0.03

6 Prp 8.11 2.6 1.7 2.9 2.5 0.3 0.8

7 AHMI 8.83 3.0 23 3.3 3.0 0.01 0.03

8 BuP 9.75 3.7 2.8 4.1 3.3 0.01 0.10

9 ATII 10.1 4.4 3.1 4.9 3.6 0.004 0.01

10 HHCB 10.36 2.5 1.8 2.7 2.2 0.005 0.01

11 AHTN 10.46 4.7 3.9 5.4 3.8 0.1 0.2

12 MX 11.3 2.3 14 2.8 1.6 0.01 0.05

13 MM 11.34 3.5 1.9 3.8 2.3 0.02 0.05

14 MK 12.89 3.6 2.4 4.1 2.9 0.005 0.01
0.3 ng for propyl paraben and the LOQs (MDLs and MAQLs) for indoor and
between 0.01 ng for DPMI, ATIl, HHCB outdoor samples. For the indoor

and MK and 0.8 ng for propyl paraben.

The main method parameters are
summarised in Table 5.

The method repeatability
determined by sampling three sorbent
tubes connected in parallel at the same
time and under the same conditions.
Method repeatability ranged between
2.1% RSD for ATIlI and 18.2% for AHTN
and MK in indoor samples (pharmacy
sample, n=3) and between 3.0% for
ADBI and 18.5% for MK in outdoor
samples (urban sample, n=3).

Table 5 also the method
detection and quantification limits

was

shows

J. Chromatogr. A 1217 (2010) 4430-4438

samples (sampling 8 h, 48 L) the MDLs
ranged between 0.08 ng m™ and 6.25
ng m? and the MQLs ranged between
0.2 ng m> and 16.7 ng m™. In the case
of the outdoor samples (sampling 24 h,
144 L) the MDLs ranged between 0.03
ng m? and 2.1 ng m> and the MQLs
between 0.07 ng m? and 5.6 ng m’.
Previous studies for synthetic musks
showed MDLs and MQLs ranging from
0.005 ng m> to 10 ng m> [13-17]. It is
worth noting that the preconcentration
volumes in these studies were between
1 m® and 108 m?® of air, that is, 10 to
1000-fold higher than in the present
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Table 5. Method parametres for the outdoor and the indoor samples: method repeatability
(expresed as %RSD, n=3), and the method detection limit (MDL) and method

quantification limit (MQL), expressed in ng m>.

Indoor samples

Outdoor samples

Method Method
No. Compound repeatability’ MDL’ maqL® repeatability*  MDL® maqL’
(%RSD, n=3) (%RSD, n=3)
1 DPMI 11.5 0.1 0.1 n.d. 0.03 0.07
2 MeP 14.5 2.1 4.2 10.1 0.7 1.4
3 EtP 9.8 1.0 2.1 6.4 0.3 0.7
4 DEET 15.3 0.4 2.1 n.d. 0.1 0.7
5 ADBI 2.3 0.2 0.6 3.0 0.07 0.2
6 PrP 16.6 6.3 16.7 n.d. 2.1 5.6
7 AHMI 15.2 0.2 0.6 4.2 0.07 0.21
8 BuP 16.5 0.6 2.1 n.d. 0.2 0.7
9 ATII 2.1 0.08 0.2 n.d. 0.03 0.07
10 HHCB 13.7 0.1 0.2 11.3 0.03 0.07
11 AHTN 18.2 2.1 4.2 6.3 0.7 1.4
12 MX 6.9 0.2 1.0 8.6 0.07 0.3
13 MM n.d. 0.4 1.0 n.d. 0.1 0.3
14 MK 18.2 0.1 0.2 18.5 0.03 0.07

n.d.: analyte not detected in the samples

® The Method repeatability was tested in the pharmacy, for the indoor samples, and in the urban

environment, for the outdoor samples.

® Limits of detection and quantification for indoor samples calculated for a sampling volume of 48 L.
¢ Limits of detection and quantification for outdoor samples calculated for a sampling volume of

144 L.

study. However, the MDLs and MQLs
Although
preconcentration volumes for synthetic
musks in Tenax was higher in other
studies than those used in this study
(over 10 m® for 25 mg of sorbent
without the breakthrough of any
analyte [17]) the presence of parabens
meant that we had to use

obtained were similar.

lower
sampling volumes.

3.3. Stability during storage

To investigate stability during storage,
nine freshly cleaned Tenax tubes were

filled with 5 ng of PCP standard
solution, sealed with Swagelok end
caps fitted with PTFE ferrules, stored at
4 °C in hermetically sealable glass jars
with desiccant material for 3, 7 and 14
days and then analysed. The responses
of the PCPs in the stored tubes were
compared with the responses of three
tubes filled with 5 ng of standard
solution and immediately analysed.
After 3 days of storage all the analytes
showed recoveries above 98% (n=3,
%RSD between 0.5% and 5.4%). After
one week of storage synthetic musks
and DEET recoveries were above 95%

J. Chromatogr. A 1217 (2010) 4430-4438
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and the lower value was 92.6% for
butyl paraben (n=3, %RSD between
0.4% and 8%). However, after two
weeks of storage the recoveries of the
parabens had considerably decreased
and ranged from 78.6% to 85.1%.
Recoveries for the remaining
compounds were above the 90% (n=3,
%RSD between 0.4 and 8.1%). These
results indicate that the samples should
be analysed within one week of
collection.

3.4. Analysis of outdoor and indoor
samples

The method developed was used to
analyze indoor and outdoor air
samples. Figure 2 shows the SIM
chromatograms of one indoor sample,
the hairdresser’s sample,
outdoor sample, the urban sample.

Table 6 shows the concentrations of

and one

the PCPs detected in the seven indoor
environments and the two outdoor
environments. As expected, the indoor
PCP concentrations were higher than
the outdoor ones (from 4 to 1000-fold).
The hairdresser’s showed the highest
values with a total PCP concentration of
2838 ng m>. The
environments showed total PCP values
of between 99.5 ng m> for the
laboratory and 551 ng m?> for the
classroom. In the case of the outdoor
environments, the concentrations of
PCPs in urban air were approximately

other indoor

double those obtained in suburban air

except for ethyl paraben, whose

J. Chromatogr. A 1217 (2010) 4430-4438

concentration was similar in both
environments.

Figure 3 represents the distribution of
PCPs in the samples. HHCB was the
most  abundant compound and
appeared in all real samples and at the
highest concentrations, ranging from
1256 ng m? in the hairdresser’s to 5.9
ng m” in suburban air. Musk xylene and
AHTN were also present in all the
samples with a maximal concentration
in the hairdresser’s air of 766 ng m?
and 138 ng m?, respectively. The most
abundant paraben was methyl paraben,
which was also detected in all the
samples with a maximal concentration
of 313 ng m? in the hairdresser’s.
Although methyl paraben is commonly
used in with propyl
paraben, in the samples propyl paraben

was only found in the pharmacy and in

combination

the hairdresser’s. It should also be
noted that DEET was only found at a
low concentration (2.5 ng m~) in the
pharmacy air probably because it is
present in the
commercial insect repellents. On the
other hand, musk moskene was not
found in any sample. This agrees with
the prohibition in European countries
regarding the use of musk moskene in
cosmetics [31].

As mentioned above, little previous
work has focused on the determination
of PCPs in air [13-15,17-19,26], but
those that have been carried out

formulations of

confirm the findings in this study, i.e.
that the most abundant synthetic musk
are HHCB,AHTN and musk xylene and
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Figure 2. Chromatograms of two real samples: an indoor sample (hairdresser’s, A) and
an urban outdoor sample (B). The target PCPs found in the samples are

marked.

that the most abundant paraben is
methyl paraben. However, the
advantage of this study in comparison
with earlier work is the high sensitivity
of the TD method developed. This
facilitated both PCP detection from
lower volumes of air with shorter
sampling times and allowed monitoring
of PCPs in less contaminated
environments such as outdoor air.

4. CONCLUSIONS
In this study, a thermal desorption-GC-

MS method  was  success-fully
developed for determining 14 PCPs in

air samples. As far as we know, this is
the first method for analyzing PCPs in
air that is based on thermal desorption
and it has been demonstrated that it
efficiently traps and quantitatively
desorbs  semi-volatile PCPs. The
suitability = of  three  kinds  of
cartridge/trap with different sorbent
combinations was tested and it was
found that the Tenax TA sorbent was
the most appropriate for this study. The
method is rapid, sensitive and
significantly reduces the risk of sample
contamination. Furthermore, parabens
can be directly determined by this
method without derivatization prior to

J. Chromatogr. A 1217 (2010) 4430-4438
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Figure 3. Concentrations of the target PCPs found in the real samples.

GC-MS analysis.

The applicability of the technique in
real samples was tested in different
indoor and outdoor atmospheres. The
method showed enough sensitivity to
detect the PCPs with short periods of
sampling, outdoor
The most abundant

even in
environments.
synthetic musks in the samples were
HHCB, AHTN and musk xylene and the
most abundant parabens were methyl

Acknowledgments

The authors wish to acknowledge the
financial support provided to this study
by the Spanish Ministry of Science and
Innovation through projects CTM-2008-
06847-C02-01.

REFERENCES

[1] A.M. Peck, Anal. Bioanal. Chem.

and propyl paraben. The presence of 386 (2006) 907.
these PCPs in air and the high values [2] K. Bester, J. Chromatogr. A 1216
detected in some indoor environments (2009) 470.

indicate that air is an important source

(3]

F.A. Caliman, M. Gavrilescu, Clean-

and means of transporting these Soil Air Water 37 (2009) 277.
compounds in the environment. [4] F.B. Antwi, L.M. Shama, R.K.D.
Peterson, Regul. Toxicol.

Pharmacol. 51 (2008) 31.

J. Chromatogr. A 1217 (2010) 4430-4438

DL: T. 1454-2011 L
PCPs in indoor and outdoor atmospheres | 263
200
(313) 8| aboratory O Pharmacy (374) (1256) (766)
B Flower shop O Classroom
B Secretary's office OMedical center
® Hairdresser's B Qutdoor urban /(374)
B Outdoor suburban 1
150 A
=
o> 100 .
e
50 A
o) dl. | el ML
DPMI MeP EtP DEET  ADBI PrP AHMI BuP AT HHCB AHTN MX MM MK



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1
264r

54-2011 ) )
Experimental, results and discussion

[5] Z.Y. Xie, R. Ebinghaus, Anal. Chim.
Acta 610 (2008) 156.

[6] V. Matamoros, E. Jover, J.M.
Bayona, Anal. Bioanal. Chem. 393
(2009) 847.

[7] M. Pedrouzo, F. Borrull, R.M.
Marce, E. Pocurull, J. Chromatogr.
A 1216 (2009) 6994.

[8] A. Nieto, F. Borrull, R.M. Marce, E.
Pocurull, J. Chromatogr. A 1216
(2009) 5619.

[9] C. Garcia-Jares, J. Regueiro, R.
Barro, T. Dagnac, M. Llompart, J.
Chromatogr. A 1216 (2009) 567.

[10] R.A. Rudel, L.J. Perovich, Atmos.
Environ. 43 (2009) 170.

[11] C. Sommer, in: G. Rimkus (Ed.),
The Handbook of Environmental
Chemistry, Part X, vol.3, Springer-
Verlag, Heidelberg, 2004, p. 1.

[12] High Production Volume (HPV)
Chemical List Database, US EPA,
June 8, 2003 (http://www.
epa.gov/chemrtk/index.htm).
Accessed on: 11th January 2010

[13] R. Kallenborn, R. Gatermann, S.
Planting, G.G. Rimkus, M. Lund, M.
Schlabach, I.C. Burkow, .
Chromatogr. A 846 (1999) 295.

[14] H. Fromme, T. Lahrz, M. Piloty, H.
Gebhart, A. Oddoy, H. Ruden,
Indoor Air 14 (2004) 188.

[15] D.H. Chen, X.Y. Zeng, Y.Q. Sheng,
X.H. Bi, H.Y. Gui, G.Y. Sheng, J.M.
Fu, Chemosphere 66 (2007) 252.

[16] R. Kallenborn, R. Gatermann, in: G.
Rimkus (Ed.), The Handbook of
Environmental Chemistry, Part X,
vol.3, Springer-Verlag, Heidel-berg,
2004, p. 85.

J. Chromatogr. A 1217 (2010) 4430-4438

[17] J. Regueiro, C. Garcia-Jares, M.
Llompart, J.P. Lamas, R. Cela, J.
Chromatogr. A 1216 (2009) 2805.

[18] A.M. Peck, K.C. Hornbuckle,
Atmos. Environ. 40 (2006) 6101.

[19] Z.Y. Xie, R. Ebinghaus, C. Temme,
0. Heemken, W.G. Ruck, Environ.
Sci. Technol. 41 (2007) 5654.

[20] F. Balk, D. Salvito, H. Blok, in: G.
Rimkus (Ed.), The Handbook of
Environmental Chemistry, Part X,
vol.3, Springer-Verlag, Heidelberg,
2004, p. 311.

[21] T. Luckenbach, D. Epel, Environ.
Health Perspect. 113 (2005) A803.

[22] H. Brunn, N. Bitsch, J. Amberg-
Muller, in: G. Rimkus (Ed.), The
Handbook  of Environmental
Chemistry, Part X, vol.3, Springer-
Verlag, Heidelberg, 2004, p. 259.

[23] P.D. Darbre, A. Aljarrah, W.R.
Miller, N.G. Coldham, M.J. Sauer,

G.S. Pope, J. Appl. Toxicol. 24
(2004) 5.

[24] M.G. Soni, G.A. Burdock, S.L.
Taylor, N.A. Greenberg, Food

Chem. Toxicol. 39 (2001) 513.

[25] E.J. Routledge, J. Parker, J. Odum,
J. Ashby, J.P. Sumpter, Toxicol.
Appl. Pharmacol. 153 (1998) 12.

[26] R.A. Rudel, D.E. Camann, J.D.
Spengler, L.R. Korn, J.G. Brody,
Environ. Sci. Technol. 37 (2003)
4543,

[27] E. Wauters, P. Van Caeter, G.
Desmet, F. David, C. Devos, P.

Sandra, J. Chromatogr. A 1190
(2008) 286.

[28] R. Gatermann, S. Biselli, H.
Huhnerfuss, G.G. Rimkus, S.



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011 o
PCPs in indoor and outdoor atmospheres | 265

Franke, M. Hecker, R. Kallenborn, [30] Markes, Themal Desoption
L. Karbe, W.A. Konig, Arch. Technical Support Note 53, 2008.
Environ. Contam. Toxicol. 42 [31] Council directive 98/62/EEC (1998)
(2002) 447. Off J Europ Comm L253: 20.

[29] J. Regueiro, E. Becerril, C. Garcia-
Jares, M. Llompart, J. Chromatogr.
A 1216 (2009) 4693.

J. Chromatogr. A 1217 (2010) 4430-4438



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011

3.3.2. Discussion of results
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The results presented in this section describe the development and optimisation of a
method based on the active enrichment into solid sorbents followed by TD-GC-MS for
determining semi-volatile PCPs in air samples. As mentioned in the paper, this is the
first time, to our knowledge, that a TD method has been developed for the
determination of airborne PCPs.

As stated in the introduction, TD has not been extensively used for the extraction of
high boiling point compounds because of several limitations of the technique. One of
the main precautions that should be taken into account when developing TD methods
for determining semi-volatile organic contaminants is the possible memory effects that
can be present, either in the instrumentation transfer lines or in the sorbent tubes and
traps. The TD equipment used in this study was a Markes™ (see Figure 1.18 in the
introduction), whose transfer lines can only be heated to 200 °C. However, the boiling
points of the target PCPs ranged from 265 °C and 369 °C and therefore condensation of
these compounds and other less volatile organic air contaminants can occur in the
transfer lines. This possible condensation of semi-volatile compounds can be avoided
when small amounts of them are loaded. For instance, Wauters et al. [1] avoided these
memory effects and limited the highest calibration level of 16 PAHs to 1 ng. Therefore,
in our study, the highest calibration level for the PCPs was set at 20 ng and no memory
effects were observed.

Furthermore, in order to avoid memory effects in the sorbent tubes and traps, the
suitability of three sorbent fillings was tested. The first experiments were performed
with tubes filled with Carbograph 1TD combined with traps filled with the same sorbent
and quartz glass. This sorbent allows high desorption temperatures (up to 370 °C) and is
recommended by the manufacturer for the trapping and desorption of high boiling
point organic compounds [2]. However, Carbograph 1TD is quite a retentive sorbent and
high splits were needed for the quantitative desorption of the analytes from the
cryogenic trap, causing a decrease in the method sensitivity. Next, the suitability of
sorbent tubes and traps filled with Tenax TA and Carbograph 1TD was tested. This
combination of sorbents was successfully applied for the determination of VOCs (see
Section 3.1). However, Tenax TA degrades at temperatures higher than 320 °C, and this
temperature was not enough for the quantitative desorption of the analytes from this
combination of sorbents. Finally, tubes and traps filled only with Tenax TA were tested
that showed the highest efficiency and were chosen for the study. Tenax TA is a
medium-strength sorbent which is able to trap the target PCPs as well as providing their
guantitative desorption at 320 °C. Regarding blank signals, two blank peaks in the clean
Tenax TA tubes coincided with the retention time and the quantifier ion of methyl and
propyl paraben and were taken into account in the LOD and LOQ calculations of these
parabens.
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Regarding the chromatographic separation, it is worth mentioning the fast separation
and high resolution power of the chromatographic column (50% diphenyl/50% dimethyl
polydimethylsiloxane) that allows the separation of the target compounds in less than
15 minutes. This even provided the separation of the 4 galaxolide estereoisomers,
which can not be separated in a more apolar GC column, such as 5% diphenyl/95%
dimethyl polydimethylsiloxane [3].

The method developed presents some analytical advantages in comparison with the
high-volume sampling methods used for the determination of atmospheric PCPs
reported in previous studies [3,4]. Firstly, because of the high sensitivity of the TD
method, the process requires a lower flow rate (100 mL min™) and lower volume of
sample (between 12 L and 48 L for indoor samples and 144 L for outdoor samples).
Therefore, shorter periods of sampling (between 2 hours and 8 hours for indoor
samples, and 24 hours for outdoor samples) are needed. Sampling volumes of air in
high-volume sampling are typically 300 m? and sampling periods last at least 24 hours.
The shorter sampling times of the TD method avoid some of the drawbacks of high-
volume samplers mentioned before, such as the blow-off of the most volatile organic
contaminants. Moreover, after sampling, the sorbent tubes are thermally desorbed
directly and injected in the GC in one single step, avoiding further manipulation of the
sample and drastically decreasing the risk of background contamination. Since the
whole sample is analysed, LODs were at ng m™ levels, ranging from 0.08 ng m™ to 6.25
ng m™ for indoor samples and from 0.03 ng m™ to 2.1 ng m for outdoor samples. As
seen in the paper, previous studies reported LODs ranging from 0.001 to 10 ng m™ for
preconcentration volumes 10 to 1000 times higher than those in our study [3,5,6].

Another important advantage of the method developed was the good shapes of the
chromatographic peaks of parabens, as seen in the chromatograms shown in the paper.
This allows the GC-MS analysis of the parabens without the need for derivatization prior
to injection. One possible explanation for these good shapes may be the effcient
preconcentration effect of the cryogenic trap. Finally, it is worth mentioning the high
portability of the sorbent tubes in comparison to high-volume samplers. This allowed
sampling in a wide range of atmospheric environments and easy storage of the sorbent
tubes. In this study, it was found that Tenax tubes can be stored at 4 °C for one week
without the degradation of the target analytes.

Regarding the PCP concentrations, the synthetic musks galaxolide, tonalide and musk
xylene were found in all of the samples. Among them, galaxolide was the most
abundant which matches other studies [5,7]. Methyl paraben was the most widely-
detected paraben and DEET was only found in the pharmacy at a low concentration,
probably because of the presence of this insect repellent as an ingredient in some
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pharmaceutical products. Regarding the kind of samples, outdoor concentrations of
total PCPs were, as expected, 4 to 1000 times lower than those found in indoor
samples. It is also worth mentioning that the musk moskene was not found in any of the
samples, which follows the prohibition of its use in cosmetics in European countries by
the 2008 amendments of the European directive 76/768/EEC [8]. The PCP
concentrations found in this study match those found in previous and later studies. For
instance, Sofuoglu et al. [7] recently found average concentrations of galaxolide of 267
ng m™ in a primary school and of 144 ng m™ in a sports centre in Turkey. Furthermore,
some recent studies determined emissions of synthetic musks from landfills and
WWTPs with concentrations of up to 344 ug m~ of HHCB. Therefore these facilities
should be considered as an additional PCP emission source into the atmosphere [9-11].

In light of the results presented in this study, the enrichment into solid sorbents
followed by TD-GC-MS analysis has been demonstrated as a valuable alternative
method to high volume sampling, for determining semi-volatile PCPs in air samples. The
method is rapid, highly sensitive and minimises the risk of external contamination of the
samples.
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3.4. Personal care products in environmental waters
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Besides the atmosphere, another important pathway of PCPs into the environment is
through the aquatic systems. After the human use of consumer products containing
PCPs, these compounds can be absorbed by the body and excreted or rinsed off and
enter the environmental waters directly via waste waters or through effluents of waste
water treatment plants (WWTPs). Therefore, one of the main pathways of PCPs into the
environment is through urban and industrial WWTP effluents. PCPs have previously
been detected in WWTP waters [1,2] and also in surface waters [3,4]. Biological WWTPs
are able to degrade the most polar PCPs and almost quantitative removals have been
reported for compounds such as parabens [5]. However, more lipophilic PCPs that
exhibit low biodregradability, such as synthetic musks, are only partially removed by
conventional WWTPs [6]. Furthermore, some additional oxidised degradation products
of PCPs can also be formed during the waste water treatments [4,7] and can enter the
environment later.

Among the sample preparation techniques, solid-phase extraction (SPE) has been the
most commonly-used for extracting PCPs from environmental waters [8,9]. However, as
mentioned in the previous section, one of the main problems that analysts should
consider when determining PCPs is the risk of background contamination of the samples
and extracts because of the ubiquitous presence of PCPs in the environment. Therefore,
methods that reduce the sample preparation steps, and minimise the use of organic
solvents and the manipulation of the sample should be developed. In this sense,
adsorptive techniques such as solid-phase microextraction (SPME) and stir bar sorptive
extraction (SBSE) followed by TD minimise the risk of this external contamination.

Hence, the focus of the studies included in this section was the development of
sensitive and environmentally friendly methods that are capable of determining PCPs in
water samples and reducing the risk of background contamination. As discussed in
section 3.3, TD techniques applied for the determination of PCPs are a reliable
alternative to LD techniques. Following this research line, we have developed two
methods based on stir bar sorptive extraction (SBSE) with stir bars coated with
polydimethylsiloxane (PDMS) followed by TD and GC-MS analysis. SBSE is a solventless
extraction technique which allows the direct extraction and preconcentration of the
analytes from the aqueous matrices. Furthermore, in combination with TD, it provides
enhanced sensitivity without the use of any organic solvent. It is also worth mentioning
that for the TD of the stir bars, we used Markes'" TD equipment which is normally used
for desorption of sorbent tubes, as mentioned in the introduction (see Figure 1.18 in the
introduction). After the SBSE process, the stir bars were placed in an empty stainless-
steel tube and put in the Ultra auto-sampler for desorption. To our knowledge, these
studies represent the first time that TD equipment with these characteristics has been
used to desorb stir bars.
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In the first study we developed a SBSE-TD-GC-MS method for the determination of 9
synthetic musks (6 polycyclic musks and 3 nitromusks) in water samples. Synthetic
musks are quite hydrophobic compounds that present high affinity for the
polydimethylsiloxane (PDMS) phase of commercial stir bars. In the second study, the
SBSE-TD-GC-MS method was optimised for the simultaneous determination of 14 PCPs
(the 9 synthetic musks of the first study and 5 parabens) and one PCP degradation
product (the main degradation product of the galaxolide, the galaxolidone). Parabens
are more polar and present low affinity for the PDMS phase. To overcome this, one of
the easiest possibilities is the derivatization of the polar analytes to enhance their
recoveries. Therefore, in order to increase the affinity of the parabens for the PMDS
phase of stir bars, they were in situ acetylated prior to the extraction. In this study, not
only were the derivatization conditions optimised in order to obtain the best recoveries
of the parabens, but also the influence of the addition of the derivatizing agents on the
extraction efficiency of the musks was studied.

In both studies, the main parameters of SBSE extraction were optimised. These included
the size of the stir bar, volume of sample, the salting-out effect, temperature and time
of extraction, pH influence and the addition of an organic modifier. Although SBSE has
previously been used for the determination of some PCPs in environmental waters
[1,10], the first study presented here was, to our knowledge, the first that determined
synthetic musks using SBSE followed by TD.

The optimised methods were applied for the determination of the target PCPs in several
kinds of water samples: influent and effluent from urban and industrial WWTPs,
effluent from a reverse osmosis (RO) treatment plant, and three river waters. The
results obtained from the first study was published in the Journal of Chromatography A
1218 (2011) 156-161. A paper with the results of the second study has been submitted
for publication in Talanta.
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3.4.1. Development of a stir bar sorptive extraction and thermal
desorption-gas chromatography-mass spectrometry method
for determining synthetic musks in water samples
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DEVELOPMENT OF A STIR BAR SORPTIVE EXTRACTION AND THERMAL DESORPTION-
GAS CHROMATOGRAPHY-MASS SPECTROMETRY METHOD FOR DETERMINING
SYNTHETIC MUSKS IN WATER SAMPLES

Noelia Ramirez, Rosa Maria Marcé, Francesc Borrull
Department of Analytical Chemistry and Organic Chemistry
Universitat Rovira i Virgili, Marcel-li Domingo s/n
Sescelades Campus, Tarragona 43007, Spain

Abstract

This study presents the development of an analytical method for determining 9
synthetic musks in water matrices. The developed method is based on stir bar sorptive
extraction (SBSE), coated with polydimethylsiloxane, and coupled with a thermal
desorption-gas chromatography-mass spectrometry system (TD-GC-MS). SBSE can
efficiently trap and desorb the analytes providing low limits of detection (between 0.02
ng L and 0.3 ng L). Method validation showed good linearity, repeatability and
reproducibility for all compounds. Furthermore, the limited manipulation of the sample
required in this method implies a significant decrease of the risk of external
contamination of the samples.

The performance of the method in real samples was evaluated by analysing biological
waste water treatment plant (WWTP) influent and effluent samples, reverse osmosis
treatment plant effluents and river waters. The most abundant musk was galaxolide
with values up to 2069 ng L' and 1432 ng L™ in the influent and effluent of urban
WWTP samples, respectively. Cashmeran, Pantolide and Tonalide were also detected in
all the matrices with values up to 94 ng L 26 ng L™ and 88 ng LY respectively.
Although in Europe the use of nitromusks in cosmetics is prohibited, musk xylene and
musk ketone were detected both in the WWTP and in the river samples.

As far as we know, this is the first time than a SBSE method coupled with TD is applied
for the determination of synthetic musks in water samples.

Keywords: Stir bar sorptive extraction (SBSE); Thermal desorption (TD); Gas
chromatography-mass spectrometry (GC-MS); Synthetic musks; Water samples.

1. INTRODUCTION range of different compounds,

including the polycyclic, nitro and
Synthetic musks are commonly used as macrocyclic musks. Most commonly
fragrances in a wide range of consumer used are the polycyclic musks,
products such as detergents, cosmetics especially galaxolide (HHCB) and
and other personal care products. tonalide (AHTN), added to the majority
These fragrances comprise a broad of household and cosmetic products.

J. Chromatogr. A 1218 (2011) 156-161

281



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1
282 r

54-2011 ) .
Experimental, results and discussion

However, polycyclic and nitro musks
chemically
similar to the natural ones and have a
lipophylic nature, causing them to
bioaccumulate in sediments, sludge
and biota and biomagnify throughout
the food chain [1,2]. Consequently,
these compounds have even been
found in
adipose tissue, breast milk and blood
[3-5].

are not structurally or

human tissues, such as

The main route of exposure of
synthetic musks into the environment
is through waste water effluent [6].
Since fragrances are only
partially biodegradable and are not
completely eliminated by waste water
plants (WWTPs)

in waste waters and in

these

treatment deter-
mination
natural water samples is of major
importance  [7]. The long-range
transport and persistence of synthetic
musks, as well as, their exchange
between air and water matrices, has
caused them to be found in remote
non-anthropogenic areas such as the
Great Lakes [8,9] and Arctic waters
[10]. Their presence has also been
reported in fish, mussel and crustacean
[11,12]. Furthermore,
widespread use and the detection of
these compounds in natural waters,
several authors have suggested the use
of polycyclic
markers of anthropogenic pollution
[13,14].

Several  analytical methods for
determining synthetic
compounds in water samples have

due to their

chemical

musks as

musk
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been developed in the last years, most
of them based on GC-MS analysis. One
of the most commonly used sample
preparation technique is solid-phase
extraction (SPE), for which different
sorbents, have been successfully tested
in previous studies [1,15]. However,
due to the widespread use of synthetic
musks they can be found in solvents
and laboratory equipment, which can
contaminate the samples. Therefore,
analytical methods that can reduce the
risk of the background
contamination should be developed. In
this respect, the use of sorptive
methods coupled  with
desorption - such as solid-phase micro
extraction (SPME) and stir bar sorptive
extraction (SBSE) - drastically reduces
These
sample

musk

thermal

the risk of contamination.
techniques are solventless
enrichment methods, which allow the
direct analytes,
implying the minimal manipulation of
the sample and avoiding the use of
organic solvents, with enhanced
sensitivity. Furthermore, the

combination of the extraction and the

extraction of the

concentration of the analytes in one
step also reduces the time of sample
preparation. Indeed, SPME methods
have been previously developed for the
detection of fragrances
matrices [16-18]. However, SBSE is a
more powerful extraction technique,
with higher preconcentration capacity
as the amount of sorbent is 50-250-fold
higher than in SPME fibre. Since the
development of SBSE in 1999 by
Baltussen et al. [19], this extraction

in aquatic
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technique has been successfully
applied for the analysis of trace
environmental pollutants in different
matrices [20-22].

As far as we know, only one SBSE
method with liquid desorption has
been recently developed for
determining four synthetic musks in
water [22]. Therefore, the aim of this
study is to propose a method based on
SBSE followed by TD-GC-MS for
determining nine synthetic musks in
water samples. After the extraction
step, stir bars were place in empty
stainless-steel tubes and thermally
desorbed in a TD equipment designed
to desorb sorbent tubes for air analysis.
To the best of our knowledge, a SBSE
method is for the first time combined
with a thermal desorption system for
determining these fragrances in water
samples. The applicability of the
method to real samples was tested by
analysing biological waste water
treatment plant influent and effluent
samples, reverse osmosis treatment
plant effluents and river waters.

2. EXPERIMENTAL
2.1. Chemical standards

The six polycyclic musks: 6,7-dihydro-
1,1,2,3,3-pentamethyl-4(5H)-indanone
(DPMI, cashmeran), 4-acetyl-1,1-
dimethyl-6-tert-butylindane (ADBI,
celestolide), 6-acetyl-1,1,2,3,3,5-
hexamethylindane (AHMI, phantolide),
5-acetyl-1,1,2,6-tetramethyl-3-isopro-

PCPs in environmental waters

pylindane (ATII, traseolide), 1,3,4,7,8-
hexahydro-4,6,6,7,8,8 hexamethyl-
cyclopenta-(y)—-2-benzopyran  (HHCB,
galaxolide) and 7-acetyl-1,1,3,4,4,6-
hexamethyl-1,2,3,4 -
naphthalene (AHTN, tonalide), were
supplied by
(Barcelona, Spain). The nitro musks
fragrances 2,4,6-trinitro-1,3-dimethyl-
5-tert-butylbenzene (musk xylene),
1,1,3,3,5-pentamethyl-4,6-dinitroinda-
ne (musk moskene) were purchased as
100 mg L' solutions in acetonitrile
from Sigma-Aldrich (Steinheim,
Germany) and Riedel de Haén (Seelze,
Germany), respectively, and 4-aceto-
3,5-dimethyl-2,6-dinitro-tert-butylben-
zene (musk ketone) from Fluka (Buchs,
Switzerland). Table 1 shows the
formula name of the target compounds
and the logarithm of the octanol-water
constant (Kow) predicted from the

tetrahydro-

Promochem Iberia

software SRC-KowWIN (Syracuse
Research Corp., Syracuse, New York,
USA).

Individual standard solutions of
synthetic musks were prepared in
acetone and the mixtures prepared in
methanol. The solvents were GC grade
with purity >99.9% (SDS, Peypin,
France). Helium gas and nitrogen gas of
purity 99.999% (Carburos Metalicos,
Barcelona, Spain) were used for the
thermal desorption and the
chromatographic analysis. Ultra-pure
water was obtained using a Mili-Q
water purification system (Millipore,
Bedford, MA, EEUU).

J. Chromatogr. A 1218 (2011) 156-161
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Table 1. Formula name, log Ko, retention times tz and quantifier and qualifier ions of the target
musk compounds

Log tr Quantifier

Formula name A . )
Kow (min) ion

No. Compound Qualifiers

6,7-dihydro-1,1,2,3,3- 49 512 191 206 (60),

! Cashmeran (DPMI) pentamethyl-4(5H)-indanone 192 (14)

Celestolide (ADBI), 4-acetyl-1,1-dimethyl-6-tert- 244 (45),

2 Crisolide butylindane 6.6 7.84 229 173 (19.5)
. 6-acetyl-1,1,2,3,3,5- 244 (24),
3 Phantolide (AHMI) hexamethylindane 6.7 8.75 229 187 (9.5)
Traseolide (ATII), S-acetyl-1,1,2,6-tetramethyl-3- 258 (15),
4 Fixolide isopropyl-indane 6.7 10.02 215 173 (16)
5  Galaxolide (HHCB), ile3x’:g;38t-hhelza:|zdreon-t4af(’6),-72,-8,8- 59 1025 243 213 (1),
Abbalide, Pearlide vicyclopenta-ly : : 258 (10)

benzopyran

. 7-acetyl-1,1,3,4,4,6-hexamethyl- 258 (27.5),
6 Tonalide (AHTN) 1,2,3,4-tetrahydronaphthalene >7 1038 243 159 (20)
2,4,6-trinitro-1,3-dimethyl-5- 283 (15),
7 Musk Xylene (MX) tert-butylbenzene 4.8 11.22 282 297 (10)
1,1,3,3,5-pentamethyl-4,6- 264 (15),
8 Musk Moskene (MM) dinitroindan 5.8 11.26 263 278 (10)
4-aceto-3,5-dimethyl-2,6- 294 (20),
? Musk ketone (MK) dinitro-tert-butylbenzene 43 1283 279 280 (15)

® Log K,,, values predicted from SRC-KowWin software.

2.2. Sample collection

Four representative water types were
sampled to test the performance of the
method in real samples: the influent
and effluent of two urban waste water
treatment plants (WWTPs), which
collect wastewater from ca. 120.000
inhabitants, respectively; the effluent
of a reverse osmosis plant (RO) located
after the secondary treatment of one
of the studied urban plants; and
samples from the Ebro River. Samples
were collected in amber glass bottles,
pre-cleaned overnight with chromic
mixture and subsequently rinsed with
Milli-Q water and HPLC grade
isopropanol. After collection, samples
were filtered using a 0.45 um nylon
filter (Whatman, Maidstone, UK),
stored at 4 °C and analysed within a
week.

J. Chromatogr. A 1218 (2011) 156-161

2.3. Stir bar sorptive extraction

Extractions were carried out with
polydimethylsiloxane (PDMS) coated
stir bars (20 mm length x 0.5 mm film
thickness, from Gerstel (Malheim an
der Ruhr, Germany)), which correspond
to approximately 48 pL of PDMS phase.
Before each use, stir bar were
conditioned by thermal cleaning at 300
°C for 3 hours, in a pure Helium stream
of 100 mL min™. Stir bars were stored
in cleaned 2 mL vials until their use.

For the extraction procedure, a cleaned
stir bar was placed in a 250 mL vial
containing 100 mL of water,
immediately capped and stirred at 900
rpm for 4 hours at 25 °C and pH 7. One
hundred millilitres of river and reverse
osmosis effluent samples were directly
extracted, whereas urban WWTP
influent and effluent samples were
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diluted with Milli-Q water before
extraction (5 mL of sample into 100 mL
of total volume).

After 4 hours of extraction, stir bars
were magnetically removed, rinsed
with ultra-pure water, dried with a lint-
free tissue and placed inside a
thermally cleaned stainless-steel tube
for the thermal desorption.

2.4. Thermal desorption GC-MS
analysis

Thermal desorption of the musks
retained on the stir bars was
performed in a Unity Thermal
Desorption system combined with a
Ultra A autosampler (both from Markes
International Limited, Llantrisant, UK).
Stir bars were placed in empty
stainless-steel tubes for thermal
desorption (9 cm length x 6.35 mm o.d.
x 5 mm i.d., also from Markes). Prior to
the analysis, the empty tubes were
thermally cleaned at 300 °C for 15 min
and then stored in a hermetical glass
jar under nitrogen atmosphere. The
optimised desorption
conditions for the stir bar were: pre-
purge for 1 minute at room
temperature, stir bar desorption at 300
°C for 15 minutes using helium carrier
gas at 100 mL min™, in splitless mode,
trapping at 0 °C. The trap was then
desorbed at 320 °C for 10 min with a
split of 5 mL min™.
Separation  and
performed in a 6890N  gas
chromatograph and 5973 inert mass
spectrometer (Agilent Technologies.

thermal

detection  were

PCPs in environmental waters

Palo Alto, USA), using a Zebron ZB- 50
capillary column (30 m x 0.25 mm x
0.25 um) provided by Phenomenex (Le
Pecg Cedex, France). For the GC-MS
analysis, the helium carrier gas flow
was 2 mL min™ and the temperature
program was as follows: initial
temperature 100 °C, 30 °C min™ to 170
°C, then at 5 °C min™ to 190 °C and
then at 15 °C min™* to 290 °C and held
for 4 minutes. The GC-MS interface was
set at 290 °C. The MS-detector
acquired in the
monitoring mode (SIM) operating at an
electron impact energy of 70 eV. The
GC-MS parameters of the target musks
were optimised in a previous paper
[23]. Table 1 shows the retention times
and the quantifier and qualifier ions
used for the SIM detection.

selective  ion

3. RESULTS AND DISCUSSION
3.1. Method optimisation

As previously stated, the GC-MS
parameters for these 9 synthetic musks
were optimised in a prior study [23]. It
is worth mentioning that the use of a
midpolarity phase capillary column (a
50% diphenyl / 50% dimethylpoly-
siloxane) provided the resolution of the
compounds in about 13 min, even with
the separation of the 4 HHCB
diastereoisomers. HHCB was quantified
by integrating the signals of 4S and
7R/S isomer peaks, which are the
diastereoisomers responsible of the
characteristic  musky odour [24].
Following the previous optimisation of
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the GC-MS conditions, this study has
focused on the optimisation of the
SBSE parameters.

3.1.1. SBSE extraction

In the SBSE technique the extraction is
an equilibrium process dependent on
the amount of the PDMS phase, the
volume of aqueous sample and the
partitioning
compounds between the PDMS phase
and the aqueous phase that are
correlated with the octanol-water
distribution coefficients (K,.) [19,21].
Therefore, the first parameters fixed
were the size of the stir bar and the
volume of sample. In order to have
high sensitivity, the sample volume was
fixed at 100 mL. Therefore, a suitable
size of stir bar (20 mm length x 0.5 um
film thickness, with ca. 48 pL of PDMS
coating) was selected for this study.
The calculated theoretical recoveries

coefficients of the

for 100 mL of sample using this stir bar
ranged from 90.5% for musk ketone to
100% for the most apolar synthetic
musks, AHMI and ATIL
Regarding the stirring rate, although
the increase of the stirring speed can
accelerate the extraction, it also
reduces the lifetime of the stir bar [25].
Hence, a medium level stirring rate of
900 rpm was used.

Once the amount of organic phase, the
volume of sample and the stirring rate
were fixed, the influence of other
factors, which play an important role in
the efficiency of the SBSE extraction,
was studied. A screening 23 factorial

such as

J. Chromatogr. A 1218 (2011) 156-161

design was used to study the influence
of the salting-out effect, the time and
the temperature on the SBSE
extraction, involving 8 randomised
experiments performed in duplicate.
Statistical analysis was carried out with
Statgraphics-Plus 5.1 (Magnugistic,
Rockville, MD, USA). All experiments
were run using 100 mL solutions of the
target musks at a concentration of 70
ng L™ in Milli-Q water.

The influence of an addition inert salt
(NaCl) at 0% (no addition), and 20%
levels was studied. Salt increases the
ionic strength of the solution, which
can decrease the solubility of the
analytes in the aqueous phase and
promote their transference to the
organic phase [22]. Although in
general for polar analytes with K,,>3.5
the addition of salt reduces the
extraction efficiency [26,27], the
opposite effect for apolar compounds,
such as polycyclic
hydrocarbons, has been also described
[28].

Extraction temperature was studied at
25 °C and 60 °C. A high temperature
helps to reach the equilibrium faster
but also decreases the K,, partition
coefficient and the lifetime of the
PDMS extraction phase [25]. However,
other studies have reported opposite
[29,30]. Finally, the SBSE
extraction time was studied at 3 hours

aromatic

results

and 12 hours. Extraction time is one of
the most important parameters and
should be optimised in
application. The optimal
time can vary from several minutes to

every
extraction
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hours or 1-2 days depending on the
physical and chemical properties of the
analytes, the coefficient
between the volume of sample and the
volume of the organic phase (B) and
the experimental conditions [21]. As an
example, the calculated standardised
effects for the three factors and the
two-factor interactions for DPMI, HHCB

partition

PCPs in environmental waters

and MK are shown in the Pareto charts
in Figure 1. The standardised effect is
obtained by dividing the estimated
effect by its standard error. The vertical
line indicates the statistically significant
bound at the 95% confidence level. As
it can be seen in Figure 1, temperature
was the most important factor for the
musks. Moreover, temperature was

A Standardized Pareto chartfor DPMI

B:Temperature

BC

AB

C:time

AC

A:% NaCl

°'-I_IBI_I

|

Standardized effect

B Standardized Pareto chartfor HHCB

B:Temperature

AB

A% NaCl

BC

Citime

é:gl

7

o
IS

8

Standardized effect

Standardized Pareto chartfor MK

12 16 20

B:Temperature | m—
F = -
BC

o S
A% NaCl -
C:time D
< O
0 3 6

Standardized effect

9 12 15

Figure 1. Standarised Pareto charts for the mean effects and two-factor
interactions of the factorial design for three representative synthetic
musks: (A) DPMI, (B) HHCB and (C) MK.
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the only significant factor for MK
(Figure 1C). For all the target musks,
increasing the temperature from 25 °C
and 60 °C had a negative effect in the
extraction. Possible explanations can
be the vaporisation of part of the
analytes at high temperatures (vapour
pressures from 2.69 X 10 for DPMI to
523 x 10° for MX) and/or the
decrease of the partition coefficient at
high temperatures. Furthermore, the
addition of 20% NaCl had a negative
effect for all the musks except DPMI
and MK whose salting-out effect was
not significative. The decrease of
extraction efficiency with the addition
of NaCl can be explained by the
increase of the solution viscosity, which
slows down the interaction kinetics of
the analytes. Finally, the extraction
time did not have an important role at
the two levels studied (3 and 12 hours),
being statistically significant only for
DPMI although it has a slightly positive
effect for most compounds except for
HHCB, which had reduced extraction at
the higher time level.

Concerning the two-factor interactions,
the effect of
interaction (AB) was significant for all

NaCl-temperature

the target compounds. Therefore, the
effect of increasing the temperature in
the extraction process is different
depending on the amount of NaCl
added. However, the effect of NaCl-
time interaction (AC) was only
important for ADBI and the
temperature-time interaction (BC) for
DPMI and HHCB.

J. Chromatogr. A 1218 (2011) 156-161

Taking into account the results of the
screening multifactorial design, the
subsequent tests were done at 25 °C
without the addition of salt in the
solution over 3 hours of extraction.
Next, the influence of pH was
evaluated, at pH 2.0, 7.0 and 10.0. As
for previous [31,32], the
efficiency of the extraction decreased
under
significant effect of sample pH was
observed at neutral
(results not shown). Therefore, neutral
pH was selected in order to avoid the
PDMS-phase degradation.

The addition of organic modifiers, such
as MeOH, can also favour the
extraction of apolar analytes by
reducing their adsorption to the vial
glass walls. However, the presence of
the organic modifier also increases the
solubility of the apolar compounds in
the solution, decreasing the extraction
efficiency. In order to determine this
effect, 10% MeOH was added to the
samples. No significant variations in the
analytes responses were observed,
hence, the addition of MeOH was
rejected in the sample analysis.

After the rest of the conditions were

studies
acidic conditions but no

and basic pH

fixed, different extraction times were

studied in order to find the best
compromise between sample
preparation time and extraction

efficiency. Results showed that the
equilibrium was reached between 4
and 5 hours for most compounds (4
hours for the polycyclic musks and 5

hours for the nitro  musks).
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Consequently, as a compromise 4
hours extraction time was selected for
the musks determination.

The final conditions for the stir bar
extraction of the synthetic musks in the
samples are summarised in Table 2.

3.1.2. Stir bar thermal desorption

Polycyclic musks are semi-volatile
compounds with relatively high boiling
points (between 286 and 392 °C). A
previous study showed that relatively
high temperatures (320 °C), longer
times of desorption (15 min) and high
helium flows (100 mL min?) were
needed for the quantitative recovery of
these analytes in Tenax TA [23]. PDMS
is a weaker sorbent than Tenax TA and
desorption temperatures up to 300 °C
and desorption flows up to 100 mL
min® are recommended by the
manufacturer in order to avoid the
degradation of the stir bar coating.
Hence, in this study different
desorption temperatures (from 275 to
300 °C), times (from 5 to 20 min) and
flows (from 30 to 100 mL min™) were
tested for recovery of analytes from
the PDMS stir bar. Carry-over of all
analytes was under 1% when appliying
the maximal recommended desorption
temperature (300 °C) and flow rate
(100 mL min™) for 15 min. Higher
desorption times did not show
significant  improvement in  the
recoveries. Once desorbed from the
stir bar, analytes were focused in a
Tenax TA cryogenic trap at 0 °C The
optimised stir bar thermal desorption

PCPs in environmental waters

conditions are summarised in Table 2.
The conditions of the trap desorption
step were optimised in a previous work
[23].

3.1.3. Control of blanks

The extensive use of synthetic musks as
fragrances in a wide range of consumer
products means a high risk of
Therefore,  special
precautions are required through the
whole analytical procedure. The SBSE
procedure developed in this study
reduces the potential contamination

contamination.

risk because the aqueous sample is
directly extracted by the stir bar, which
is then analysed by thermal desorption.
Even so, further precautions were
taken. In this respect, all the glassware
used for the sampling and the
extraction step was cleaned overnight
with chromic mixture and then rinsed
five times with Milli-Q water and three
times with HPLC grade isopropanol.
Furthermore, musk-free gloves were
used and the samples were prepared in
a fume cupboard. In addition, the
thermal desorption tubes were
conditioned at 300 °C for 10 min and
then stored in sealable glass jars under
nitrogen atmosphere, as described
above (section 2.4.). Despite these
precautions, signals of HHCB
corresponding to 0.010+0.007 ng (n=5)
were found in blanks of 100 mL of pure
Milli-Q water.

It should be also taken into account
that the thermal desorption of semi-
volatile compounds can cause memory

J. Chromatogr. A 1218 (2011) 156-161
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Table 2. Optimised conditions for the stir bar
extraction and thermal desoprtion.

Stir bar extraction

Sample volume 100 mL
Stirring speed 900 rpm
Temperature 25°C

% NaCl 0

Time 4 hours
Use of organic modifier  No

pH 7

Stir bar thermal desorption
Temperature 300 °C
Time 15 min
Flow 100 mL min™
Trap temperature 0°C
Split splitless

effects in the instrumentation, either in
the cryogenic trap (due to the partial
desorption of the analytes) or in the
transfer lines (whose temperature can
only be raised to 200 °C and may cause
the accumulation of the less volatile
compounds) [23,33]. To avoid these
memory effects, in this study the
influent and effluent samples from the
WWTPs
extraction (5 mL of sample diluted to
100 mL with Milli-Q water) and the
maximal calibration level was fixed at
20 ng of each compound per sample.

were diluted before the

3.2. Method validation

The main method parameters for the
optimised SBSE method were tested by
spiking different amounts of the
standards (from 0.001 to 200 ng LY in
100 mL of Milli-Q water and in each

J. Chromatogr. A 1218 (2011) 156-161

kind of sample. Linearity was good for
all the target musks with coefficient of
determination (r?) values higher than
0.999.
Table 3
parameters in 100 mL of Milli-Q water.
Experimental
synthetic musks were analysed at low
and midpoint calibration levels (5 ng L™
and 100 ng LY respectively, n=3). To
calculate recoveries the response
obtained by the SBSE method was
compared with the response obtained
by spiking the
standard in a tube filled with thermally
cleaned glass  wool.
Recoveries similar for both
calibration levels ranging between the
82% and the 95%. As expected, the
lower recoveries corresponded to the
musks with lower K,, such as DPMI,
and the three nitromusks.

shows the main method

recoveries of the

same amount of

deactivated
were
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Table 3. Method parameters in Milli-Q water: experimental recovery, repeatability, reproducibility,
and method detection and quantification limits expressed in ng L™

Recovery Repeatability Reproducibility

(%, n=3) (%RSD, n=5) (%RSD, n=5)
No.  Musk 5 100 5 100 5 100 MDL maL

ngl? ngL? ngL? ngL*! nglL? ngL? (ngL™h) (ngLh)

1 DPMI 85.3 84.7 10.1 3.6 14.8 5.9 0.10 0.30
2 ADBI 93.0 94.1 9.6 4.1 11.6 6.9 0.06 0.20
3 AHMI 94.6 94.3 6.5 4.2 6.1 5.7 0.02 0.10
4 ATII 91.7 90.5 9.5 3.7 12.3 4.8 0.05 0.15
5 HHCB 92.1 93.3 10.3 8.2 12.1 6.8 0.30 1.0
6 AHTN 91.2 92.4 7.9 4.2 8.1 4.7 0.03 0.10
7 MX 85.4 87.3 9.8 3.3 10.1 3.4 0.05 0.15
8 MM 88.4 90.8 4.4 3.2 4.3 39 0.06 0.20
9 MK 81.6 81.7 6.3 2.2 6.5 2.3 0.05 0.15

The limits of detection (MDL) were
calculated as the
corresponding to three times the noise
signal of the target
compound except for HHCB which was
present in the blanks of the Milli-Q
water. For HHCB the MDL was
determined as the average of the blank
signal of the target ion plus three times
the standard deviation of the signal
(n=5).

The MDLs ranged from 0.02 ng L* for
AHMI to 0.3 ng L™ for HHCB (see Table
3). The limit of quantification (MQL),
which was

concentration

ion of each

fixed as the lowest
calibration level of each compound,
ranged from 0.1 ng L for AHMI and
AHTN to 1 ng L™ for HHCB. It is worth
mentioning that the MDLs and MQLs
for HHCB, AHTN and MK obtained in a
recent study by SBSE followed by liquid
desorption [31] ranged from 12 to 19
ng L and from 41 to 62 ng LY,
respectively, which are higher than

those found in the present study.

Repeatability and reproducibility
between days were also measured at
two calibration levels, 5 ng L' and 100
ng Lt respectively. %RSDs for the tests
in the same day ranged from 4.4 and
10.3% for the low calibration level and
from 2.2 to 8.2% for the midpoint
calibration level. The reproducibility
was tested by analysing five replicates
of each calibration point on different
days and ranged from 4.3 to 14.8% for
the 5 ng L™ level to 2.3 to 6.9% for the
100 ng L™ level.

The method was also validated in the
real samples. As mentioned before, in
order to avoid matrix effects and to not
overload the TD-GC-MS system, the
influent and effluent samples were
diluted with Milli-Q water (5 mL of
sample to 100 mL). The RO effluent
samples and the river samples were
not diluted because of the lower
expected concentrations of the musks.
Taking into account these precautions,
recoveries of the synthetic musks in
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the real samples were similar to those
obtained in Milli-Q water at low and
midpoint calibration levels (5 ng L* and
100 ng LY respectively), therefore no
matrix effects were observed and
quantification performed by
spiking  the
standards in Milli-Q water. Similarly,
repeatability and reproducibility
presented similar results in the four
different samples (% RSD between 2.2
and 10.4 %, n=3).

was

external calibration

3.3. Analysis of real water samples

The developed SBSE-GC-MS method
was used to determine the presence of
nine synthetic musks in four different
kind of aqueous matrices (urban
WWTP effluent and influent, effluent
of a RO treatment plant and river
water). Three different samples of each
matrix were analysed by triplicate.

Figure 2 shows examples of SIM
chromatograms from two real samples:
the chromatogram of an urban WWTP
effluent (diluted in a factor of 1 to 20,
Figure 2A) and of a river Ebro sample
(Figure 2B).

Table 4 shows the concentration of the
synthetic detected in the
samples. HHCB was the most abundant
compound in all the water matrices,
with values up to 2069 ng L™" and 1432
ng L™ in the influent and the effluent of
urban WWTP, respectively. DPMI,
AHMI and AHTN were also detected in
all the matrices with values up to 94 ng

musks

LY, 26 ng L™ and 88 ng LY respectively.
However, ADBI was no detected in the
river samples and ATII could only be
guantified in some of the influent
samples. Regarding the nitromusks,
MM was not found in any sample,
which agrees with the prohibition of
their use in cosmetics in European

Table 4. Concentrations of the synthetic musks in real samples, expressed in ng L™ (n=3).

Musk Urban WWTP Urban WWTP Effluent RO River
Influent Effluent

DPMI 15.7-87.7 29.8-43.3 <MQL-0.67 0.49-1.72
ADBI 3.6-35.4 <MQL-4.56 n.d.-0.24 <MQL
AHMI <MQL-25.6 <MQL-4.15 <MQL-0.17 n.d.-0.27
ATII n.d.-8.1 n.d. n.d. n.d.
HHCB 476-2069 233-1432 n.d.-1.45 1.40-26.2
AHTN 17.7-78.7 25.4-93.6 n.d.-0.35 0.34-037
MX 22.0-29.1 13.1-126 n.d.-0.3 n.d.-0.55
MM n.d. n.d. n.d. n.d.

MK <MQL-20.3 29.2-53.5 n.d. n.d.-0.80

n.d., values not detected

<MQL, values under the method quantification limit of each sample.

J. Chromatogr. A 1218 (2011) 156-161
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Figure 2. Chromatograms of two real samples: the influent of a urban WWTP diluted in
a factor of 1 to 20 (A) and the Ebro river (B).

countries [34]. However, MX and MK
were detected in the influents and
effluents of the urban WWTP as well as
in some river samples with values up to
126 and 53 ng LY respectively. This
fact demonstrates that, even though
use of nitromusks is prohibited in
cosmetics, they are still present in
products  and
therefore they can be found in

other  consumer
wastewaters and environmental
matrices.

Finally, it is worth mentioning that the
low levels of the compounds detected
in the analysed effluents of the RO
treatment plant (HHCB up to 1.45 ng

L") indicate that this kind of plants can
efficiently remove semi-volatile apolar
compounds from complex aqueous
matrices.

4. CONCLUSIONS

A method based on SBSE coupled with
a conventional TD-GC-MS system was
successfully developed for determining
9 synthetic musks in water samples.
The developed SBSE method can
efficiently trap and desorb these apolar
and semivolatile musks, providing
limits of quantification at low ng L™
levels. Furthermore, the limited

J. Chromatogr. A 1218 (2011) 156-161
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manipulation of the sample required in
this method implies a significant
decrease of the risk of external
contamination of the samples. The
technique was applied in real water
matrices, such as wastewater and river
water. The most abundant musk was
HHCB, with also considerable amounts
of AHTN, DPMI and AHMI. Although
nitromusks are prohibited in cosmetics,
musk moskene and musk ketone were
found both in the WWTP and in the
river samples.
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3.4.2. Simultaneous determination of preservatives and synthetic musks
in water samples by stir bar sorptive extraction and thermal
desorption-gas chromatography-mass spectrometry
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SIMULTANEOUS DETERMINATION OF PARABENS AND SYNTHETIC MUSKS IN WATER
SAMPLES BY STIR BAR SORPTIVE EXTRACTION AND THERMAL DESORPTION-GAS
CHROMATOGRAPHY-MASS SPECTROMETRY

Noelia Ramirez, Francesc Borrull, Rosa Maria Marcé
Department of Analytical Chemistry and Organic Chemistry
Universitat Rovira i Virgili, Marcel-li Domingo s/n
Sescelades Campus, Tarragona 43007, Spain

Abstract

This study focuses on a method for the simultaneous determination of 14 personal care
products - 6 polycyclic musks, 3 nitromusks and 5 parabens — and 1 polycyclic musk
degradation product — galaxolidone — in different water matrices. The method is based
on stir bar sorptive extraction followed by thermal desorption — gas chromatography —
mass spectrometry. Prior to extraction, the parabens were acetylated to improve their
affinity for the polydimethylsiloxane phase of the stir bar. The optimised acetylation
conditions allowed the parabens to be extracted efficiently without reducing the
recovery of the other target compounds. The method showed good linearity,
repeatability and reproducibility between days for all compounds and limits of
detection at low ng L™ levels (between 0.02 ng L™ and 0.3 ng L™"). The proposed method
is also environmentally-friendly, because it does not use organic solvents, and reduces
the risk of external pollution, due to the minimal manipulation of the sample required.
The method developed was successfully applied for the analysis of PCPs in different
kinds of water matrices: influents and effluents of urban and industrial waste water
treatment plants (WWTPs), effluents of a reverse osmosis treatment plant and river
waters. The influents of urban WWTP generally showed the highest values for synthetic
musk, with concentrations of up to 2219 ng L™ of galaxolide, whereas the highest
concentrations of parabens were detected in the industrial WWTP influents (i.e. 23,593
ng L? of propyl paraben). The most abundant compounds in the river waters were
methyl paraben, with values up to 42 ng L and galaxolidone, with up to 36 ng L™

Keywords: Stir bar sorptive extraction (SBSE); Thermal desorption-gas chromatography-
mass spectrometry (TD-GC-MS); Personal care products (PCPs); Derivatization; Water
samples.
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1. INTRODUCTION

Personal care products (PCPs) comprise
different groups of compounds that are
currently used as additives in cosmetic,
household, food and pharmaceutical
products, among others. In
years, several studies have demons-
trated the presence of PCPs in
environmental matrices, such as water,
sediments, biota and air [1-3]. These
compounds have been also found in
adipose human tissue, breast milk and
human blood [4-8]
considered

recent

and some are
disrupting
Because of their

endocrine -
[9,10].
adverse effects on health and their

chemicals

potential bioaccumulation, PCPs are
regarded as
contaminants [11,12]. The develop-
ment  of
simultaneously determining more than
one group of these contaminants and
their degradation products is
consequently of major interest.

Synthetic musk fragrances and paraben
preservatives (p - hydroxybenzoic
esters) are PCPs with widespread use
as additives in the majority of
consumer products. Since these
compounds enter the waste water due
to regular use, the main exposure
route into the environment is through

emerging  organic

accurate methods for

waste water effluents. Parabens are
relatively polar compounds that can be
effectively removed during conven-
[13-15].
However, synthetic musks are only
partially biodegradable and they are
not completely eliminated by waste

tional sewage treatments

Talanta (submitted)

water treatment plants (WWTPs) [16].
Removal from approximately 50 to
more than 90% in WWTPs has been
reported for synthetic musks, mainly
by means of their sorption onto sludge
particles [16,17]. In addition, some
degradation products of these PCPs
can also be formed during waste water
These
usually more

treatment. derivatives are
oxidized and less
lipophilic substances, which can be
easily found in aquatic environments.
The primary metabolite of the
polycyclic  musk galaxolide, the
galaxolidone, has been previously
identified in natural waters [1,17] and
in fish [18].

Most of the
developed for

synthetic musks or parabens in water

analytical methods

determining either
are based on solid-phase extraction
(SPE) liquid
chromatography [1, 19]. Nevertheless,
sorptive methods followed by thermal
desorption reduce the risk of
background contamination,
they avoid the use of organic solvents

followed by gas or

because

and require minimal manipulation of

the sample. Solid-phase  micro-
extraction (SPME) has been
successfully used to determine

synthetic musks [20-22] and parabens
[23,24]. However, few stir bar sorptive
(SBSE)
combination with thermal desorption

extraction methods in
for determining these compounds have
published [25-27]. Synthetic
musks are apolar compounds, which
present a high affinity for the
polydimethylsiloxane (PDMS) phase of

been
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the commercial stir bars. Indeed, a
recent study has
developed a SBSE method coupled with
a thermal desorption equipment for
determining 9 synthetic musks in water
samples [25]. However, parabens are
more polar analytes and their low
affinity for the PDMS phase implies low
recoveries  and
sensitivity [26]. Derivatization is a
valuable alternative for the extraction
of polar compounds because improves
extraction efficiency and peak shape in
GC analysis. The in situ acetylation of
the phenolic group is one of the most
frequently used
procedures because of the high
derivatization efficiency and the high
recovery of the phenol acetate
derivatives by the PDMS phase [23, 27-
29].

The aim of this study is therefore to
develop a method based on SBSE with
in situ acetylation followed by thermal
desorption — gas chromatography -
mass spectrometry (TD-GC-MS) for
simultaneously determining five
parabens, nine synthetic musks and
one musk degradation product in water
samples. After extraction, the stir bars
were placed in empty stainless steel
tubes and thermally desorbed in TD
equipment. The influence of the
acetylation conditions on the SBSE
efficiency of the all the target PCPs has
been studied in various kinds of waters.

successfully

therefore  poor

derivatization

The applicability of the method was
tested by analysing influent and
effluent samples from three industrial
and three urban WWTPs, effluent

PCPs in environmental waters

samples from a reverse osmosis plant
and three river waters. As far as we
know, this is the first time that an SBSE
extraction method has been used for
the simultaneous determination of
these analytes in water samples, and
the application of SBSE for the
simultaneous determination of water
contaminants in a wide range of
polarities is therefore demonstrated.

2. EXPERIMENTAL
2.1. Chemical standards

The six polycyclic musks 6,7-dihydro-
1,1,2,3,3-pentamethyl-4(5H)-indanone
(DPMI, cashmeran), 4-acetyl-1,1-
dimethyl-6-tert-butylindane (ADBI,
celestolide), 6-acetyl-1,1,2,3,3,5-hexa-
methylindane (AHMI, phantolide), 5-
acetyl-1,1,2,6-tetramethyl-3-isopropyl-
indane (ATIl, traseolide), 1,3,4,7,8-
hexahydro - 4, 6, 6, 7, 8, 8 -hexamethyl-
cyclopenta-(y)-2-benzopyran  (HHCB,
galaxolide) and 7-acetyl-1,1,3,4,4,6-
hexamethyl-1, 2, 3, 4 - tetrahydronaph-
thalene (AHTN, tonalide) were supplied
by Promochem |beria (Barcelona,
Spain). The nitro musk fragrances
2,4,6-trinitro-1,3-dimethyl-5-tert-butyl-
benzene (musk xylene), 1,1,3,3,5-
pentamethyl-4,6-dinitroindane  (musk
moskene) were purchased as 100 mg
L™ solutions in acetonitrile from Sigma-
Aldrich  (Steinheim, Germany) and
Riedel de Haén (Seelze, Germany)
respectively and 4-aceto-3,5-dimethyl-
2,6-dinitro-tert-butylbenzene (musk
ketone) from Fluka (Buchs,

Talanta (submitted)
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Switzerland). The
acid methyl ester (methyl paraben), 4-
hydroxybenzoic acid ethyl ester (ethyl
paraben), 4-hydroxybenzoic acid n-
propy! ester (propyl paraben) and 4-
hydroxybenzoic acid butyl ester (butyl
paraben) were purchased from Aldrich
and the 4-hydroxybenzoic acid i-propyl
ester (i-propyl paraben) was purchased
from Alfa Aesar (Karlsruhe, Germany).
The degradation product of the
galaxolide 1,3,4,6,7,8-hexahydro-4,6,6,
7,8,8-hexamethylcyclopenta-(y)-2-ben-
zopyran-1-one (HHCB-lactone, galaxo-
lidone) was kindly provided by IFF
(International Flavours and Fragrances,
Hilversum, Netherlands). Table 1
includes the formula name of the
target compounds and the logarithm of
the octanol-water (Kow)
predicted by the software SRC-
KowWIN (Syracuse Research Corp.,
Syracuse, New York, USA).

The acetylated methyl paraben (methyl
4-acetoxybenzoate, 99% purity) was

4-hydroxybenzoic

constant

supplied by Aldrich. The other
acetylated parabens, which are
unavailable commercially, were

prepared by adding 200 uL of acetic
anhydride and 5 pL pyridine (from
Sigma-Aldrich) to 1 mL of 500 mg L
standard solution of the parabens in
ethyl acetate (GC grade, SDS, Peypin,
France) and mixing the result in a
vortex for 10 min at
temperature [27]. The
efficiency of the derivatization was
approximately 96%.

The individual standard solutions of the

ambient
calculated

Talanta (submitted)

synthetic musks and the lactone were
prepared in acetone and the individual
standards of parabens and mixtures of
all target PCPs were prepared in
methanol. These solvents were GC
grade with >99.9% purity (from SDS).
Helium gas and nitrogen gas with
99.999% purity (Carburos Metdlicos,
Barcelona, Spain) were used for the
thermal desorption and chromato-
graphic analysis. Ultrapure water was
obtained using a
system

Purelab ultra
purification (Veolia
Barcelona, Spain). The acetic anhydride
for the paraben derivatization was
from Scharlau (Setmenat,
Spain) and the disodium hydrogen
phosphate and the sodium carbonate
from Panreac (Barcelona, Spain).

water,

Chemie

2.2. Sample collection

The method’s performance was tested
in several water types: the influent and
effluent of three urban WWTPs; the
effluent of a reverse osmosis plant (RO)
located after the secondary treatment
of one of the urban plants studied; the
influent and effluent of three industrial
WWTPs (one dedicated to toxic waste
disposal, recycling
industry and one  synthesizing
additives, emulsions and detergents);
and samples from three rivers: the
Ebro, the Llobregat and the Ter.

The water samples were collected in
glass bottles,
overnight with chromic mixture and
subsequently rinsed three times with

one to the oil

amber pre-cleaned
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Table 1. Formula name, retention times (tz), quantifier and qualifier ions, log Koy and SBSE theoretical

recoveries of the target PCPs.

t uantifier Theor.
Compound Formula name R Q ) Qualifiers Iogb c
(min) ion Kow  rec. (%)

Cashmeran 6,7-dihydro-1,1,2,3,3- 5.12 191 206 (60), 192 (14) 4.9 94
(DPMI) pentamethyl-4(5H)-indanone
Methyl paraben 4-hydroxybenzoic acid methyl 5.76 121 91(90), 152(80) 2.0 4.5
(MeP)? ester
Ethyl paraben 4-hydroxybenzoic acid ethyl ~ 6.57 121  166(70), 138 (40) 2.5 13
(EtP)? ester
i-Propyl 4-hydroxybenzoic acid i-propyl  6.85 121 138(80), 180 (50) 2.9 27
paraben ester
(i-PrP)°®
Celestolide 4-acetyl-1,1-dimethyl-6-tert-  7.84 229 244 (45),173(20) 6.6 100
(ADBI) butylindane
Propyl paraben  4-hydroxybenzoic acid propyl ~ 7.93 138 121 (80),180(25) 3.0 31
(PrP)? ester
Phantolide 6-acetyl-1,1,2,3,3,5- 8.75 229 244 (24),187 (10) 6.7 100
(AHMI) hexamethylindane
Butyl paraben 4-hydroxybenzoic acid butyl ~ 9.48 138 121(50), 194 (15) 3.5 58
(BuP)? ester
Traseolide 5-acetyl-1,1,2,6-tetramethyl-3- 10.02 215 258(15),173 (16) 6.7 100
(ATII isopropyl-indane
Galaxolide 1,3,4,7,8-hexahydro-4,6,6,7,8,8- 10.25 243 213 (15), 258 (10) 5.9 100
(HHCB) hexamethylcyclopenta-(y)-2-

benzopyran
Tonalide 7-acetyl-1,1,3,4,4,6- 1038 243 258(27.5),159 5.7 100
(AHTN) hexamethyl-1,2,3,4- (20)

tetrahydronaphthalene

Musk Xylene 2,4,6-trinitro-1,3-dimethyl-5- 11.22 282  283(15),297 (10) 4.8 93
(MX) tert-butylbenzene
Musk Moskene  1,1,3,3,5-pentamethyl-4,6-  11.26 263 264 (15),278 (10) 5.8 99
(MM) dinitroindan
Musk ketone 4-aceto-3,5-dimethyl-2,6- 12.83 279  294(20), 280 (15) 4.3 91
(MK) dinitro-tert-butylbenzene
Galaxolidone 1,3,4,6,7,8-hexahydro- 1443 257 258(20),272(10) 4.7 96

4,6,6,7,8,8-
hexamethylcyclopenta(y)-2-
benzopyran-1-one

(HHCB-lactone)

? Retention times, quantifier and qualifier ions of the acetylated derivative.
b log k,,, values predicted from SRC-KowWin software, except the value for HHCB-lactone (from X. Chen

et al. [38]).

“ Theoretical recoveries calculated for a 100 mL sample and a PDMS stir bar 20 mm long x 0.5 mm film

thickness .
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ultrapure water and HPLC grade
isopropanol. After collection, samples
were filtered using a 0.45 um nylon
filter (Whatman, Maidstone, UK),
stored at 4 °C and analysed within a
week.

2.3. Stir bar sorptive extraction

The extractions were performed with
PDMS coated stir bars (20 mm long x
0.5 mm film thickness with ca. 48 uL of
phase, from Gerstel (Milheim an der
Ruhr, Germany)). Before each use, the
stir bars were conditioned for 3 hours
at 300 °C in a flow of 100 mL min™ of
pure helium and stored in clean 2 mL
vials until use.

The acetylation of parabens was
carried out by adding 0.5 g of disodium
hydrogen phosphate and 100 pL of
acetic anhydride to 100 mL of sample.
A clean stir bar was then placed in the
vial containing the sample, and
immediately capped and stirred at 900
rom for 4 hours at room temperature.
RO effluent and river samples were
directly extracted, while the urban and
industrial WWTP influent and effluent
samples were diluted with ultrapure
water to a factor of 1 to 20 before
extraction to avoid memory effects in
the TD equipment and transfer lines of
less volatile compounds [30]. After the
extraction, the stir bars
magnetically removed,
ultrapure water, dried with a lint-free
tissue and placed inside a thermally
cleaned stainless-steel tube for thermal

were
rinsed with

Talanta (submitted)

desorption.

2.4. Thermal
analysis

desorption GC-MS

Thermal desorption was performed in a
Unity Thermal Desorption system
combined with an Ultra A autosampler
(both Markes
Limited, Llantrisant, UK). Stir bars were
placed in empty stainless steel tubes
for thermal desorption (9 cm long x
6.35 mm o.d. x 5 mm i.d., also from
Markes). Prior to the analysis, the
empty tubes were thermally cleaned at
300 °C for 15 min and then stored in
hermetic glass jars under nitrogen
atmosphere conditions. The stir bars
were purged with helium for 1 min at
room temperature before desorption.
The stir bar desorption process was
performed at 300 °C for 15 minutes
using helium carrier gas at 100 mL min
Lin splitless mode and trapping at 0 °C
in a Tenax TA trap. The trap was then
desorbed at 320 °C for 10 min with a
split of 5 mL min.

Separation and detection were
performed with a 6890N gas
chromatograph and 5973 inert mass
spectrometer (Agilent Technologies.
Palo Alto, CA, USA), using a Zebron ZB-
50 capillary column (30 m x 0.25 mm x
0.25 um) provided by Phenomenex (Le
Pecq Cedex, France). For the GC-MS
analysis, the helium carrier gas flow
was set at 2 mL min. The oven
temperature increased from 100 °C to
170 °C at 30 °C min™, then to 190 °C at

from International
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5 °C min™ and then to 290 °C at 15 °C
min™ and was held at this temperature
for 4 minutes.

The GC-MS interface was set at 290 °C.
The MS-detector acquired in the
selective ion monitoring mode (SIM)
operated at an electron impact energy
of 70 eV. Table 1 shows the retention
times and the quantifier and qualifier
ions used for the SIM detection.

3. RESULTS AND DISCUSSION
3.1. Method optimisation
3.1.1. Chromatographic conditions

The chromatographic separation of the
14 target PCPs (6 polycyclic musks, 3
nitro musks and the acetylated
derivatives of the 5 parabens) and the
HHCB-lactone was carried out in a
midpolarity phase capillary column
(50% diphenyl/50% dimethyl poly-
siloxane). This kind of coating allows
high column flow rates (2 mL min™ in
this study) without compromising the
resolution, and even leads to the
separation of the 4 HHCB
diastereoisomers [30].

The acetylated parabens showed much
more symmetrical chromatographic
peaks and slightly higher retention
times than the non-acetylated ones.
Under the conditions optimised in this
study (see section 2.4), the 15 analytes
were resolved in less than 15 min.

PCPs in environmental waters

3.1.2. Derivatization and stir bar
extraction

The SBSE efficiency mainly depends on
the amount of the PDMS phase, the
volume of the aqueous sample, the
sample conditions and the partitioning
coefficients of the compounds
between the PDMS phase and the
aqueous phase that are correlated with
the octanol-water distribution
coefficients (K,,) [31,32]. A recent
study showed that polycyclic musks can
almost be quantitatively recovered
using stir bars of 20 mm x 0.5 mm with
ca. 48 L of PDMS phase in 100 mL of
water samples [25]. However, since
PDMS is a non-polar liquid phase, polar
analytes with low K,,, values have very
low recoveries. As can be seen in Table
1, when using stir bars with 48 uL of
PDMS phase in 100 mL of aqueous
sample, theoretical recoveries of
parabens (log K,, between 2.0 and 3.5)
range from 4.5% to 58%, whereas
recoveries for polycyclic musks (log Koy
between 4.3 and 6.7) range from 91%
to 100%.The in situ derivatization of
parabens has consequently been
considered in order to improve their
recoveries in the PDMS phase.

Acetylation with acetic anhydride in
the presence of a base is one of the
most frequently used procedures for
phenolic compounds, and has been
successfully used for the acetylation of
parabens [23,27]. Preliminary experi-
ments were performed to check
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the suitability of the in situ acetylation
of parabens and the SBSE extraction of
the acetylated derivatives
taneously with the other target PCPs.
These experiments were performed
using 100 mL solutions of the target
PCPs at a concentration of 100 ng L% in
ultrapure water, with 20 mm x 0.5 mm
PDMS stir bars, stirred at 900 rpm for 3
hours at temperature. The
volume of the sample was fixed at 100
mL in order to obtain high sensitivity.
The optimal volume of acetic anhydride
was the first parameter studied.
Amounts ranging between 50 and
1,000 pL of the acetylating agent were
added to the solution in the presence
of 2.5 g L'* of sodium carbonate. The
highest peak areas for all paraben
acetates corresponded to the addition
of 100 pL of acetic anhydride. Larger
volumes of derivatizing agent provide
an acidic medium that is unfavourable
for the equilibrium of the acetylation
100 pL of
therefore

simul-

room

acetic
subse-

reaction [33].
anhydride
quently selected.

The kind of basic salt used in the
acetylation process was then selected.
Two basic salts, successfully used in
previous studies for the acetylation of
phenolic compounds [15,34], were
tested in additions of 1.0 to 10 g L™
sodium
hydrogen phosphate. In general, the
responses of the acetylated parabens
were higher when using the same
of NayHPO,
Na,COs, except for ethyl paraben for

were

carbonate and disodium

amount rather than
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which the response was slightly higher
with  Na,COs.  Furthermore, the
responses of synthetic musks were in
general higher  with Na,HPO,.
Regarding the amount of salt, in
general the responses of all acetylated
parabens increased with the amount of
Na,HPO,. Since additions of more than
5 g L' caused a precipitate in the
environmental samples, a
concentrationof 5 g L of Na,HPO, was
selected for this study.

Finally, the
temperature was checked. Despite high
temperatures leading to an
improvement in the acetylation
process, a previous study showed that
recoveries  of  synthetic  musks
decreased as temperatures increased
[25].0nly mild temperatures (room
temperature (ca. 20 °C), 30 °C and 40
°C) were therefore tested. Figure 1
shows the
temperature on the
acetylated
representative musks (DPMI, HHCB and
MK), which presented the
behaviour as the other musks and the

water

influence of the

influence  of the
responses of
parabens and three
same

galaxolidone. The best recoveries were
obtained at room temperature, either
for the acetylated parabens, the
synthetic musks or the galaxolidone,
except for the nitro musks MX and MK,
for which the recoveries were slightly
better at 40 °C. Room temperature was
therefore subsequently used for SBSE.

After the acetylation conditions were
established, the extraction time was
studied. Figure 2 shows the time
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profiles for the acetylated parabens hours was consequently selected in
and the three representative musks order to find the best compromise
(DPMI, HHCB and MK). In general, the between sample preparation time and
equilibrium was reached after between extraction efficiency.

4 and 5 hours. An extraction time of 4

2500000 -
m20°C
m30°C
2000000 -|
m40°C
3 1500000 -
[
[e]
o
(%]
[}
< 1000000 -
500000 -
0 4
MeP EtP i-PrP  PrP  BuP DPMI HHCB MK

Figure 1. Influence of the temperature in the responses of the acetylated
parabens and three representative musks (DPMI, HHCB and MK).
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Figure 2. Influence of extraction time in the analytes responses for the acetylated parabens
and the three representative musks (DPMI, HHCB and MK).
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3.1.3. Stir bar thermal desorption

Regarding the stir bar thermal
desorption optimisation, it should be
taken into account that the target PCPs
are semi-volatile compounds with
relatively high boiling points (between
265 and up to ca. 400 °C). A previous
study demonstrated that the maximum
recommended temperature (300 °C)
and flow rate (100 mL min™) applied
for 15 min were necessary to desorb
the synthetic musks from the PDMS
phase [25]. These conditions were
therefore applied in this study to
obtain quantitative recoveries of all
analytes. A suitable cryogenic trap
should be chosen to focus the analytes

after their stir bar desorption. A recent
study focused on determining 14 PCPs
in air [30] showed that Tenax TA is a
good trap sorbent which can either
retain the compounds or allow their
whole  desorption. During  the
desorption process, the Tenax TA
cryogenic trap was set at 0 °C for the
focusing of the analytes and then
desorbed at 320 °C for 10 min, with a
helium split flow of 5 mL min™. Under
these desorption conditions, all
analytes showed a carry-over of less
than 1% at the highest calibration level.
The final acetylation, SBSE and TD
conditions for the target PCPs are
summarised in Table 2.

Table 2. Optimised conditions for the in situ
acetylation and SBSE-TD.

Stir bar extraction

Sample volume 100 mL
Stirring speed 900 rpm
Temperature room temp.
Time 4 hours
Acetic anhydride 100 pL
Na,HPO, 05g

Stir bar thermal desorption
Temperature 300 °C
Time 15 min
Flow 100 mL min™
Trap temperature 0°C

Split splitless

In order to check the influence of the
acetylation in the SBSE process, the
signal obtained from the acetylated
parabens was compared with the
signals of the SBSE of non-acetylated
samples. The increase in the chroma-
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tographic signal ranged between ca.
2,000-fold higher for the acetylated
methyl paraben to 300,000-fold higher
for the acetylated butyl paraben
compared to the signal for the non-
acetylated parabens. Furthermore, the
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responses of the synthetic musks and
the HHCB-lactone were similar or
slightly higher than those obtained
under the same conditions without
adding the anhydride acetic and the
Na,HPO, [25].

3.1.4. Control of blanks

The extensive use of PCPs in a wide
range of consumer products means a
high risk of background contamination.
Despite the SBSE procedure reducing
this risk, special precautions were
taken throughout the analytical
procedure, such as overnight cleaning
of the glassware with chromic mixture.
Despite these precautions, HHCB
signals corresponding to 0.010+0.007
ng (n=5) were found in blanks of 100
mL of ultrapure water. Moreover,
synthetic musks are semi-volatile
compounds that can cause memory
effects in the TD equipment and
transfer lines [30]. To avoid this, the
higher calibration level for these
compounds was fixed at 20 ng per
sample and the influent and effluent
WWTP samples were diluted to a
factor of 1 to 20 before the extraction.
In the case of the acetylated parabens,
no memory effects were observed until
150 ng of each paraben per sample.

3.2. Method validation

The linear range of the optimised in
situ acetylation SBSE-TD-GC-MS
method was tested by spiking different
amounts of the standards in 100 mL of

PCPs in environmental waters

ultrapure water and in each kind of
sample, prepared as described in
section 2.3. Linearity was good for all
target PCPs in the interval studied
(ranging between the limit of
guantification of each compound (see
Table 3) and 200 ng L™ for the musks
and 1500 ng L for the acetylated
parabens) with coefficient of
determination (rz) values higher than
0.999 for synthetic musks and 0.996 for
parabens. Recoveries of the target
PCPs were calculated by comparing the
peak areas obtained with water spiked
at two calibration levels (1 and 100 ng
L'l) with the calibration curve obtained
by spiking the standards of the musks,
the galaxolidone and the acetylated
parabens in a tube filled with thermally
cleaned deactivated glass wool. As
shown in Table 3, the recoveries in
ultrapure water were similar for both
levels and were higher than 80% for all
the target PCPs, except for the
acetylated methyl paraben with values
ca. 50%. Recoveries in the spiked real
waters were similar to those obtained
in ultrapure water (i.e. from 49% to
103% in urban WWTP influent diluted
in a factor of 1 to 20, and from 50% to
99% in river waters).

Repeatability was checked by analysing
five replicates of water spiked with the
target PCPs on the same day, at a low
and a midpoint calibration level (1 ng L
! and 100 ng L%). The values in
ultrapure water ranged from 4 % RSD
for MM to 13 % for the acetylated MeP
at the low level, and from 2 % for MK
and HHCB-lactone to 10 % for the
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Table 3. Method parameters of spiked ultrapure water: experimental recovery (%, n=3), repeatability
and reproducibility between days (%RSD, n=5), and method detection limit (MDL) and

quantification limit (MQL), expressed in ng L™

Recovery Repeatability Reproducibility
bcp (%, n=3)) (%RSD, n=5) (%RSD, n=5) MDL maL

1 100 1 100 1 100 (ngl") (ngL™)

ng L? ng Lt ng L? ng Lt ng L? ng L?

DPMI 85 82 10 4 15 6 0.1 0.3
MeP ® 47 50 13 10 14 12 0.3 1
EtP® 83 82 8 8 0.17 0.5
i-Prp® 86 86 6 6 0.03 0.1
ADBI 93 91 10 4 12 7 0.08 0.24
Prp° 95 91 7 8 0.2 0.5
AHMI 95 92 4 6 0.02 0.1
BuP*® 102 100 3 3 0.03 0.1
ATII 92 89 10 4 12 5 0.1 0.3
HHCB 92 87 10 8 12 7 0.2 0.5
AHTN 91 88 8 4 8 5 0.03 0.1
MX 85 95 10 3 10 3 0.03 0.1
MM 88 89 4 3 4 0.03 0.1
MK 99 100 2 2 0.03 0.1
:l ':tCOBn'e 95 94 6 2 6 2 0.03 0.08

? Method parameters of the acetylated derivative.

acetylated MeP at the midpoint level
(see Table 3). Likewise, reproducibility
was checked by
replicates in different days. The values
for reproducibility between days
ranged between 4 % for MM and 15%
for DPMI and from 2% for HHCB-
lactone to 12% for the acetylated MeP,
at the
respectively.

Repeatability reproducibility
between days in the spiked real waters
those found

analysing five

low and midpoint levels

and

were similar to in
ultrapure water and ranged from 5% to
16% (results not shown). In order to

evaluate a possible matrix effect, the
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various real samples were also spiked
at two different concentration levels (1
ng L™ and 100 ng L"). For both levels,
the calculated concentrations of the
target PCPs acceptable
agreement with those obtained with
ultrapure water, taking into account
the repeatability of the method used.
Quantification of the samples was
therefore performed by
calibration using the calibration curves
obtained by spiking the standards in
ultrapure water.

The limits of detection (MDL) were
calculated the
corresponding to three times the noise

were in

external

as concentration
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signal of the target ion of each
compound, except for HHCB which was
present in the blanks of the ultrapure
water. For HHCB, the MDL was
determined as the average of the blank
signal of the target ion plus three times
the standard deviation of the signal
(n=5). The MDLs ranged from 0.02 ng L’
! for AHMI to 0.3 ng L™ for HHCB. The
limit of quantification (MQL), which
was fixed as the lowest calibration level
of each compound, ranged from 0.08
ng L™ for the HHCB-lactone to 0.5 ng L™
for HHCB. These values were also valid
for the real waters. Interestingly, the
MDLs for the acetylated parabens
ranged from 0.03 ng L* to 0.2 ng L*
and the MQLs from 0.1 ng L™ to 1 ng
L

These values are much lower than
those found in a previous SBSE study
without derivatization (MDLs from
0.015 to 0.02 pg mL?, [26]) and even

PCPs in environmental waters

lower than those published with
derivatization (MDLs from 0.64 ng L™ to
1.86 ng L™ [27]).

3.3. Analysis of water samples

The SBSE-TD-GC-MS method with the
derivatization of parabens was used to
determine the presence of the 14 PCPs
and the HHCB-lactone in the different
kinds of aqueous matrices (influent and
effluent of urban WWTP, influent and
effluent of industrial WWTP, effluent of
a RO treatment plant and river water).
In order to obtain more represent-
tative values, three different samples
of each matrix were selected for the
study and were analysed in triplicate.
Fig. 3 shows the SIM chromatogram of
an urban WWTP effluent (diluted in a
factor of 1 to 20, Fig. 3A) and for river
water (Fig. 3B) indicating the target
PCPs found in these samples.

3-10° 1
2:10°
8 HHCB-lactone
c
K N\
c
>
2
1-105
MK
|
—————— ; e S5 e R
6.00 8.00 10.00 12.00 14.00
Time (min)

Figure 3A. Chromatogram of the effluent of an urban WWTP diluted to a factor of 1 to 20. The
peaks of the found acetylated parabens, synthetic musks and HHCB-lactone are

indicated.
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Figure 3B. Chromatogram of one river water. The peaks of the found acetylated parabens,
synthetic musks and HHCB-lactone are indicated.

Table 4 summarises the concentrations
of the target PCPs detected in each
kind of water. As expected, the
influents of the WWTPs showed the
highest values. For the industrial
WWTPs the highest concentrations
were found in the disposal of toxic
waste, followed by the additive,
emulsion and detergent industry
(individual results not shown). Because
of its activity, the oil recycling industry
presented low values. The effluents
from the RO plant located after the
secondary treatment of one of the
urban WWTP showed the lowest PCP
higher in industrial WWTPs (up to
1232 ng L in the influents and 137 ng
L™ in the effluents).The values of AHTN
and MX were also considerable (up to
264 ng L and 84 ng L™ in urban
WWTPs effluents, respectively). MM
was not detected in any sample, which
was consistent with the prohibition of
their use in cosmetics in European
countries [35]. The musk values
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concentrations. These low concen-
trations indicate that RO plants can
efficiently remove semi-volatile apolar
compounds from aqueous matrices. As
for river waters, the Ebro river
generally showed the lowest PCP
values, followed by the Ter and
Llobregat rivers.

As regards the individual concen-
trations of PCPs, HHCB was the most
abundant polycyclic musk in urban
WWTPs and river waters, with values
up to 2219 ng L™ and 954 ng L in the
influent and the effluent of urban
WWTPs, respectively, while DPMI was
obtained in this study were similar to
those found in previous studies [21,
36].

The degradation product HHCB-lactone
was detected in all the samples, except
in the effluents of the RO WWTP, in
concentrations ranging between 10 ng
L™ in river water and 690 ng L' in
influent of urban WWTP. It has been
reported that HHCB-lactone can be
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Table 4. Concentrations of the target PCPs found in the water samples, expressed in ng L™

Urban WWTP Industrial WWTP
Compound River
Influent Effluent Effluent RO Influent Effluent
DPMI n.d.-112 n.d.-82 n.d.-0.3 n.d.-1232 n.d.-137 n.d.-3.0
MeP n.d.-696 n.d.-5.9 n.d. n.d.-14243 n.d.-328 n.d.-42
EtP n.d.-48 n.d. n.d. n.d.-5927 n.d.-5.9 n.d.-1.1
i-PrP n.d. n.d. n.d. n.d. n.d. n.d.
ADBI n.d.-32 n.d.-25 n.d.-1.3 1.79-26 n.d.-12 n.d.
Prp n.d.-5.3 n.d. n.d. n.d.-23593 n.d.-15 n.d.-2.5
AHMI n.d.-31 n.d.-11 n.d.-1.0 n.d.-13 n.d. n.d.
BuP 20.1-52 n.d.-56 n.d. n.d.-681 n.d.-42 n.d.
ATII n.d.-27 n.d. n.d. n.d.-10 n.d. n.d.
HHCB 360-2219 288-954 <MQL-1.0 n.d.-57 n.d.-64 3.1-16
AHTN 19-264 25-28 0.2-0.3 14-21 5.7-20 0.9-2.0
MX 45-232 40-96 0.3-1.1 n.d.-20 n.d. 0.6-0.9
MM n.d. n.d. n.d. n.d. n.d. n.d.
MK n.d.-84 n.d.-20 n.d. n.d.-19 n.d. 3.6-7.2
HHCB-lactone 142-690 120-532 n.d. n.d.-153 n.d.-143 10-36

n.d., values under the method detection limit of each kind of sample.
<MQL, values under the method quantification limit of each kind of sample.

produced in waste water biological
treatments [3, 17, 37]. However, in this
study there was no clear evidence of
this, because the HHCB-lactone/HHCB
ratios calculated were similar in
influents and effluents of urban
WWTPs, but higher in effluents than in
influents  of WWTPs.
Furthermore, in the river samples the
concentrations of HHCB-lactone were
from 2 to 3.5-fold higher than the
corresponding HHCB values. These

results are consistent with those found

industrial

in a previous study, which determined
the transformations of HHCB in HHCB-
lactone in the Ruhr river in Germany
[17].

Finally, the presence of parabens was
especially important in the influent of
the disposal of toxic waste industry. In
general, the most abundant parabens

were PrP and MeP with values of up to
23593 ng L" and 14243 ng L' in
influents and effluents of the industry
mentioned above, respectively. The
large quantities of these parabens in
the water samples can be explained by
the synergic effect
obtained when the two compounds are
used together [1]. The removal rates of
parabens found in this study were
higher than 90 % in both the urban and
industrial WWTPs, which is consistent
with those found in previous studies
[13, 14, 19].

preservative

4. CONCLUSIONS

An SBSE method followed by TD-GC-MS
has been successfully developed for
the simultaneous determination of 14
PCPs - 6 polycyclic musks, 3 nitromusks
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and 5 parabens - and 1 polycyclic musk
degradation product in water samples.
The acetylation of the parabens prior
to SBSE increased the affinity of these
polar compounds for the PDMS phase
without decreasing the recoveries of
the other target PCPs. To our
knowledge, this method provides the
lowest limits of detection for the
determination of parabens in water
matrices. Furthermore, the minimal
manipulation of the sample required
minimises the risk of background
contamination, which is one of the
main drawbacks when determining
PCPs.

The proposed method was successfully
applied for the analysis of WWTP
waters and river waters. The most
abundant polycyclic musk was HHCB
and the most abundant parabens were
methyl and propyl paraben. The
presence of the degradation product
HHCB-lactone was also important,
especially in urban WWTPs.

This study has therefore demonstrated
the applicability of SBSE for the
simultaneous determination of water
contaminants in a wide range of
polarities.
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The results presented in this section demonstrate that SBSE followed by TD-GC-MS
determination is a reliable alternative to more conventional analytical methods for
determining PCPs of different polarities in water samples.

As previously discussed, because of the ubiquitous presence of PCPs in the
environment, one of the main challenges of their determination is avoiding the risk of
background contamination. The developed SBSE-TD-GC-MS methods minimise the risk
of external contamination because stir bars are thermally desorbed directly after the
SBSE process. Nevertheless, further precautions were taken as seen in the studies, such
as the overnight cleaning of the glassware using a chromic mixture and the subsequent
accurate rinse off with ultrapure water and isopropanol of HPLC grade. Despite these
precautions, galaxolide signals were found in the blanks (0.010£0.007 ng) and were
taken into account when calculating the LODs. Moreover, since Markes™ TD equipment
was used in both methods for the stir bar desorption, memory effects could be
observed in the equipment interfaces during the TD of semi-volatile compounds (see
section 3.3.2, and Figure 1.18 in the introduction). For both methods developed here,
the maximum calibration levels were fixed to 20 ng for synthetic musks and
galaxolidone and 150 ng for parabens to avoid memory effects. Furthermore, because
of the high concentrations of PCPs expected in WWTP influent and effluents, these
samples were diluted to a factor of 1 to 20 prior to SBSE. The dilution of these
concentrated samples also avoided possible matrix effects found in similar methods [1].
The samples from rivers and from the effluent of the reverse osmosis plant presented
low concentrations of the target PCPs and, therefore, were directly extracted without
dilution.

In order to enhance sensitivity in both studies, the sample volume was fixed to 100 mL
and the stir bar size to 20 mm length x 0.5 mm film thickness with approximately 48 uL
of PDMS phase. These conditions theoretically provide recoveries for the synthetic
musks and the galaxolidone higher than 90%. The stirring rate was also fixed at a
medium level (900 rpm) so that stir bar lifetimes were not reduced. In addition, other
SBSE parameters were optimised. In the study that focus on the determination of
synthetic musks, generally, best SBSE efficiencies for the target musks were obtained
from 4 hours of extraction time at neutral pH and room temperature, without the
addition of a salt or organic modifier. For the TD conditions of the stir bar desorption,
the maximum recommended desorption temperature (300 °C) and the maximum
helium flow (100 mL min'l) applied for 15 minutes were necessary to obtain the
quantitative recovery of the analytes. The kind of sorbent for the cryogenic trap and the
trap desorption conditions were optimised for the determination of PCPs in air, as
mentioned in section 3.3, and were applied for the target compounds of these studies.
The chromatographic conditions were also previously optimised, as seen in section 3.3.
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The method developed showed recoveries higher than 82%, RSD lower than 15% and
LODs ranging from 0.02 to 0.3 ng L™. These are lower than those obtained by SBSE
followed by LD [2] and among the lowest LODs found in the recent literature for these
musks [3-5].

For the simultaneous determination of the parabens and synthetic musks, not only
were the optimal acetylation conditions of parabens studied, but also their influence on
the extraction of the non-derivatized PCPs (synthetic musks and galaxolidone). The
results of this study showed that under the optimised conditions (acetylation with 100
puL of acetic anhydride and 5 g L' of Na,HPO, and 4 h of SBSE extraction), the
chromatographic signals of the parabens were 2000 to 300,000 times higher than the
signals from the non-acetylated ones. Furthermore, no decreases in the affinity of the
synthetic musks were observed under the acetylation conditions. Recoveries were
higher than 82% for the parabens, except for the methyl parabens, whose recovery was
ca. 50%. This enhancement in the SBSE recoveries provides LODs lower than 0.3 ng L?
for the target parabens. As mentioned in the paper, these are - to our knowledge - the
lowest LODs for parabens with SBSE methods found in the literature [1,6]. This study
also demonstrated that the recoveries of synthetic musks were not significantly affected
by the presence of the derivatizing agents, so SBSE can be used for the simultaneous
determination of organic contaminants with a wide range of polarities.

In a similar way to the air samples mentioned before, the most abundant synthetic
musk in the samples was galaxolide, which was to be expected because of its high use in
household products. They were also considerable amounts of tonalide and musk xylene
in urban WWTPs, and of cashmeran in industrial WWTPs. Accordingly with the results
found in air matrices (see section 3.3), musk moskene was not detected in any of the
water samples. This concurs with the prohibition of its use in cosmetics in Europe [7].
The degradation product galaxolidone was found in most of the water samples.
Although galaxolidone is reported to be produced during conventional waste water
treatments, there was no clear evidence of this in our study and further investigation is
needed. The highest levels of parabens found in industrial WWTPs were n-propyl and
methyl paraben. These higher values concur with the synergistic antimicrobial effect
when both parabens are used together. Regarding the efficiencies of the urban and
industrial WWTPs in our study, removal efficiencies of the polar parabens are higher
than those observed for the apolar musks, which concurs with previous reported
literature [8,9]. However, the low levels of PCPs obtained after the RO treatment could
indicate the high removal efficiency of these waste water treatments. Finally, the target
PCPs were also found in the river waters with values up to 16 ng L™ for galaxolide and
36 ng L™ for galaxolidone. The concentrations of this degradation product of ca. 20 ng L’
Lin river waters have previously been reported [10]. The presence of the target PCPs in
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the river waters emphasises the need for further investigation into waste water

treatments and their ability to efficiently remove these compounds and so reduce the

main pathway of PCPs into the environment.
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3.5. Emerging organic contaminants in house dust
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In the previous sections, the ubiquitous presence of VOCs, PAHs and EOCs, such as
PCPs, in outdoor and indoor air, particulate matter and water samples has been
demonstrated. As mentioned in the introduction, the atmosphere is considered the
main long-range transport medium for some contaminants and settled indoor dust acts
as a sink and repository of semi-volatile contaminants. Therefore, the determination of
organic contaminants bound to indoor dust is an issue of growing interest because of
human health concerns. Numerous persistent organic pollutants have already been
found in indoor dust, such as PAH [1] brominated diphenyl ethers [2], phthalates [3],
perfluorinated sulphonamides [4] and dioxins [5], among others. Therefore, the
determination of the contaminants in settled indoor dust is considered an indication of
indoor pollution and is currently an important source of information when drawing up
human exposure assessments [6,7]. This exposure to indoor dust is especially relevant
for children because their daily ingestion of dust is estimated to be 100 mg [8].

Because of the relevance of the characterisation of the organic contaminants present in
indoor dust, several studies have focused on the development of analytical methods for
determining contaminants in dust. Because of the complexity of house dust, which is an
heterogeneous matrix composed of a wide range of inorganic and organic materials,
exhaustive sample preparation techniques are required for the sensitive and selective
determination of the target organic contaminants. Most of the methods found in the
literature are based on microwave assisted extraction (MAE) [9] and pressurised liquid
extraction (PLE) [10]. PLE is rapid and efficient and reduces the consumption of organic
solvents in comparison with more classic extraction methods. Moreover PLE has some
advantages over MAE extraction, such as the fact that the extracts are already filtered
after the PLE process. Therefore, the two methods presented in this section are based
on PLE. After PLE, a clean-up step is usually needed prior to GC-MS analysis in order to
eliminate co-extraction chemicals that can interfere in the analysis. The addition of a
clean-up step is time-consuming and increases the risk of background contamination
and losses of the target analytes. To overcome this, the two PLE methods presented
here develop different strategies to enhance the selectivity of house dust extraction.

The studies presented in this section focus on the determination of different organic
contaminants in settled dust. Following the research line started in our previous studies,
the first article of this section is focused on the determination of parabens, which are
considered endocrine-disrupting chemicals (EDCs) because of their known endocrine
activity [11]. As mentioned in the introduction, parabens are preservatives used in a
wide range of consumer products, such as pharmaceuticals, cosmetics and food, and
previous studies have demonstrated their presence in indoor dust [12-14].
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Although most PLE methods use organic solvents, some applications using water as a
solvent can be found in recent literature [15]. Pressurised water extraction (PHWE) is an
environmentally-friendly method that avoids the use of organic solvents. Since polarity
of water decreases at high temperature and pressure, PHWE can efficiently extract
organic contaminants in a wide range of polarities from solid samples [16,17]. PHWE
has been applied for the extraction of a wide range of organic contaminants, such as
amines or PAHs among others [15], from solid matrices, such as sludge and soils.
However, to our knowledge, the study presented here is the first application of PHWE
for the extraction of parabens and the first time it has been applied to indoor dust
samples. After PHWE, the analytes should be extracted from the water. Because of the
success obtained in the determination of parabens from aqueous samples by
derivatization and SBSE, we were encouraged to apply SBSE after PHWE. Therefore, this
study is focused on the development of a PHWE method for determining parabens in
house dust followed by the in situ derivatization and SBSE and the direct TD-GC-MS
analysis. The influence on the extraction efficiency of the main parameters (extraction
time, temperature, number of cycles) has been studied using design of experiment
strategies.

In the second study presented here, we have focused on the determination of organic
nitrogen contaminants related to tobacco smoke, which is one of the most important
sources of indoor pollution. As mentioned in the introduction, nicotine is the most
abundant organic compound emitted from tobacco. Nicotine can be oxidised and form
tobacco-specific nitrosamines (TSNAs) which are considered to be one of the most
carcinogenic chemicals formed during the burning of tobacco [18]. Furthermore, the
formation of some volatile genotoxic and carcinogenic N-nitrosamines has also been
related to second hand smoke [19,20]. Although these compounds have been
determined in tobacco smoke [21], as far as we know, the study presented here
represents the first time that they have been determined in house dust.

In this study, a different clean-up strategy based on in-cell clean-up PLE was developed
for the selective determination of 9 volatile N-nitrosamines, nicotine and 5 TSNAs in
smoking and non-smoking house dust. To that end, the performance of 4 different
active sorbents (alumina, Cig, Florisil and silica) and 4 different organic solvents
(acetone, dichloromethane, ethyl acetate and methanol) was tested. Once these
parameters were fixed, the PLE conditions were optimised using a multifactorial design
of experiments. The PLE optimisation was performed using a GC-MS system. For the
determination and quantification of the analytes in the samples, comprehensive GC
(GCxGC) followed by nitrogen chemiluminiscence detection (NCD) was used. GCxGC
allows higher peak resolution and separation power than one dimensional GC and the
NCD detector, specific for organic nitrogen compounds, has demonstrated high
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sensitivity for N-nitrosamines [22]. Therefore, these both techniques are very suitable
for the determination of organic nitrogen contaminants from complex samples, such as
indoor dust.

In both studies, the optimised methods were applied for the determination of the
target compounds in different house dust samples. A paper with the results obtained
from the first study has been accepted for publication in Journal of Chromatography A.
A paper with the results of the second study have been submitted for publication to
Environmental Science & Technology. The second study was developed in collaboration
with the Analytical, Environmental and Atmospheric Chemistry Group of the
Department of Chemistry of the University of York.
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3.5.1. Determination of parabens in house dust by pressurised hot
water extraction followed by stir bar sorptive extraction and
thermal desorption-gas chromatography-mass spectrometry
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DETERMINATION OF PARABENS IN HOUSE DUST BY PRESSURISED HOT WATER
EXTRACTION FOLLOWED BY STIR BAR SORPTIVE EXTRACTION AND THERMAL
DESORPTION-GAS CHROMATOGRAPHY-MASS SPECTROMETRY

Noelia Ramirez, Rosa Maria Marcé, Francesc Borrull
Department of Analytical Chemistry and Organic Chemistry
Universitat Rovira i Virgili, Marcel-li Domingo s/n
Sescelades Campus, Tarragona 43007, Spain

Abstract

This study describes the development of a new method for determining p-
hydroxybenzoic esters (parabens) in house dust. This optimised method was based on
the pressurised hot water extraction (PHWE) of house dust, followed by the acetylation
of the extracted parabens, stir bar sorptive extraction (SBSE) with a
polydimethylsiloxane stir bar, and finally analysis using thermal desorption — gas
chromatography — mass spectrometry (TD-GC-MS). The combination of SBSE after
PHWE allows the analytes to be preconcentrated and extracted from the aqueous
extract in a single step with minimal manipulation of the sample. Furthermore the in
situ acetylation of parabens prior to SBSE improved their extraction efficiency and their
GC-MS signal. The method showed recoveries of between 40 and 80%, good linearity,
repeatability and reproducibility (< 10% RSD, at 100 ng g'l, n=5), low limits of detection
(from 1.0 ng g™ for propyl paraben to 2.1 ng g* for methyl paraben) and quantification
(from 3.3 ng g* for propyl paraben to 8.5 ng g”* for methyl paraben).

The proposed method was applied to the analysis of house dust samples. All the target
parabens were found in the samples. Methyl and propyl parabens were the most
abundant, with concentrations up to 2440 ng g'1 and 910 ng g’l, respectively. The high
levels of parabens found in the samples confirm the importance of determining organic
contaminants in indoor environments

Keywords: Pressurised hot water extraction (PHWE); Stir bar sorptive extraction (SBSE);
Thermal desorption (TD); Gas chromatography-mass spectrometry (GC-MS); p-
hydroxybenzoic esters (parabens); House dust

1. INTRODUCTION contaminants bound to indoor dust are

more persistent than those bound to
Numerous studies have demonstrated outdoor airborne particles because
that indoor air (both gas and particle they are better protected from biotic
phases) contains a wide spectrum of and abiotic degradation and
organic pollutants in high accumulate over time. Consequently,
concentrations  [1,2].  Furthermore, contaminants bound to indoor dust

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)
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have a higher exposure potential [3]
and this exposure is of particular
importance regarding younger children,
because of the ways they behave and
because they tend to spend longer
times in indoor environments. Indeed
the main exposure
pollutants for children is the ingestion
of dust: the average
ingestion of dust is estimated to be 100
mg per day, more than twice that of
adults [1].

House dust is a heterogeneous complex
matrix, composed of inorganic and
organic materials such as skin tissues,
hair fibres, mites and particulate matter
emanating from carpets and furniture.
Several studies have demonstrated the
occurrence of a large number of toxic
pollutants including
metals such as lead, polycyclic aromatic
hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), phthalates, and other
persistent pollutants [4-7]. Recently,
some studies have also detected the
presence of personal care products
(PCPs) in house dust, such as p-
hydroxybenzoic esters (parabens) [8-
10] and synthetic musk fragrances [11,
12]. Parabens are the most common
preservatives and antimicrobial agents
used in personal care, pharmaceutical
and food products. These compounds
are considered endocrine disrupting
chemicals (EDCs),
endocrine activity [13,14], and have
been tissues,
including breast [15,16].
However, there is little information
about their absorption into the human

route to toxic

infant’s daily

in house dust

because of their

detected in human

tumours

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)

body through the skin or the
respiratory system. Therefore,
developing reliable methods for

determining parabens in house dust
should be a major concern.

Because of the complexity of house
dust, the selective determination of a
specific group of organic pollutants
usually involves a multi-step process
that generally consists of an extraction
procedure followed by clean-up and
preconcentration steps prior to the GC
analysis. Most of the
methods used for house dust employ
organic solvents to extract the analytes
either by Soxhlet extraction [8,17,18],
ultrasound-assisted extraction [19, 20],
pressurised liquid extraction (PLE) [9,

extraction

11,21,22] or microwave assisted
solvent extraction (MASE) [12,23].
Pressurised hot water extraction

(PHWE), which is an environmentally
friendly method that reduces the usage
of organic solvents, might be a good
alternative to
extraction methods. Since the polarity
of water decreases at  high
temperatures under pressure, PHWE
can selectively extract a wide range of
medium to low polarity analytes [24].
PHWE has been successfully applied to
the extraction of a wide range of
organic pollutants such as amines,
aromatic  polycyclic  hydrocarbons
(PAHs) and pesticides among others
from different solid matrices [25-28].
However, as far as we know, this
process has not yet been used for the
extraction of organic pollutants from
house dust.

more conventional
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After the PHWE, the aqueous extract
requires a preconcentration and further
extraction step, which can be done
through liquid-liquid extraction (LLE)
[29], solid-phase extraction (SPE) [25],
solid-phase micro extraction (SPME)
[27,30,31] or stir bar sorptive extraction
(SBSE) [26], etc. SBSE is a powerful and
sensitive solventless technique which
can extract and preconcentrate the
analytes from the PHWE extract in one
step. However, given that parabens are
quite polar compounds with a low
affinity with the polydimethylsiloxane
(PDMS) phase of commercial stir bars, a
derivatization step such as the
acetylation of the phenolic group with
acetic anhydride in basic medium
should be carried out prior to the
extraction to enhance recoveries [32].

Therefore, the aim of this study is to
develop a method for determining
parabens in house dust that uses PHWE
followed by the in situ acetylation of
parabens with SBSE extraction and
thermal desorption - gas
chromatography — mass spectrometry
(TD-GC-MS) analysis. To the best of our
knowledge, this study represents the
first time that PHWE extraction is
applied to both the extraction of
organic pollutants from house dust and
the extraction of parabens from a solid
matrix. The method described here is
environmentally friendly because it
uses water as the extraction solvent.
This eliminates the risk of external
contamination because only minimal
manipulation of the sample is required.
The method is also more sensitive in

EOCs in house dust

that it analyzes all of the extracted
parabens. The method was tested to
see if it could determine five parabens
in several house dust samples.

2.1. EXPERIMENTAL
2.1. Chemical standards

The target parabens 4-hydroxybenzoic
acid methyl ester (methyl paraben), 4-
hydroxybenzoic acid ethyl ester (ethyl
paraben), 4-hydroxybenzoic acid n-
propyl ester (propyl paraben), and 4-
hydroxybenzoic acid butyl ester (butyl
paraben) were supplied by Aldrich
(Steinheim, Germany) and the 4-
hydroxybenzoic acid i-propyl ester (i-
propyl paraben) was purchased from
Alfa Aesar (Karlsruhe, Germany).

The acetylated methyl paraben (methyl
4-acetoxybenzoate, 99% purity) was
supplied by Aldrich. The remaining
acetylated parabens,
commercially, were prepared by adding
200 pL of acetic anhydride and 5 pL
pyridine to 1 mL of 500 mg L™ standard
solution of the parabens in ethyl
acetate and mixing this in a vortex for
10 min at ambient temperature [32].
The calculated efficiency of the
derivatization was ca. 96%.

unavailable

The individual standard solutions of
parabens and the mixtures were
prepared in methanol (GC grade with
>99.9% purity, SDS, Peypin, France).
Other solvents used in the optimisation
of the method (acetone and
acetonitrile) were also GC grade from
SDS. Helium gas and nitrogen gas with
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99.999% purity (Carburos Metalicos,
Barcelona, Spain) were used for the
thermal desorption and
chromatographic analysis. Ultrapure
water was obtained using a Purelab
ultrapurification system (Veolia water,
Barcelona, Spain). Sigma-Aldrich
supplied Hyflo Super Cel diatomaceous
earth for filling the extraction cells of
the pressurised liquid extraction
equipment. The acetic anhydride for
the paraben derivatization was from
Scharlau Chemie (Setmenat, Spain) and
the disodium hydrogen phosphate from
Panreac (Barcelona, Spain).

2.2. Sample collection and preparation

House dust was collected from

conventional vacuum cleaners that
were in regular use in private homes.
The dust was then sieved with a
stainless steel sieve and a fraction
under 100 um was stored in amber
glass vials and kept at 4 °C until
analysis.

The method was optimized and
validated with spiked samples of
pooled house dust. Spiked samples
were prepared by adding different
volumes of the standard solution of the
target parabens to acetone, always
making sure that enough solution was
added to cover the entire sample. The
mixture was accurately homogenised
and kept in a cupboard funnel at room
temperature until
completely evaporated and then aged

the solvent had

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)

for at least one week. It was then
stored in amber glass vials at 4 °C
before being extracted.

2.3. Pressurised Hot Water Extraction
and Stir Bar Sorptive Extraction

PHWE was performed using an ASE 200
Accelerated Solvent Extraction system
(Dionex, Sunnyvale, CA, USA) in 11 mL
stainless steel extraction cells. Under
the optimised conditions, 100 mg of
sieved house dust were dispersed in a
mortar with 1 g of diatomaceous earth.
Next, the extraction cells were filled
with two cellulose filters placed at the
bottom of the cell, followed by 1 g of
diatomaceous earth, the dispersed
sample, and then more diatomaceous
earth until the cell was full. Extraction
began with a preheating step of 5 min,
followed by a 5 min static period at 80
°C and a pressure of 1500 psi. The
extraction process was performed in 4
cycles with a flush volume of 100% and
a purge time of 120 s. Diatomaceous
earth was previously conditioned at
400 °C in a muffle for 6 hours and then
kept in a desiccator.

Prior to the SBSE process, the aqueous
extracts from the PHWE (ca. 25-35 mL)
were filtered under vacuum using 45
pm nylon filters (Whatman, Maidstone,
UK), increased to 100 mL with ultrapure
water and placed into vials. Next, 0.5 g
of Na,HPO, and 1000 pL of acetic
anhydride were added for the in situ
acetylation of the parabens. A clean stir
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bar was then placed in the vial
containing the sample and the vial was
immediately capped and stirred at 900
rom for 4 hours at room temperature.
After extraction, the stir bars were
magnetically removed, rinsed with
ultrapure water, dried with a lint-free
tissue and placed inside a thermally
cleaned stainless-steel tube for the
thermal desorption.

SBSE extraction of the target parabens
was carried out with PDMS coated stir
bars (20 mm length x 0.5 mm film
thickness with ca. 48 uL of PDMS phase,
from Gerstel (Milheim an der Ruhr,
Germany)). Before each use, the stir
bars were thermally cleaned at 300 °C
for 3 hours in pure helium flow of 100
mL min™ and stored in clean 2 mL vials
until their use.

PHWE and SBSE processes were
optimised using house dust samples
spiked at a final concentration of 1000
ng g'1 of each paraben. In order to
assess possible
procedural blanks were also made by
filling the cells only with diatomaceous
earth. No signal of the target parabens
was found in these blanks.

contamination,

2.4. TD—GC-MS analysis

Thermal desorption of the stir bars was
performed in a Unity Thermal
Desorption system combined with an
Ultra A autosampler (both from Markes
International Limited, Llantrisant, UK).
Stir bars were placed in empty

EOCs in house dust

stainless-steel tubes for thermal
desorption (9 cm length x 6.35 mm o.d.
x 5 mm i.d., also from Markes). Prior to
the analysis, the empty tubes were
thermally cleaned at 300 °C for 15 min
and then stored in a hermetic glass jar
under nitrogen atmosphere. The
optimized stir bar thermal desorption
conditions were: pre-purge for 1 min at
room temperature, stir bar desorption
at 300 °C for 15 minutes using helium
carrier gas at 100 mL min™ in splitless
mode, trapping at 0 °C in a Tenax TA
trap and finally trap desorption at
320 °C for 10 min with a split of 5 mL
min™.

Separation  and
performed in a 6890N gas
chromatograph and 5973 inert mass
spectrometer (Agilent Technologies.
Palo Alto, CA, USA) using a Zebron ZB-
50 capillary column (30 m x 0.25 mm x
0.25 um) provided by Phenomenex (Le
Pecq Cedex, France). For the GC-MS
analysis, the helium carrier gas flow

detection  were

was set at 2 mL min". The oven
temperature program began at 100 °C,
was then increased to 150 °C at 30 °C
min™, then to 190 °C at 5 °C min™* and
finally to 290 °C at 15 °C min™. The GC—
MS interface was set at 290 °C. The MS-
detector acquired in the selective ion
monitoring mode (SIM) operated at an
electron impact energy of 70 eV. Table
1 shows the retention times and the
quantifier and qualifier ions used for
the SIM detection of the acetylated
derivatives of the parabens.
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Table 1. Target parabens and the retention times (tg), quantifier and
qualifier ions (with their percent abundances in brackets) of the
acetylated derivatives.

Compound tz(min) Quantifier ion Qualifier ions

Methyl paraben (MeP) 5.76 121 91 (90), 152(80)
Ethyl paraben (EtP) 6.57 121 166(70), 138 (40)
i-Propyl paraben (i-PrP)  6.74 121 138 (80), 180 (50)
Propyl paraben (PrP) 7.93 138 121 (80), 180 (25)
Butyl paraben (BuP) 9.48 138 121(50), 194 (15)

3. RESULTS AND DISCUSSION
3.1. Method optimisation
3.1.1. TD-GC-MS

Acetylated parabens are less polar than
the non-acetylated parabens. As a
result, the derivatives present much
more symmetrical chromatographic
peaks because the acetylation of the
phenolic groups prevents the hydroxyl
group from interacting with the GC
capillary column. The acetylated
parabens also showed higher retention
times than the non-derivatizated
parabens, and their mass spectra were
similar to the parabens and their mass
spectra were similar to the mass
spectra of those non-derivatized
parabens with increased molecular ion
[33]. For the GC separation, a
midpolarity phase capillary column was
used (50% diphenyl/50% dimethyl
polysiloxane) that separated the
acetylated parabens in less than 10
min.

Regarding the TD process, the
acetylated derivatives of parabens are
semivolatile compounds with relatively

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)

high boiling points (between 249 and
300 °C). Therefore, high desorption
temperatures and flow should be
applied to the PDMS stir bars for the
guantitative desorption of the analytes.
This study tested different desorption
temperatures (from 250 to 300 °C),
times (from 5 to 20 min) and flows
(from 50 to 100 mL min™). Higher
temperatures can degrade the PDMS
phase and higher flows can prevent the
analytes from being retained in the
cryogenic trap. Carry-over of the
acetylated parabens was under 1%
when the maximal temperature (300
°C) and flow (100 mL min™) were
applied for 15 min. Longer times did
not improve the extraction efficiencies.
The acetylated parabens were then
trapped in a Tenax TA cryogenic trap
set at 0 °C during stir bar desorption
and then desorbed at 320 °C for 10 min
with a split flow of 5 mL min.

3.1.2. PHWE and SBSE

Parabens are quite polar compounds
with relatively low octanol-water
partition coefficients (log K,, between
2.0 for methyl paraben and 3.5 for
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butyl paraben). Theoretical recoveries
range from 4.5% to 58% for these
compounds when calculated for PDMS
stir bars with 48 pL of phase and 100
mL of sample volume. Consequently, it
was decided to test to see if the
acetylation of parabens with acetic
anhydride in the presence of a basic
salt prior to the SBSE extraction would
improve their recoveries in the PDMS
phase. When optimizing the PHWE
process, the initial acetylation and SBSE
conditions were set as follows: 0.5 g of
Na,HPO, and 100 pL of acetic
anhydride extracted with a PDMS stir
bar (20 mm x 0.5 mm) stirred at 900
rom and at room temperature for 3
hours. Because of their high viscosity
and turbidity, the extracts were filtered
under vacuum with 45 um nylon filters
and diluted to 100 mL with ultrapure
water prior to the SBSE process in order
to prevent interferences during the
extraction. Spiked house dust samples
at a concentration of 1000 ng g'1 were
used for the optimisation phase.

Initial PHWE experiments were carried
out in order to determine the optimal
amount of house dust and the
extraction solvent. The first
experiments were conducted with 1 g
of house dust extracted with ultrapure
water in mild conditions (1 cycle, 80 °C,
1500 psi for 5 min). However, the
extracts obtained were dark brown
with high viscosity and a thick foam on
the surface and were very difficult to
filter. One explanation for this may be
that, as mentioned in the introduction,
skin tissues are a common component

EOCs in house dust

of house dust. PHWE could, therefore,
extract the fatty acids bound to these
tissues, which have very low solubility
in cold water, thus increasing the
viscosity of the extracts. Extractions
were then performed using a smaller
guantity of sample: 800 mg, 500 mg,
200 mg and 100 mg. Finally, an amount
of 100 mg was chosen for the study
because the viscosity and turbidity of
the extracts decreased at smaller
quantities. Smaller quantities of house
dust would compromise the sensitivity
of the method.

Adding certain organic modifiers to the
water may improve the extraction
efficiencies of analytes [24]. Therefore,
the addition of organic solvents was
tested to see if it had any influence.
This was done by adding volumes of 10,
25 and 50% methanol, acetone and
acetonitrile. The total volume of these
solvents in the SBSE samples (once the
extracts were diluted to 100 mL with
ultrapure water) ranged between 1.5-
10 % (taking into account that ca.15-20
mL of extract were obtained in 1 cycle
of PHWE). In general, responses
decreased as more organic solvent was
added, except for i-propyl paraben
whose responses increased as more
acetonitrile was added. Decreases in
the paraben responses after the
addition of larger amounts of organic
modifiers can be explained by the
negative effect of these solvents on the
SBSE step (either because the efficiency
of the in situ acetylation of the
parabens decreases or because the
affinity of the compounds with the
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PDMS phase decreases). The i-propyl
paraben behave differently
because the organic modifier added
during the PHWE step had a positive
effect on it which was higher than the
effect that the organic
modifier had on the i-propyl paraben

may

negative

during the subsequent SBSE step.

By way of an example, Figure 1 shows
how the type and amount of organic
solvent influence the responses of
acetylated i-propyl paraben (Figure 1A)
and acetylated butyl paraben (Figure

1B).

Response (x 105)
S

18 7
16 1
14
& 124
% 07 —
g
o 81
> —— methanol
£ 8]
acetone
4
2 —&— acetonitrile
0 10 20 40 50 60
% Organic modifier
8 -
7T —— methanol
64 acetone

—&— acetonitrile

0 10 20 30 40 50 60

% Organic modifier

Figure 1. Influence of the type and amount of organic modifier in the

PHWE responses for the acetylated i-propyl paraben (A) and
the acetylated butyl paraben (B). (PHWE conditions: 80 °C,
1500 psi, 5 min, 1 cycle, 100% flush volume and 120 s purge).
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In the light of these results, ultrapure
water without any organic modifier was
selected as the extraction solvent.

The influence of extraction tempe-
rature, time and number of cycles was
evaluated using a multifactorial design
32 2! composed of 18 experiments.
Table 2 summarizes the factors and
levels selected for the design. The
factor levels were selected on the basis
of previous PLE papers that
investigated organic solvents that

EOCs in house dust

determined parabens from dust [9] and
from sewage sludge ([34]. Statistical
analysis was carried out with
Statgraphics-Plus 5.1  (Magnugistic,
Rockville, MD, USA). In all experiments,
pressure was set at 1500 psi (enough to
maintain water in a liquid state in this
range of temperatures), flush volume at
100% and purge time at 120 s (until the
extraction cell content was completely
dry).

Table 2. Factors and levels selected for the 3% 2* design.

Factors Lower Intermediate Upper
Temperature (°C) 80 100 120
Time (min) 5 10 15
Cycles 2 - 3

Figure 2 shows the calculated
standardised effects of the three factor
and the two-factor interactions for the
acetylated methyl paraben. The

standardised effect is obtained by

dividing the estimated effect by its
standard error. The vertical line
indicates the statistically significant
bound at the 95% confidence level.

== -

AB

C:cycles
B:time
AC

BC

o

o
[uN

2

3 4 5 6
Standardised effect

Figure 2. Standardized Pareto chart of the mean effects and two-factor
interactions for the factorial design of acetylated methyl paraben.
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Figure 3 compares the response surface
of the extraction temperature with the
extraction time for 2 extraction cycles
for the same paraben.

Extraction temperature had the largest
effect on the extraction efficiency, with
lower temperatures being
favourable than higher temperatures.
One possible explanation may be that
extract viscosity increased with higher
temperatures. High viscosity may
the efficiency of the
derivatization reaction and the affinity
of the acetylated parabens for the
PDMS phase. The extraction time
temperature (120 °C) and highest
extraction time (15 min). Consequently,
an extraction temperature of 80 °C and
an extraction time of 5 min were set as
a compromise between the results. In
the

more

decrease

order to enhance responses,

depended on the temperature. The
in time from 5 to 15 min
decreased the response at
temperatures, whilst at
temperatures the effect
opposite. This temperature -
interaction (AB) was responsible for the
non-statistical significance of the effect
of time (Figure 2). The number of cycles
had the lowest effect on the response.
Results were similar for all acetylated
parabens, except for the acetylated
butyl paraben (the least polar of the
target compounds) for which higher
responses were obtained at the highest
different numbers of cycles (from 2 to
5) were tested in these conditions. For
the acetylated i-propyl paraben and
butyl paraben the best responses were
obtained at 4 cycles of extraction.

increase
low
high
the
time

was

Temperature (°C)

2 cycles

Time (min)

Figure 3. Acetylated methyl paraben response surface for the extraction
temperature against the extraction time (2 cycles).
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For the acetylated derivatives of
methyl, ethyl and propyl paraben, the
responses were less affected by the
number of cycles and only a slight
increase was detected between 3 and 4
cycles. Therefore, 4 cycles were
selected as the optimum number.

Once the PHWE parameters were
established, the amount of the
derivatizing agents for the in situ
acetylation of parabens prior to the
SBSE was optimised. The amount of
basic salt was fixed at 0.5 g because
higher amounts gave rise to a
precipitate in the extracts. The amount
of acetic anhydride was optimised by
adding different amounts of this
reactive (from 100 pL to 5 mlL) to the
extracts. The highest responses for all
parabens were obtained with 1 mL of
acetic anhydride (results not shown).
Larger volumes of this reactive

EOCs in house dust

provided an acidic medium that was
unfavourable for the equilibrium of the
acetylation reaction. A similar tendency
has been observed in other studies [32,
35]. Therefore, a volume of 1 mL of
acetic anhydride was used. Under these
acetylation conditions no signal of the
non-acetylated parabens was detected
in the chromatograms, therefore it was
assumed that the derivatization of the
parabens was complete.

Finally, different SBSE times were
studied. Results showed that the
equilibrium was reached between 3
and 5 hours. Consequently, a 4 h
extraction time was selected as a
sample

compromise between

preparation time and extraction
efficiency. Table 3 shows the optimised
parameters for the PHWE and SBSE

processes.

Table 3. Optimised conditions for the PHWE and
the in situ acetylation-SBSE of parabens in

house dust.

Pressurised hot water extraction

Amount of sample
Solvent

Cell volume

No. of cycles
Static time
Temperature
Pressure

Flush volume
Purge time

100 mg
Water
11 mL

4

5 min
80 °C
1500 psi
100 %
120s

Stir bar sorptive extraction

Sample volume
Stirring speed
Temperature
Time

Acetic anhydride
Na,HPO,

100 mL

900 rpm
Room temp.
4 hours
1000 pL
05¢g
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3.2. Method validation

Table 4 shows the main method
parameters of the acetylated parabens
for the optimised PHWE followed by in
situ derivatization and SBSE-TD-GC-MS.
Calibration was performed by spiking
100 mg of house dust sample with
different amounts of the standards,
these amounts ranging from the LOD of
each paraben (see Table 4) to 1500 ng
g'l. Linearity was good with the
coefficient of determination (r’) values
above 0.996 for all the target parabens.
To calculate recoveries of the whole
method, the peak areas obtained at
two calibration levels (100 and 1000 ng
g") were compared with a calibration
curve obtained by spiking the same
amount of the standards of the
acetylated parabens (see section 2.1.)

in a tube filled with thermally cleaned
deactivated glass wool. As Table 4
shows, recoveries were similar for both
levels and ranged from 40% for the
acetylated methyl paraben to 80% for
the acetylated propyl paraben. The low
recovery for the acetylated methyl
paraben can be explained by its low
affinity with the PDMS phase of the stir
bar [32].

Repeatability and reproducibility
between days were also checked at two
calibration levels (100 and 1000 ng g).
Repeatability values, expressed as
%RSD, ranged between 1.9% for the
acetylated methyl and propyl paraben
and 8.1% for the i-propyl paraben.
Reproducibility between days ranged
from 2.3% for the acetylated propyl
paraben to 9.5% for the acetylated i-
propyl paraben.

Table 4. Main method parameters for the acetylated parabens at a midpoint (100 ng g'l) and a high
(1000 ng g'l) calibration level: recovery, repeatability and reproducibility between days, and
the detection and quantification of the method.

Recovery (%)

Repeatability

Reproducibility

Acetylated (%RSD, n=5) (%RSD, n=5) LoD LoQ
paraben 100 1000 100 1000 100 1000 (ngg™) (nggl)
ngg’ ngg’ ngg’ ngg’ ngg’ ngg’

MeP 43 40 2.3 1.9 2.6 24 21 85
EtP 59 57 3.1 2.8 3.3 3.4 19 6.0
i-Prp 54 52 7.9 8.1 8.5 9.4 1.3 3.8
Prp 78 80 1.9 1.8 2.6 2.3 10 33
BuP 60 61 4.9 4.8 5.4 5.2 1.5 4.2

The limits of detection (LOD) were
determined as three times the standard
deviation of the target ion’s signal in
the non-spiked house dust samples
(n=5). The LODs ranged from 1 ng g*

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)

for propyl paraben to 2.1 ng g for
methyl paraben (see Table 4). The limit
of quantification (LOQ), which was fixed
as the lowest calibration level of each
compound, ranged from 3.3 ng g for
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propyl paraben to 8.5 ng g™ for methyl
paraben. It is worth mentioning that
these limits are comparable with the
limits obtained in previous methods
which used organic solvents instead of
water for the pressurised extraction of
parabens in indoor dust [9, 10].

3.3. Analysis of house dust samples

The PHWE-SBSE-TD-GC-MS method
described above with in situ acetylation
of parabens was used to determine the
presence of the target parabens in
different house dust samples. Each

EOCs in house dust

sample was analysed in triplicate.
Figure 4 shows the SIM chromatogram
of a non-spiked house dust sample with
the peaks corresponding to the
acetylated parabens indicated.

Table 5 shows the concentration of the
target parabens found in the house
dust samples. The most abundant
parabens were methyl paraben (178-
2440 ng g*) and propyl paraben (112-
910 ng g'l), which is consistent with the
fact that they are the most commonly
used parabens due to the antimicrobial
synergic effect produced when using
the two parabens together [36].

3-10%:
: PrP
o 2105 BuP
& :
2 :
o
(=5
%]
O]
o
e MeP
1-10°
: MJ T T T T T
5.00 6.00 7.00 8.00 9.00
Time (min)

Figure 4. Chromatogram of a house dust sample, indicating peaks of the acetylated parabens.

Ethyl paraben values ranged from 56 to
977 ng g'l, butyl paraben from 95 to
285 ng g'1 and i-propyl paraben, which
was the least abundant, from values
below the limit of quantification to 45
ng g'l. The values of parabens found in
this study are similar to those found

previously in other private houses [9,
10]. This fact can demonstrate the
accumulation of parabens in dust
particles and, therefore, the
importance of determining these

compounds in house dust.
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Table 5. Average, maximal and minimal concentrations of the target parabens found in the house

dust samples, expressed in ng g (6 different samples, n=3).

Paraben MeP EtP i-PrP PrP BuP
Average 912 276 33 425 212
Max. 2440 977 45 910 285
Min. 178 56 <L0Q 112 95

<LOQ, value under the limit of quantification
4. CONCLUSIONS

This study successfully developed a
method for determining parabens in
house dust The optimised method was
based on the PHWE of house dust,
followed by the acetylation of the
extracted parabens, SBSE with a PDMS
stir bar, and analysis by means of TD-
GC-MS. The method avoids the risk of
background contamination because it
requires minimal manipulation of the
sample. Furthermore, the acetylation of
the parabens prior to SBSE increased
the affinity of these compounds with
the PDMS and improved their
chromatographic signal. The method
showed good linearity, repeatability,
reproducibility and limits of detection
and quantification at low ng g levels.
The proposed method was used to
analyze house dust samples. All the
target parabens were found in the
samples, with methyl and propyl
parabens being the most abundant. The
high values of these PCPs found in the
samples confirm the importance of
determining organic contaminants in
indoor environments.

J. Chromatogr. A (DOI: 10.1016/j.chroma.2011.05.098)
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3.5.2. Determination of nicotine and N-nitrosamines in house dust by
pressurized liquid extraction and two dimensional gas
chromatography-nitrogen chimiluminiscence detection
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DETERMINATION OF NICOTINE AND N-NITROSAMINES IN HOUSE DUST BY
PRESSURIZED LIQUID EXTRACTION AND COMPREHENSIVE GAS CHROMATOGRAPHY -
NITROGEN CHEMILUMINISCENCE DETECTION

Noelia Ramirez®, Mustafa Z. Ozel?, Jacqueline F. Hamilton?, Rosa M. Marcé®,
Francesc Borrull}, Alastair C. Lewis®
! Department of Analytical Chemistry and Organic Chemistry, Universitat Rovira i Virgili, Marcel-Ii
Domingo s/n, Sescelades Campus, Tarragona 43007, Spain
2The University of York, Department of Chemistry, Heslington, York YO10 5DD, UK
* National Centre for Atmospheric Science, The University of York,
Department of Chemistry, Heslington, York YO10 5DD, UK

Abstract

A novel, highly selective method for the determination of nicotine, N-nitrosamines and
tobacco-specific nitrosamines (TSNAs) in indoor dust samples is presented in this study.
Samples were extracted by in-cell clean-up pressurized liquid extraction (PLE) that
allows high extraction efficiency with moderate consumption of organic solvents. The
extracts were analysed by comprehensive gas chromatography and detected with a
nitrogen chemiluminiscence detector (GCxGC-NCD) that provided enhanced selectivity
and sensitivity for organic nitrogen containing compounds. Method validation showed
good linearity, repeatability and reproducibility (%RSD < 8%). Recovery was higher than
80% for most target compounds and limits of detection lower than 16 ng g™

The method was used for the determination of the nitrosamine target compounds in
house dust samples from both smoking and non-smoking households. All the analytes
were found in the samples, nicotine being the most abundant compound in smokers’
dust and one of the most abundant in non-smokers’ dust. To our knowledge this is the
first time that volatile N-nitrosamines and TSNAs have been determined in indoor dust
samples. The results demonstrate the presence of these highly carcinogenic compounds
in house dust, with inherent human exposure through inhalation and/or involuntary
ingestion of house dust.

Keywords: Nicotine; Tobacco-specific  nitrosamines  (TSNAs); House dust;
Comprehensive gas chromatography (GCxGC); Nitrogen chemiluminiscence detector
(NCD); Pressurized liquid extraction (PLE).
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1. INTRODUCTION

House dust has been identified as a
major source of  environmental
contaminants including pesticides,
polycyclic ~ aromatic  hydrocarbons
(PAHs), phthalates, several metals, and
other chemicals of human health
concern” 2. Since contaminants bound
to indoor dust are more persistent than
those outdoors, indoor dust has been
recognised as a significant source of
human exposure for an increasing
number of pollutants. For instance, the
ingestion of house dust has been
estimated to be the major route of
exposure to some persistent pollutants
for children®. Furthermore, recently, it
has been demonstrated that indoor
dust may be the main route of
exposure to polybrominated diphenyl
ethers for both adults and children®.
House dust is therefore a key pollutant
vector and one which demands further
examination for the presence of other
contaminants of human health
concern.

One of the most important sources of
indoor pollution is tobacco smoke.
Nicotine is the most abundant organic
compound emitted during smokings. It
reacts during the burning of tobacco to
form tobacco-specific  nitrosamines
(TSNAs). TSNAs are amongst the most
abundant carcinogenic compounds
identified in tobacco smoke® and they
have been related to acute leukemia’
and lung cancer®. Of all TSNAs
identified, N’-nitrosonornicotine (NNN)
and 4-(methylnitrosoamino)-1-(3-

Environ. Sci. Technol. (submitted)

pyridyl)-1-butanone (NNK) are the most
prevalent carcinogens in tobacco
products and are classified as
carcinogenic for humans (Group 1
IARC)®. Another interesting TSNA is 4-
(methylnitrosoamino) - 1 - (3-pyridyl)-1-
butanol (NNAL), which is the main
metabolite of NNK and has the same
dangersw. Moreover, more volatile N-
nitrosamines, with genotoxic and
carcinogenic properties can be formed
in the atmosphere because of the
presence of nitrogen-containing species
originating during combustion
processesll. Some studies have also
detected the presence of volatile N-
nitrosamines, such as N-nitroso-
dimethylamine and N-nitrosopyrroli-
dyne, in environmental tobacco
smoke'* .

Nicotine deposits almost entirely on
indoor surfaces and persists for long
%15 This deposited nicotine can
also form TSNAs by reaction with
atmospheric species present in indoor

time

environments, such as ozone, nitrous
acid and nitrogen oxides. Given the
high levels of nicotine typically found in
environments  contaminated  with
tobacco and the low volatility of TSNAs,
these contaminants can persist for
weeks to months in these indoor
environments®. Furthermore, several
experiments have suggested that
airborne  NNK  concentrations in
sidestream  cigarette smoke can
increase by 50% to 200% per hour
during the first 6 h after cigarettes are
extinguishedle.
inhalation of second hand smoke (SHS)

Whereas direct
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is an exposure pathway of concern, non
smokers, especially children, are at risk
through contact with surfaces and dust
contaminated with residual smoke
gases and particles'’ (the so called third
hand smoke (THS))ls. Several studies
have detected nicotine in indoor dust
19 However, to our
knowledge, there is no information
about the presence of TSNAs and
volatile N-nitrosamines in indoor dust.

The complexity of dust composition
and high adsorption capacity of dust
particles requires the use of exhaustive
extraction techniques. Furthermore,
the extracts obtained from dust

17
and surfaces™

samples are complex with a large
number of co-extracted interferences.
Pressurized liquid extraction (PLE) is an
efficient extraction method which can
address this problem and, therefore,
has been successfully applied for the
extraction of organic pollutants in
house dust, such as benzotriazole light
brominated  diphenyl
ethers®®  and polycyclic  aromatic
hydrocarbonszz. Furthermore, the
option of integrating an in-cell clean-up
active sorbent into the PLE process, has
considerably reduced the time and
steps needed for sample treatment
prior to the analysi523.

Several techniques have been used for
the analytical determination of nicotine
and N-nitrosamines, the most common
of which is gas chromatography (GC).
GC has been coupled with different
detectors such as, mass spectrometry

(MS)*, especially ion trap MS™ %;

T 20
stabilisers™,

EOCs in house dust

thermal energy analysis (TEA), which is
the more widely used method for TSNA
determination®®; and nitrogen specific
detectors, e.g. the nitrogen-
phosphorous?’ or nitrogen chemilu-
detector (NCD)zs.
Comprehensive gas chromatography
(GCxGC), which has an increased
separation power and much better
sensitivity and peak resolution than one
dimensional GC, has been used for the
determination of organic contaminants

miniscence

in complex matrices?®. Moreover, the
combination of an element specific
detector can provide more resolution
of the target analytes with enhanced
sensitivity. In this sense, a GCxGC-NCD
has recently been used for determining
organic nitrogen compounds (ON) in
aerosol samples, showing higher
selectivity and sensitivity than mass
spectrometry detectors™®.

Hence, the aim of this study is the
development of a selective analytical
method for the determination of
nicotine and N-nitrosamines (9 volatile
N-nitrosamines and 5 TSNAs) in indoor
dust based on in-cell clean-up PLE,
followed by GCxGC-NCD determination.
Parameters affecting the efficiency and
selectivity of the analytical method are
discussed. Dust samples collected from
non-smoking and smoking households
were analysed with the proposed
method. To our knowledge, this study
represents the first time that the
occurrence of N-nitrosamines, including
TSNAs, in house dust has been
reported.

Environ. Sci. Technol. (submitted)
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2. EXPERIMENTAL
2.1. Chemical standards

The standards of the target compounds
involved a mixture of 9 nitrosamines at
2000 mg LY in methanol [EPA
8270/Appendix IX Nitrosamines Mix,
from Sigma-Aldrich, (Steinheim,
Germany) including N-nitroso-
dimethylamine (NDMA), N-nitroso-
methylethylamine (NMEA), N-nitroso-
diethylamine (NDEA), N-nitrosodi-n-
propylamine (NDPA),
morpholine (NMor), N-nitrosopyrro-
lidine  (NPyr),
(NPip), N-nitrosodi - n - butylamine
(NDBA) and N-nitrosodiphenylamine
(NDPhA) and an the individual standard
of nicotine, also from Sigma-Aldrich.

N-nitroso-

N-nitrosopiperidine

TSNAs of the N’-nitrosonornicotine
(NNN), N'-nitrosoanatabine (NAT), N'-
nitrosoanabasine (NAB), 4-(methyl-
nitrosoamino)-1-(3-pyridyl)-1-butanone
(NNK) and 4-(methylnitrosoamino)-1-
(3-pyridyl)-1-butanol (NNAL) from Fluka
(Buchs, Switzerland). The standards had
a minimal purity of 97% except for
NNAL, of which the purity was 292%.
Figure 1 shows the chemical structure
of the target compounds.

The standard solutions of the target
compounds were prepared in methanol
and the diluted mixtures in ethyl
acetate (GC grade with >99.9% purity,
SDS, Peypin, France). Other solvents
used in the optimisation of the method
(acetone and dichloromethane) were
also GC grade from SDS. Hyflo Super Cel
diatomaceous earth for filling the
extraction cells of the pressurized liquid

Environ. Sci. Technol. (submitted)

extraction equipment was supplied by
Sigma-Aldrich, Cis (Bond Elute LRC, 10
CC) was from Varian (Harbor city, CA,
USA), Silica (230-400 mesh) and
Alumina (70-230 mesh) were provided
by Merck (Darmstadt, Germany) and
Florisil (60-100 mesh) by Fluka. The
sorbents were first conditioned at
4009C for 6 hours and then stored in
closed vials, at room temperature,
before their use. Helium gas of purity
99.999% was used for the
chromatographic analysis.

2.2. Sample collection and preparation

House dust was collected from non-
smoking and smoking private homes,
using conventional vacuum cleaners in
regular use in the households between
July and December 2010. The collected
dust was next sieved with a stainless
steel sieve and the fraction under 100
um was stored in amber glass vials and
kept at 4 °C until analysis.

Method optimisation and validation
was carried out using spiked samples of
house dust. Spiked samples were
prepared by adding different volumes
of standard solution of the target
compounds in ethyl acetate, adding
enough volume of solvent to cover the
entire sample. The mixture was
accurately homogenised and kept in a
cupboard funnel at room temperature
until the solvent had completely
evaporated and then aged for at least
one week. It was then stored in amber
glass vials at 4 °C before being
extracted.
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(NDMA) (NMEA) (NDEA)
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(NDPA) (NMor) (NPyr)
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(NNN) (NAT)
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N'-nitrosoanabasine 4-(methylnitrosoamino)-1-(3-  4-(methylnitrosoamino)-1-(3-
(NAB) pyridyl)-1-butanone (NNK) pyridyl)-1-butanol (NNAL)

Figure 1. Chemical structures of the target N-nitrosamines, nicotine and tobacco-specific
nitrosamines.
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2.3. Pressurized liquid extraction

Extractions were performed using an
ASE 200 Accelerated Solvent Extraction
system (Dionex, Sunnyvale, CA, USA) in
11 mL stainless steel extraction cells.
Ethyl the
extraction solvent. Under the optimized
conditions, 0.5 g of sieved house dust
were mixed and dispersed in a mortar
with 1 g of silica. Next, the extraction
cells were filled with two cellulose
filters placed at the bottom of the cell,
followed by 1 g of diatomaceous earth,
the dispersed sample, and then more
diatomaceous earth until the cell was

acetate was wused as

full. The extraction was carried out at
100 °C, with the cells pressurized at
1500 psi, using 3 consecutive static
cycles of 10 min each. The flush volume
was 100% and the purge time 100 s.
The extracts were then filtered with a
0.45 um filter,
evaporated to a volume of ca. 0.5 mL,
and made up to 1 mL with ethyl
acetate. The PLE process was optimized
using house dust samples spiked at a
final concentration of 20 ug g'1 of each
target compound. In order to assess
possible
blanks were also performed by filling
the cells with only 1 g of silica and
diatomaceous earth. No signal of the
target compounds was found in these
blanks.

nylon  syringe

contamination, procedural

2.4. Chromatographic analysis

In this study, two chromatographic
systems were used to analyse the

Environ. Sci. Technol. (submitted)

extracts. For the optimisation of PLE
conditions, a one dimensional GC-MS
system was used. The GC-MS
equipment was a 6890N GC and 5973
inert MS from Agilent Technologies
(Palo Alto, CA, USA), equipped with a
Zebron ZB-50 capillary column (30 m x
0.25 mm x 0.25 um) provided by
Phenomenex (Le Pecq Cedex, France).
For the GC-MS analysis, the inlet was
set at 20092C and injections (1 pL of
extracts) were performed in pulsed
splitless mode at a pressure of 30 psi
for 2 min. The helium carrier gas flow
was set at 1 mL min™. The oven
temperature program began at 40 °C
for 2 min, was then increased to 100 °C
at 15 °C min™, and next to 250 °C at 20
°C min? and kept at that temperature
for 3 min. The GC-MS interface was set
at 280 °C. The MS-detector was in the
selective ion monitoring mode (SIM)
operating at an electron impact energy
of 70 eV.
Once the PLE
optimized, the method validation and
the quantification of the samples were
done in a GCxGC-NCD system that
consisted of a 7890 gas chromatograph
255  Nitrogen  Chemi-
Detector, both from
Agilent. The GC was equipped with a
secondary oven to fit the second
column, and a modulator between first
and second GC columns based on a
Leco (Cheshire, UK) liquid nitrogen two
stage cold jet system. The modulator
and the secondary oven operated at
+15 °C above the GC oven temperature
and the modulation period was 5 s. The

conditions were

and an
luminiscence
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first column was a non-polar BPX5 (30
m x 0.32 mm id. x 0.25 um film
thickness) and the second column a
BPX50 (1.5 m x 0.10 mm i.d. x 0.10 um
film thickness) both from SGE Analytical
Science (VIC, Australia).

Extracts (1 pL) were injected into the
GCxGC-NCD using a Gerstel automated
liquid injector (Gerstel, Mulheim an der
Ruhr, Germany). Injections were
performed in pulsed splitless mode at a
temperature of 210 °C and a pressure
of 30 psi for 2 min. The initial
temperature of the first dimension
column was 55°C for 1 minute and the
subsequent temperature program was
a heating rate of 5 °C min™ until 255 °C
was reached and held isothermally for a
further 1
temperature of the second dimension
column was 70 °C for 1 minute and a

minute. The initial

5°C min™ heating rate was used until
270 °C was reached and held
isothermally for further 1 min. Helium
was used as a carrier gas at a constant
flow of 1 mL min™. Pyrolysis of the
analytes in the NCD was carried out at
900 °C under a hydrogen flow rate of 4
mL min™ and an oxygen flow rate of 10
mL min?. Data from the NCD was
collected at 50 Hz over the entire
course of the analysis.

3. RESULTS AND DISCUSSION
3.1. Chromatographic optimization
In this study, two chromatographic

systems were used. First, the extracts
obtained in the PLE optimisation were

EOCs in house dust

analysed using a one dimension GC-MS
because of its high
Furthermore, the detection in a MS
provided the unequivocal identification
of the analytes in the complex extracts.
The use of a midpolarity phase capillary
column (a 50% diphenyl/50% dimethyl
polysiloxane) allows the separation of
NMor and NPyr that usually coelute
when using more apolar GC columns.
However, low sensitivity can be
achieved with the GC-MS system and,
therefore, GCxGC-NCD was selected for
the method validation and the analysis

simplicity.

of the house dust samples. The inlet
temperature was set at 210 °C in both
chromatographic methods because
TSNAs degraded in the injector at
higher temperatures.

The main parameters to optimize for
NCD are pyrolysis temperature and
hydrogen and oxygen flow rates. As
seen in Figure 1 nitrosamines are
characterized by a N-NO bond, which is
the weakest in the molecule and
therefore can be selectively broken
under moderate conditions. Previous
studies demonstrated that the higher
responses of the most volatile N-
nitrosamines were obtained at an
oxygen rate of 5 mL min® and a
pyrolysis temperature of 450 °C,
without the wuse of hydrogen’.
However, higher oxygen flow rates and
pyrolysis temperatures (10 mL min™
and 900°C) with a hydrogen flow rate of
4 mL min" provided better responses
for other organic nitrogen compounds
(ON)*°. In this study, the NCD
parameters were optimized injecting 5

Environ. Sci. Technol. (submitted)
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replicates of a standard solution of 10
pg L™ of the 15 ON in ethyl acetate. The
highest responses for all target ON
compounds were obtained at a
pyrolysis temperature of 900°C using
hydrogen and oxygen at flow rates of 4
mL min™ and 10 mL min™, respectively.
A potentially important advantage of
using NCD as a detector is that it
produced an equimolar response to
organic nitrogen compounds. ON
compounds responded with equal
nitrogen responses confirming the
response of the detector to be
independent of the molecular structure
or other functionalityao’ 32 However, in
this study, two of the target
compounds did not shown
equimolarity, nicotine and NNAL,
possibly because of degradation
reactions occurred during pyrolysis of
this compounds. Therefore, standard
calibration curves were used to
guantify the samples.

3.2. PLE optimization

Initial PLE experiments were carried out
in order to determine the optimal
extraction solvent. Taking into account
the solubility of the target compounds,
four solvents were tested as extraction
solvents: dichloromethane, ethyl
acetate, methanol and acetone. For
these experiments, 0.5 g of pooled
house dust spiked at 20 pg g'1 mixed
with 1 g of diatomaceous earth were
extracted at 80°C and 1500 psi in one
single cycle of 5 min. In all the
experiments, the flush volume and

Environ. Sci. Technol. (submitted)

purge time were fixed at 100% and
100 s, respectively. Extracts were
filtered with a 0.45 um nylon syringe
filter, evaporated to a volume of ca. 0.5
mL, and adjusted to 1 mL with the
extraction solvent and analysed by GC-
MS. Figure 2 shows the extraction
efficiencies for the four solvents for
nine representative compounds. The
responses in Figure 2 were normalized
with respect to the responses obtained
with ethyl acetate. It was found that
the higher the polarity of the extraction
solvent, the more complex the visual
appearance of the corresponding
extracts. In this sense, methanol
extracts were cloudy and difficult to
filter. As seen in Figure 2, in general the
best results were obtained when using
ethyl acetate, therefore, it was used as
extraction solvent thereafter.

As commented in the introduction,
house dust is a complex matrix, which
contains a large range of organic
contaminants’. In order to enhance
selectivity and eliminate interferences
from the extracts, four sorbents were
tested as in cell clean-up sorbents: Cyg,
silica, alumina and florisil. Fractions of
0.5 g of pooled house dust spiked at 20
ug g"1 where mixed and dispersed in a
mortar with 1 g of the above sorbents.
For these experiments the PLE
conditions were the same than those
described above for the solvent
optimization (1 single cycle of 5 min at
80°C and 1500 psi) using ethyl acetate
as extraction solvent. The
chromatograms obtained by GC-MS
with each sorbent were compared with
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Figure 2. Influence of the solvent on the efficiency of the extraction process. (See

text for PLE extraction conditions).
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Figure 3. Influence of the kind of clean-up sorbent on the efficiency of the extraction
process. Extractions were performed in 1 cycle at 80 2C, 1500 psi, 5 min,
100% flush volume and 100 s of purge time.

those obtained with diatomaceous
earth (DE), which is a non-retentive
inert sorbent. Figure 3 shows the
normalized response obtained with the
different clean-up sorbents for nine
representative target compounds with
respect to the DE extracts (without
clean-up). As seen in the figure, the
least retentive sorbent for the target

compounds was silica, the responses
obtained for the target compounds
with 1 g of this sorbent being similar to
those obtained with DE. The signal of
some compounds was higher with silica
than with DE because the elimination of
interferences made the peaks of the
target compounds better to quantify.

Florisil was in general the most

Environ. Sci. Technol. (submitted)
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the
interfe-

retentive  sorbent.
reduction of co-extracting
rences, Ci3 did not lead to any
significant reduction of
comparison with diatomaceous earth;

Regarding

them in

however cleaner extracts and less
complex GC-MS chromatograms were
achieved with silica,
alumina. In light of these results, silica
was chosen as the clean-up sorbent for
the next experiments. Next the optimal
amount of silica to be used was tested
from 0.5 to 2.0 g. Amounts higher than

1 g led to a slight decrease in the

florisil  and

responses. Therefore, 1 g of silica was
fixed for the in-cell clean-up.
The effects of extraction temperature,
time and number of cycles on the
efficiency of the extraction were
evaluated using a
design 322" of 18
experiments. Table 1 summarises the
factors and
design. The factor levels were selected
based on previous house dust studies®®
2333 statistical analysis was carried out
with Statgraphics-Plus 5.1 (Magnugistic,

Rockville, MD, USA). In all experiments,

simultaneously
multifactorial

levels selected for the

Table 1. Factors and levels selected for the 32 2* design.

Factors Lower Intermediate Upper
Temperature (°C) 80 100 120
Time (min) 5 10 15
Cycles - 3

the pressure was set at 1500 psi
(enough to maintain ethyl acetate in a
liquid this range of
temperatures), flush volume at 100%
and purge time at 100 s (until the
extraction cell content was completely
dry). As an example of the results,
Figure 4 shows the fitted response
surface for NDPA at 3 cycles. Similar
response surfaces were obtained for
most of the target compounds. In
general, the
chromatographic responses up to 10
min, except NDMA  whose
responses were higher using longer
extraction times. Regarding the effect
of temperature, in general, responses
were greater at higher temperatures.

state in

time increases

for

Environ. Sci. Technol. (submitted)

However, for most compounds at 10
min of extraction responses at 120°C
were similar of slightly lower than
those obtained at 100°C. Furthermore,
the chromatograms of the dust extracts
at 120°C showed more co-extraction
interferences,  which the
guantification of the target compounds
difficult. Therefore, 10 i
extraction time and a temperature of
100°C were selected as a compromise
between the results. Finally, since the
number of cycles of 10 min each had a
slightly  positive effect
compounds, three cycles were selected
thereafter. The optimized conditions

made

min  of

for most

for the PLE extraction are summarized
in Table 2.
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Figure 4. NDBA response surface for the extraction temperature
against the extraction time for 3 cycles.

Table 2. Optimized conditon

s for the pressurized

liquid extraction of the nitrosamines in

house dust.

Pressurized liquid extraction

Amount of sample 05g

Solvent Ethyl acetate
Cell volume 11mL

No. of cycles 3

Static time 10 min
Temperature 100 °C
Pressure 1500 psi
Flush volume 100 %

Purge time 100 s

3.3. Method validation

Once PLE parametres were optimized,
the method was validated using
GCxGC-NCD determination. First the
main instrumental parameters of the
GCxGC-NCD system were evaluated,
which are summarized in Table 3. The
instrumental limits of detection (LODs)

and limits of quantification (LOQs) were
calculated based on the
deviation at low concentrations (10 pg
of each target compound). LODs were
calculated according to EPA protocol 40
CFR 136 multiplying the Student t-
value (n=10, 95% confidence level) per
the standard deviation of 10 replicates
and LOQs as ten times the standard

standard

Environ. Sci. Technol. (submitted)
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deviation. The  combination of

comprehensive GC with the NCD Repeatability
detection demonstrated a high

sensitivity allowing limits of detection

(LODs) and limits of quantification

(LOQs) at low pg levels, ranging from
1.7 to 7.3 pg and from 7.2 to 31.5 pg,
respectively. Linearity was good for all
the target compounds with correlation
coefficient values (r’) between 0.9915-
0.9994 for the linearity ranges shown in
Table 3. Instrumental repeatability was
under 5% for a low calibration level (50
pg, n=5).

The whole method (in-cell clean-up PLE
GCxGC-NCD) parameters were
evaluated with spiked samples of house
dust at a low and a high calibration

level (1 and 50 pg g*, respectively).
and reproducibility
between days were below 8% RSD for
all the target compounds (n=5). To
calculate recoveries, the peak areas
obtained by spiking the pooled house
dust at the two calibration levels were
compared with a calibration curve
obtained by direct injection of the
standards. As Table 4
recoveries were similar for both levels
and were higher than 80% for the
majority of the target compounds. The
most volatile N-nitrosamines, such as
NDMA, NMEA and NDEA showed lower
probably because were
partially lost during the evaporation

shown in

recoveries

process.

Table 3. Main instrumental parameters for the GCxGC-NCD system: first and secon

dimension retention times (tg),

quantification and linear range expressed in pg.

limit of detection and

limit of

Compound 1t e (5) ond e (5) LOD LoQ Linear range
(pg) (pg) (pg)
NDMA 470 1.46 1.7 7.2 7-25000
NMEA 565 1.54 1.7 7.4 7-40000
NDEA 670 1.58 1.7 7.3 7-15000
NDPA 970 1.62 1.2 53 5-40000
NPYR 995 1.94 1.7 7.5 7-25000
NMOR 995 1.94 1.6 6.9 7-25000
NPIP 1070 1.88 1.5 6.3 6-30000
NDBA 1300 1.64 1.9 8.3 8-40000
Nicotine 1460 1.8 7.3 31.5 32-20000
NDPhA 1880 2.16 3.0 131 13-25000
NNN 2075 2.58 4.3 18.8 19-25000
NAT 2135 2.60 3.0 12.8 13-20000
NAB 2160 2.56 2.8 12.1 12-25000
NNK 2295 2.82 4.2 18.2 18-25000
NNAL 2400 3.08 7.1 30.8 31-15000

Environ. Sci. Technol. (submitted)
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Table 4. Method parametres: recoveries of pooled spiked house dust
sampes spiked at 1 ug g'1 and 50 ug g'l, method detection limit
(MDL) and method quantification limit (MQL), expressed in ng

-1

g
Recovery LOD LoQ

Compound i i 1 1

lpgsg 50pugg (ngg) (ngg’)
NDMA 56 53 5.8 25.3
NMEA 76 75 4.5 19.5
NDEA 82 79 4.1 17.7
NDPA 97 93 25 10.9
NPYR 98 102 4.0 17.4
NMOR 86 82 33 14.1
NPIP 81 80 3.6 155
NDBA 85 81 4.5 19.4
Nicotine 92 88 15.8 68.5
NDPhA 101 97 6.0 25.9
NNN 99 101 8.7 37.5
NAT 98 99 6.0 25.9
NAB 98 101 5.6 24.4
NNK 106 103 8.4 36.4
NNAL 101 98 14.2 61.6

Since recovery values were similar for
both calibration levels, no matrix
effects were
quantification was performed by
external calibration. Method detection
limits (MDLs) ranged between 2.5 ng g
for NDPA and 15.8 ng g for nicotine
and method quantification limits
(MQLs) were from 11 ng g to 68 ng g’
for the same compounds. A previously
reported MDL of nicotine in house
dust™ using a GC and nitrogen-
phosphorus detection was similar (20

nggl).

observed and

3.4. Analysis of house dust samples

The optimized in-cell clean-up PLE
GCxGC-NCD method was applied for

the determination of nicotine and the
target N-nitrosamines in house dust
samples from smoking and non-
smoking homes (four samples of each).
As an example, Figure 5 shows the
separation of ON compounds using
GCxGC-NCD from one of the non-
smoking samples. Over 60 ON
compounds including Nicotine, N-
nitrosamines and TSNAs were seen. The
chromatogram is presented as a
contour plot with the retention times
on columns 1 (indicating decreasing
volatility) and 2 (indicating increasing
polarity) on the X and Y-axes,
respectively. Peak identification is
based primarily on retention times of
standard compounds. Each spot on the
chromatogram represents an individual

Environ. Sci. Technol. (submitted)
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Figure 5. GCxGC-NCD chromatogram of

non-smokers’ household dust. The peaks of the

indentified target compounds are indicated.

ON compound. The signals
corresponding to the target compounds
were found in this sample. As it can be
seen, despite the complexity of the
extracts, very simplified
tograms were obtained
optimized method.

chroma-
using the

A summary of the average, maximal
and minimal concentrations found in
the smoking
households’ dust samples is presented
in Table 5. NPyr and NMor were
quantified together because of their
similar retention times. As expected,
total concentrations of these ONs were
in general higher in smokers’ samples

non-smoking  and

than in those of non-smokers’, the
average total being
approximately 3-fold higher in smokers’
house dust.

concentrations

Environ. Sci. Technol. (submitted)

In some of the samples, all the target
compounds were detected. The most
abundant ON in non-smoking samples
was NDPhA with values up to 4.15 ug g’
! Other abundant N-nitrosamines in
these samples were NMEA (up to 2.89
ug g') and NDEA (up to 2.81 pg g™).
Nicotine was also one of the most
abundant ONs in non-smokers’ dust
with concentrations ranging from 1 ug
g’ to 2.83 pg g”. It was however the
most abundant compound in smokers’
dust samples with concentrations from
1.27 ug g'1 to 21.6 ug g'1 (more than 7-
fold higher than in non smokers’ dust).
Nicotine concentrations found here
were lower than those found in house
dust samples in Baltimore (USA), that
showed median

nicotine concen-

trations of 11.7 pg g”* in non-smoking
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Table 5. Average, maximal and minimal concentrations of the target compounds found in the samples,

expressed in pg g™

EOCs in house dust

Non-smoking Smoking

Compound

Average Max Min Average Max Min
NDMA 0.45 111 0.10 0.29 0.79 0.48
NMEA 0.77 2.89 0.05 0.35 0.63 0.17
NDEA 0.92 2.81 0.23 0.32 0.90 0.03
NDPA 0.26 0.48 0.14 0.67 1.85 0.08
NMor/NPyr 0.11 0.15 n.d. 0.25 0.39 n.d.
NPip 0.67 0.85 n.d. 0.54 0.99 n.d.
NDBA 0.11 0.13 n.d. 1.22 1.98 n.d.
Nicotine 191 2.83 0.95 14.7 21.6 1.27
NDPhA 2.08 4.15 1.00 4.46 13.7 0.12
NNN 0.12 0.23 <MQL 0.31 0.46 n.d.
NAT 0.35 0.42 n.d. 3.28 6.54 n.d.
NAB 0.25 0.39 n.d. 0.67 0.93 n.d.
NNK 0.55 0.68 0.42 0.89 2.29 0.24
NNAL 2.02 3.68 n.d. n.d. n.d. n.d.
Total 9.60 12.3 3.53 26.3 38.9 3.12

n.d., values under the method detection limit

<MQL, values uder the method quantification limit

homes and 43.4 pg g* in smoking
homes™. Regarding TSNAs, the most
abundant were NAT and NNK with
values of up to 6.54 pg g and 2.29 pg
g'l, respectively in smokers’ dust.
However, NNAL was only detected in 3
non-smoking
trations up to 3.68 pg g') but was not
detected in any of the smoking
samples. As
introduction, NNAL is the main
degradation product of NNK, however
NNAL concentrations did not show

samples (in concen-

commented in the

correlation with NNK concentrations in
these house dust samples. The
presence of nicotine and TSNAs in non-
smokers’ dust, may demonstrate the

influence of outdoor pollution in indoor

environments. In addition, smoking
visitors could have visited these non-
smokers’ houses and contributed to
their house dust with their dead skin,
fabric fibres and hairs. Nevertheless,
further investigation and determination
of these TSNAs in more house dust
samples is needed.

As commented before, previous studies
have only determined nicotine in house
dust'” * , but none of the N-
nitrosamines selected in this study have
been previously reported in this matrix.
This study has demonstrated the
presence of these highly carcinogenic
target ON compounds (nicotine, N-
nitrosamines and TSNAs) in both non-
smoking and smoking household dust
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and therefore there is inherent human
exposure to these compounds through
inhalation and/or ingestion of house
dust. It should be noted that PLE is an
effective extraction method and that
the overall results show that GCxGC-
NCD was an efficient technique for the
analysis  of nicotine, N-
nitrosamines and TSNAs from house
dust.

volatile
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EOCs in house dust

We have demonstrated that the methods presented in this section, based on PLE, are
extremely effective at determining organic contaminants in house dust. Taking into
account the different characteristics of the target compounds of each study and the
subsequent determination methods, different PLE strategies were developed: PHWE
followed by SBSE and GC-MS for the determination of parabens, and sorbent in-cell
clean-up PLE using an organic solvent for the determination of nicotine and N-
nitrosamines. For both methods, the main PLE parameters were optimised including
extraction solvent, the amount of house dust, the temperature, the time of extraction
and the number of cycles of extraction.

For the determination of parabens, the addition of an organic modifier to the water was
tested first. Although the presence of an organic solvent in the extraction mixture can
help the PLE of organic contaminants, it had a negative effect for most of the target
parabens, possibly because of a decrease in the acetylation and subsequent SBSE of the
extracts. The amount of house dust extracted was a critical parameter to optimise in
this study. Since house dust is a complex mixture, high amounts of dust provided high
viscous extracts and were difficult to handle. Similarly, high temperatures also lead to
viscous extracts. Therefore, the best recoveries were obtained using only 100 mg of
house dust with a moderate temperature of extraction (80 °C). Once PLE parameters
were fixed, SBSE conditions were also optimised. It should be mentioned that in this
study, 1 mL of anhydride acetic showed the highest recoveries of the target parabens.
This volume was 10 times higher than the one used in the study for the SBSE
determination of parabens described in section 3.4, because higher concentrations of
parabens and other phenolic compounds are present in house dust than in water
samples.

The PHWE, SBSE and TD-GC-MS method presents several advantages compared to
other analytical methods. First, it is environmentally-friendly because water is used as
the extraction solvent. Furthermore, the use of SBSE followed by TD for the extraction
of the parabens from the stir bar requires minimal manipulation of the sample and,
therefore, the risk of external contamination is minimised. As an example of the
reduced risk of external contamination, it should be pointed out that no signal of the
target parabens was found in the procedural blanks. Recoveries for the target parabens
were good for most target parabens, except for methyl paraben. The low yield obtained
for methyl paraben can be explained by the low affinity of the acetylated derivative of
this paraben for the stir bar PDMS phase. This was also observed in the study of the
previous section. Nevertheless, LODs of this method ranged between 1.0 and 2.1 ng g'l,
which are similar to the lowest limits of previous studies reported in the literature [1],
all of which used organic solvents for the extraction instead of water.
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A different PLE strategy - in-cell clean-up PLE - was developed for the determination of
N-nitrosamines and nicotine in house dust. In this study, GC-MS was used to optimise
PLE parameters. Among the solvents tested, ethyl acetate showed the best extraction
efficiencies overall. Regarding the amount of extracted house dust, 500 mg was used in
this study to enhance the sensitivity of the method, because dust extracts obtained with
ethyl acetate were less viscous and easy to handle than those found in the parabens
study which were extracted with water. For the selection of the clean-up sorbent, the
performance of Cyg, silica, alumina and florisil was tested. Silica was shown to be the
least retentive for the target nitrosamines. Silica also showed the best clean-up
efficiency in previous in-cell clean-up PLE methods for the extraction of the target
analytes from house dust samples [1,2].

The GC-MS system presented low sensitivity for the studied compounds, especially for
TSNAs that presented LODs at the mg g™ with these determination techniques. In order
to further enhance selectivity and sensitivity, GCxGC followed by NCD detection was
used to validate the method and quantify the samples. As seen in the paper, the in-cell
clean-up PLE followed by GCxGC-NCD determination provided clear chromatograms in
which the target compounds were easy to quantify. The high selectivity of the GCxGC
and the use of a specific nitrogen detector provided very low instrumental LODs,
ranging from 1.7 pg to 7.3 pg. LODs of the whole method ranged from 5.8 ng g'1 to 15.8
ng g". The method developed also showed good linearity and repeatability. Moreover,
quantitative recoveries were obtained, except for the most volatile N-nitrosamines (N-
nitrosodimethylamine (NDMA) and N-nitrosomethylethylamine (NMEA)) which was
probably due to their evaporation during the concentration step. The integration of the
extraction and clean-up in one single step in the developed method provided extracts
ready to analyse after the concentration to a lower volume.

Regarding the occurrence of organic contaminants, all of the target contaminants were
found in some of the house dust samples selected for these studies. The highest
concentrations of parabens found in house dust corresponded to methyl and propyl
paraben, with average values of 912 ng g™ and 425 ng g, respectively. This was also the
case with the results found in water samples (see section 3.4). Isopropyl paraben was
the least-detected paraben. The concentrations of parabens found in the samples
matched those found in previous studies [1,4].

On the other hand, nicotine and most of the target N-nitrosamines were found in both
non-smoking and smoking house dust samples. However, the total average
concentration of the target compounds in smoking house dust was nearly 3 times
higher than those reported in non-smoking homes. Moreover, nicotine values were up



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC CONTAMINANTS IN ENVIRONMENTAL ATMOSPHERES AND WATERS
Noelia Ramirez Gonzéalez

DL: T. 1454-2011 X
EOCs in house dust | 373

to 2.8 pug g™ in non-smoking home dust samples and up to 21.6 pug g~ in dust samples
taken from smoking homes.

The presence of nicotine and TSNAs in both kinds of samples demonstrates the
influence of outdoor pollution in indoor environments. Organic contaminants can reach
indoor environments for instance by their diffusion on the air, or by their deposition on
clothes and shoes. Another important conclusion is that it has been confirmed the
harmful effect of tobacco smoke, even in non-smoking environments. As mentioned in
the introduction, some of the nitrosamines studied here are considered carcinogenic to
humans [5,6]. Considering the time people spend indoors and the estimated ingestion
and inhalation of dust, exposure to volatile N-nitrosamines and TNSAs from house dust
is not negligible and risk assessment research concerning this exposure should be done
in the future.
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Conclusions

The major conclusions that can be drawn from the studies presented in this Doctoral

Thesis can be summarised as follows:

The methods developed in this Doctoral Thesis to determine volatile organic
compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), personal care
products (PCPs) and N-nitrosamines showed limits of quantification low enough
for their determination in air, particulate matter, settled dust, waste waters,
and surface waters.

The enrichment into solid sorbents followed by thermal desorption (TD) is a
useful technique for the determination of volatile organic compounds and
semi-volatile PCPs (synthetic musks, insect repellents and parabens) in indoor
and outdoor air, and it provides high recoveries. Compared with high-volume
sampling techniques, TD is faster, requires lower preconcentration volumes and
avoids the use of organic solvents. Furthermore, the risk of background
contamination is minimised since the sorbent tubes are directly analysed after
sampling.

When comparing the performance of TD and liquid desorption (LD) methods for
the determination of VOCs in ambient air, the TD method showed, in general,
better repeatability, recovery and LODs using lower sample volumes of air,
whereas the LD showed cleaner blanks. In some cases, performance with real
samples showed differences in the concentrations of the VOCs, with those
determined by TD being generally higher.

Pressurised liquid extraction (PLE) is a suitable technique for the extraction of
semi-volatile compounds from solid samples, such as airborne particulate
matter and house dust. The use of water as an extraction solvent in
combination with subsequent SBSE provided good LODs of parabens and
avoided the use of organic solvents. It is demonstrated that the use of in-cell
clean-up PLE strategies is useful for the reduction of matrix interferences.

Stir bar sorptive extraction (SBSE) using polydimethylsiloxane (PDMS) as a
sorbent was found to be effective for the extraction of PCPs, such as musks and
parabens, from water samples. The in-situ acetylation of the more polar
analytes is presented as a good alternative for the extraction of parabens which
show low affinity for the PDMS phase.
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6. Comprehensive gas chromatography coupled with nitrogen chemiluminiscence
detection (GCxGC-NCD) demonstrated a high selectivity and sensitivity for
determining nicotine and N-nitrosamines.

7. Air emissions from an industrial waste water treatment plant (WWTP) showed
high concentrations of some hazardous VOCs. Acrylonitrile and styrene were
the most abundant and the concentrations of chloroform, 1,4-dioxane,
ethylbenzene, 1,2,3-trimethylbenzene and 1,4-diethylbenzene were also high.
These results indicate that VOC emissions from industrial WWTPs should be
considered as an important source of hazardous air contaminants.

8. The high concentrations of PCPs found in air, dust and water samples reflect
the widespread use of these compounds. Galaxolide and tonalide were the
synthetic musks most found and methylparaben and propylparaben were the
parabens most found in the different environmental matrices.

9. PCP concentrations found in effluents of urban and industrial WWTPs confirm
that conventional biological waste water treatments do not remove the most
polar PCPs efficiently. Higher removal efficiencies were found after reverse
osmosis treatment. The presence of PCPs in river waters was also confirmed.

10. The presence of high concentrations of organic contaminants in house dust
confirms the inherent human exposure to these pollutants through inhalation
and/or ingestion of house dust. Furthermore, the presence of nicotine and
tobacco-specific nitrosamines in  non-smoking house dust samples
demonstrates the influence of outdoor pollution in indoor environments.

11. Cancer risk assessment by inhalation of PAHs and VOCs around the most
important chemical site in southern Europe was evaluated for the first time.
Although none of these contaminants showed high individual cancer risk
values, the overall estimated risk for both kinds of contaminants was higher
than the WHO and USEPA recommended values, and therefore, should not be
underestimated.

12. Risk assessment results of PAHs indicated that the contribution of gas phase
PAHs to the cancer risk was not negligible. Furthermore, other VOCs besides
benzene have also contributed to cancer risk. These results should be taken
into account in future regulatory approaches.
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AcP
AcPy
ADBI
AHTN
AHMI
Ant
APCI
APPI
ATII
ATSDR
BaA
BaP
BbF
BeP
BFRs
BghiP
BkF
BSTFA
BTEX
CAR
CE
CFME
Chr
Cl

CIS
CNTs
DahA
DBPs
DCM
DEET
DLLME
DOAS
DPMI
DS-MS
DVB
EDC
EDCs
El

EN
EOCs
ESI

Acenaphthene

Acenaphthylene

Celestolide

Tonalide

Phantolide

Anthracene

Atmospheric pressure chemical ionization
Atmospheric pressure ionization
Traseolide

Agency for Toxic Substances and Disease Registry
Benzo[a]anthracene

Benzo[a]pyrene

Benzo[b]fluoranthene

Benzo[e]pyrene

Brominated flame retardants
Benzol[g,h,ilperylene
Benzo[k]fluoranthene
N,O-bis(trimethylsylil)trifluoroacetamide
Benzene, toluene, ethylbenzene and xylenes
Carboxen

Capillary electrophoresis

Continuous flow microextraction
Chrysene

Chemical ionization

Cooled injection system

Carbon nanotubes
Dibenzo[a,h]anthracene

Disinfection by-products
Dichloromethane

N, N-diethyl-m-toluamide

Dispersive liquid-liquid microextraction
Differential optical absorption spectroscopy analyser
Cashmeran

Direct air sampling mass spectrometry
Divinyl benzene

Electron capture detector

Endocrine disrupting compounds
Electron impact

European Normative

Emerging organic contaminants
Electrospray ionization
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EU European Union

FID Flame ionization detector

Flu Fluorene

FluT Fluoranthene

FTIR Fourier-transform infrared spectrometry
GC Gas chromatography

GCxGC Comprehensive two-dimensional gas chromatography
GGFs Glass fibre filters

HFLPME Hollow-fibre liquid-phase microextraction
HHCB Galaxolide

HHSE Headspace sorptive extraction

HILIC Hydrophilic interaction chromatography
HS Head space

IARC International Agency for Research on Cancer
Ind Indeno[1,2,3-c,d]pyrene

IRIS Integrated Registration Information System
IT lon trap

LC Liquid chromatography

LCR Lifetime cancer risk

LD Liquid desorption

LLE Liquid-liquid extraction

LOD Limit of detection

LoQ Limit of quantification

LPCI Low pressure chemical ionization

LPGC Low pressure gas chromatography

LPME Liquid-phase microextraction

LVI Large volume injection

MAE Microwave assisted extraction

MeP Methyl paraben

MEPs Microextraction in packed syringe

MIPs Molecularly-imprinted polymers

MISPE Molecularly-imprinted polymer solid-phase extraction
MS Mass spectrometry

MSPD Matrix solid-phase dispersion

MWCNTSs Multi-walled carbon nanotubes

NAB N'-nitrosoanabasine

NAT N'-nitrosoanatabine

NCD Nitrogen chimiluminiscence detector

NCI Negative chemical ionization

NDBA N-nitrosodi-n-butylamine

NDEA N-nitrosomethylethylamine
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NDMA
NDPA
NIOSH
NMEA
NMor
NNAL
NNK
NNN
NOCs
NDPhA
NPD
NPip
NPyr
NTDs
ocC
OSF
OSHA
PA
PAHs
PCBs
PCPs
PDMS
PLE
PM; s
PMyo
POPs
PPy
PTR-MS
PTV
PUF
Pyr

QFFs
QqQ
Q-TOF
Qtrap
RfC
RO
SBSE
SDME
SFE

N-dimethylamine
N-nitrosodi-n-propylamine

National Institute for Occupational Safety and Health

N-nitrosomethylethylamine
N-nitrosomorpholine
4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanol

4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone

N'-nitrosonornicotine

N-nitroso compounds
N-nitrosodiphenylamine
Nitrogen-phosphorous detector
N-nitrosopiperidine
N-nitrosopyrrolidine

Needle trap devices

On-column

Organic solvent film
Occupational Safety and Health Administration
Phenanthrene

Polycyclic aromatic hydrocarbons
Polychlorinated biphenyls
Personal care pproducts
Polydimethylsiloxane

Pressurised liquid extraction
Particulate matter 2.5 um
Particulate matter <10 um
Persistent organic pollutants
Polypyrrole polymers

Proton transfer reaction mass spectrometry
Programmed temperature-vaporizer
Polyurethane foam

Pyrene

Quadrupole

Quartz fibre filters

Triple quadrupole

Quadrupole- time-of-flight
Quadrupole-ion trap

Reference Concentration
Reverse osmosis

Stir bar sorptive extraction
Single-drop microextraction
Supercritical fluid extraction
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SHS Second hand smoke

SIM Selected ion monitoring

SOA Secondary organic aerosol

SPE Solid-phase extraction

SPDE Solid-phase dynamic extraction
SPME Solid-phase microextraction
SVOCs Semi-volatile organic compounds
SWCNTs Single-walled carbon nanotubes
TD Thermal desorption

TDU Thermal desorption unity

TEFs Toxic Equivalence Factors

THS Third hand smoke

TOF Time-of-fligh

TSNAs Tobacco-specific nitrosamines
TSP Total suspended particles

UHPLC Ultra-high performance liquid chromatography
UR Unit risk

us Ultrasound

USEPA United States Environmental Protection Agency
uv Ultraviolet

VOCs Volatile organic compounds
WHO World Health Organization

WWTP Waste water treatment plant
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