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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants and are mostly 

products of the incomplete combustion of organic material. PAHs are often found in 

environmental samples as a complex mixture of isomers. In addition, the same sources that 

produce complex PAH mixtures also produce other poorly characterized mixtures of organic 

compounds, commonly referred to as an unresolved complex mixture (UCM), that act as 

matrix interferences in the chromatographic analysis of samples.   



Conventional one-dimensional chromatographic techniques, such as gas chromatography 

coupled to mass spectrometry (GC/MS), are not sufficient for the analysis and quantitation of 

complex PAH mixtures present in environmental samples due to the high degree of overlap in 

compound vapor pressures, boiling points, and mass spectral fragmentation patterns. 

Therefore, the separation and quantitation of complex mixtures of individual PAH compounds 

in environmental samples requires high chromatographic resolution. 

Comprehensive two-dimensional gas chromatography coupled to time-of-flight mass 

spectrometry (GC×GC/ToF-MS) was used for this study. GC×GC/ToF-MS uses two different 

gas chromatographic columns, with different separation mechanisms, for the analysis of 

complex environmental samples. In theory, the peak capacity in GC×GC/ToF-MS is 

equivalent to the product of the individual peak capacities of each column used. However, in 

practice, this is rarely obtained because of the existing correlation between the two GC 

columns used. This dissertation is a compilation of three studies related to analytical method 

development for the identification and quantitation of complex PAH mixtures (including 

parent-PAHs, alkyl-PAHs, oxy-PAHs, nitro-PAHs, thio-PAHs, chloro-PAHs, bromo-PAHs 

and PAHs with molecular weight higher than 300 Da) that may be present in environmental 

samples using novel column combinations in GC×GC/ToF-MS. 

The use of a liquid crystal column (LC-50) in the first dimension, followed by a nano-

stationary phase column (NSP-35) in the second dimension, was evaluated for the separation 

of a standard PAH mixture containing 97 different PAHs. Two standard reference materials 

purchased from NIST (NIST SRM1650b – Diesel Particulate Matter and NIST SRM1975 – 

Diesel Extract) were used, after extraction and cleanup, for method validation and comparison 

between the commonly used non-polar × polar column combination and the LC-50 × NSP-35 



column combination with high orthogonality. As part of the method validation, an aliquot of 

NIST SRM1975 (Diesel extract), without sample cleanup was also analyzed for PAHs, 

showing that the LC-50 × NSP-35 column combination was accurate (with an average 

absolute percent difference of approximately 30%) for the identification and quantitation of 

complex PAH mixtures in environmental samples, with reduced sample preparation prior to 

analysis. In addition, the LC-50 × NSP-35 column combination was used for the analysis of 

PAHs sorbed to polystyrene pellets deployed in an urban bay area as passive water samplers 

because one-dimensional GC/MS was ineffective due to the presence of a strong unresolved 

complex mixture (UCM) and matrix interferences.  
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The Identification and Quantitation of Complex Polycyclic 
Aromatic Hydrocarbon Mixtures in Environmental Samples Using 
Comprehensive Two-dimensional Gas Chromatography with Time-

of-flight Mass Spectrometry 

 

Chapter 1: Introduction 

 

Polycyclic Aromatic Hydrocarbons (PAHs) are semi-volatile organic compounds (SOCs). 

Some PAHs are classified as persistent organic pollutants (POPs), including benzo[a]pyrene.1 

(4). PAHs are widespread environmental contaminants that can be found in measurable 

concentrations even in remote locations such as  Arctic snow and ice2, high altitude lake 

sediments3,  and deep sea sediments.4 The persistent, semi-volatile nature of some PAHs 

means that they have the potential for long-range atmospheric transport and long to medium-

term storage in some environmental compartments, followed by another episode of transport 

and redeposition.1 However, individual PAH compounds will behave differently according to 

their own physicochemical properties.1 

PAHs are molecules formed by two or more fused aromatic rings and can range from 

slightly soluble in water to extremely insoluble and from volatile to semi volatile according to 

their molecular weight: the higher the molecular weight, the lower the vapor pressure and 

water solubility.5,6 Some representative PAHs are shown in Figure 1. 
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Figure 1.1: Structures of representative PAHs (A) Naphthalene, 
(B) Pyrene, (C) Coronene 

 

 

Formation of PAHs and Heterocyclic Compounds 

The formation of PAHs is based on the fragmentation of large organic compounds into 

smaller, unstable free radicals during combustion. These free radicals can react in a variety of 

different pathways to produce an aromatic ring which is further reacted with more free 

radicals to yield larger PAH structures.5 

The types of PAHs produced in pyrolysis vary considerably with temperatures. At high 

temperatures under anaerobic conditions, as in the coking process, the products are relatively 

simple mixtures of low molecular weight parent PAHs with no alkyl substituents (PPAHs). At 

moderate temperatures, as in the smoldering wood, product mixtures are more complex and 

may contain substantial amounts of alkyl-substituted or methyl-PAHs (MPAHs), as well as 

PPAHs. At low temperatures, as in forest fires and the burning of cigarettes, aromatization 

takes place at a slower rate. Under these conditions MPAHs become predominant products.7,8  

The type of fuel and the amount of oxygen present in the combustion process can also 

affect the formation of PAHs. Fossil fuels, residential heating in wood stoves and fireplaces, 

and natural pyrogenic sources such as forest fires and volcanic eruptions generate different 
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PAH profiles. Since PAHs are produced by incomplete combustion of organic matter, a rise in 

the amount of oxygen leads to more efficient combustion, to the point where oxygen is not 

limited and combustion approaches completion, decreasing the amount of PAHs generated.5 

Heterocyclic analogs of PAHs in which one or more carbon atoms are replaced by 

nitrogen, sulfur, or oxygen have also been measured in the environment. Nitro-PAHs 

(NPAHs) are formed in the pyrolysis of nitrogen-containing organic materials and significant 

levels are found in industrial and urban atmospheres, tobacco smoke, engine exhaust, coal tar 

and coal gasification residues.7,9 Sulfur-containing PAHs, or thio-PAHs (SPAHs), are found in 

most of the same sources as PAHs and NPAHs, including coal tars, soot, shale oils, 

automobile exhaust, tobacco smoke, smoke stack emissions, and urban atmospheres.7 In 

addition to PPAHs, MPAHs, NPAHs, and SPAHs, combustion can also form other substituted 

PAHs such as those containing halogenated compounds, chloro-PAHs (ClPAHs) and bromo-

PAHs (BrPAHs), as well as PAHs with molecular weight greater than 300 Da (HMW PAHs). 

Waste incinerators, water chlorination facilities and automobile and diesel exhaust have been 

shown to form ClPAHs and BrPAHs10,11,12,13, in addition to PPAHs, MPAHs, NPAHs, 

OPAHs, and SPAHs. 

 

Photochemical and Oxidation Reactions 

In the atmosphere, PAHs are susceptible to both chemical oxidation and photochemical 

alteration.7,14 Photochemical reactions occur when PAHs are exposed to oxidants and light. 

These are an important pathway for the degradation of PAHs in the environment and have 

important effects on the fate of PAHs. The degree to which a compound is susceptible to 

photochemical reactions is dictated, among other things, by its absorption spectrum and by the 
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nature of the particle to which it is absorbed.7,6 Chemical oxidation occurs when PAHs react 

with atmospheric oxidants such as O3, NOx, SOx and  OH•  radicals  to  form  products  sometimes  

even more toxic than the PAH precursor, such as nitro-PAHs (NPAHs).5 

 

Sources of PAHs to the Environment 

PAHs enter the environment through several different sources, including petrogenic, 

biogenic, and pyrogenic sources. Although naphthalene, acenaphthane, acenaphthylene and 

anthracene are produced commercially in the United States in quantities greater than research 

level, mainly by recovery from the coal tar distillation process, commercial production of 

PAHs is not regarded as a significant source to the environment.15,16  

Petrogenic PAHs are those present in unburned petroleum and even though oil spills 

attract a lot of attention in the media, this source does not contribute significantly to the PAHs 

inventory in the environment.5 The production and use of creosote and coal-tar are potentially 

significant sources to the environment.1 Biogenic PAHs are produced by diagenetic processes 

from biogenic precursors and is considered a localized source with little impact on global 

scales.5  

Since fossil fuels remain the primary source of energy for the industrial nations of the 

world, and petrochemicals are the basis of the synthetic fibers and plastics industries, 

pyrogenic PAHs represent the most prominent and ubiquitous source of PAHs to the 

environment. Pyrogenic emissions are from the incomplete combustion of biomass and fossil 

fuels like oil, coal and petroleum.7,5 and represent a wide range of molecular sizes and 

structures including polycyclic heterocyclic compounds that contain one or more nitrogen, 

oxygen, sulfur or halogenated atoms. Substantial amounts of pyrogenic PAHs are also 
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generated from natural sources such as forest fires, volcanic activity and hydrothermal 

processes.7,17,18 Anthropogenic pyrogenic sources outweigh the contribution from natural 

pyrogenic sources, although isolated natural combustion events can have a profound effect for 

short periods of time.19 

 

Environmental Fate of PAHs 

The environmental fate of PAHs is primarily controlled by their physicochemical 

properties and affected by natural processes such as biological degradation, degradation by 

oxidants, temperature, light intensity and type of sorbent, such as black carbon (BC) and soot.5 

PAHs are emitted into the atmosphere either in the gas or particulate phases and their 

deposition is strongly dependent on the partitioning between theses compartments.5 Vapor 

pressure, ambient temperature, PAH concentration and amount and type of particles are 

factors that affect this partitioning. PAHs with 3-4 rings are generally present in the 

atmosphere primarily in the gas phase (phenanthrene, fluoranthene and pyrene) and PAHs 

with 5 or more rings are mostly present in the particle phase.5,20 Removal of PAHs from the 

atmosphere can occur by either wet or dry deposition.5  

In water, PAHs have a higher tendency to associate with particles rather than to dissolve 

in water due to their hydrophobic nature. Therefore, PAHs deposited into aquatic ecosystems 

will tend to associate with settling particles, reducing their bioavailability.5 Although PAHs 

tend to have low water solubility, the difference in solubility among individual PAHs is 

significant enough to have an impact on their distribution in the environment.5 
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Environmental and Human Relevance 

PAHs are widely distributed in air, food and water.7 Given the right conditions, PAHs 

may persist in the environment and accumulate to the extent that the potential for adverse 

health effects on humans is high.15 This has important implications for cancer in humans 

because some PAHs are relatively potent carcinogens and their biological and mutagenic 

effects are well documented21  

Because humans congregate in urban environments characterized by mobile sources and 

inefficient burning of domestic fuels and garden waste, the majority of human exposure to 

atmospheric PAHs is through mobile and open sources together with domestic combustion 

processes 1 

The presence of products of photoreactions and oxidation of PAHs can increase the 

toxicity and mutagenicity of the PAH mixture. It has been shown that nitro-PAHs (NPAHs) 

and oxy-PAHs (OPAHs) make up a significant portion of the overall mutagenicity of PM2.5.9 

Because of this complex PAH mixture, it is important to assess the effects of a large list of 

PAHs. For example, the total excess inhalation cancer risk to humans can be underestimated 

by approximately 23% if the HMW-PAHs are not included in the analysis.22 Therefore, to 

assess the toxicity of a particular sample, it is essential to separate and analyze a large list of 

individual PAHs within the sample to account for the combined toxic effects of all PAHs.22 

 

Extraction methods 

Measurement of PAHs in environmental and in biological matrices requires multiple  

analytical chemistry purification steps and instrumentation analyses because of the large 

number of PAH isomers present. The analysis of PAHs commonly involves the separation of 
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PAHs as a group from the sample matrix (sample preparation and isolation) and then 

separation of individual PAHs using gas chromatography (GC) (analysis and detection).23,24  

Prior to GC analysis, environmental samples are usually solvent extracted using 

pressurized liquid extraction (PLE), concentrated and purified using solid phase extraction 

(SPE) procedures to remove polar matrix interferrants.24 

Most PAH extraction methods are based on the removal of PAHs from the sample matrix 

due to their partitioning into selected solvents. However, many solvents with optimal 

extraction properties for PAHs are no longer heavily used because of their carcinogenic 

properties or other environmental concerns. For example, benzene was used for half a century 

due to its excellent solvent properties but it is heavily restricted due to the occupational 

hazards. The use of chlorinated solvents, such as dichloromethane, has been reduced in order 

to decrease the emission and waste of chlorinated compounds to the environment.25 There has 

been some progress in the automation of sample preparation procedures and use of techniques 

such as solid phase micro-extraction (SPME) and supercritical fluid extraction to reduce the 

sample preparation time involved in PAH analysis. However, sample preparation procedures 

for PAH analysis in complex environmental samples remains time consuming, laborious, and 

costly.23 

 

Chromatographic Methods 

Gas chromatography (GC) is the most common technique used for the analysis of 

complex environmental mixtures containing PAHs. Due to its high separation efficiency and 

low detection limits, it is not uncommon to resolve hundreds of components from a complex 

environmental mixture with GC.15,24  
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One of the most widely used GC stationary phases in environmental analysis consists of a 

phenyl-methylpolysiloxane polymer (~5% phenyl).24 The separation of PAHs in this GC 

column is based on dispersion interactions between the solute and stationary phase and the 

resulting separations are often based on boiling point differences.24 However, separations of 

isomeric PAHs are limited with phenyl-methylpolysiloxane GC columns because the bulk 

physical properties of the isomers are very similar.24 This becomes a serious limitation when 

dealing with complex environmental samples that can contain hundreds of different PAHs and 

strong matrix interferences.  

In the early 1960s, liquid crystalline stationary phases started to be used in GC to provide 

enhanced selectivity for aromatic isomers.15,26 Columns containing liquid-crystalline stationary 

phases have shape selectivity aspects that are well suited for the separation of PAH isomers.27  

Liquid crystals (LC) belong to a state of matter that have properties similar to a 

conventional liquid and a solid crystal.28 LCs may flow like a liquid under some 

circumstances, but their molecules may be organized and oriented in a crystal-like way.28 One 

of the three classes in which liquid crystals are divided is called nematic, in this phase the 

liquid crystalline molecules are arranged with all their long axes parallel and not separated 

into layers.29 High temperature nematic liquid crystal stationary phases provide separation on 

the basis of molecular geometry.29 Liquid crystalline columns have some limitations, 

including variations in selectivity, changes in the order of elution of PAHs among different 

columns, and a limited temperature range.30 The relatively low temperature limit of early 

developed liquid-crystalline columns resulted in a limited mass range for the determination of 

PAHs. More recently, a liquid-crystalline column in the form of a 50% dimethyl 50% (mole 

fraction) liquid-crystalline polysiloxane phase has become commercially available and has a 

greater operating temperature range than previous smectic versions.31 

http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Molecules
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Janini and co-workers used liquid crystalline columns to separate PAHs, and described a 

relationship between solute shape and retention time.32,33 The retention time of PAHs in liquid 

crystalline columns can also be related to the “length-to-breadth”   (L/B) molecular 

descriptor.34,35 

Three important pairs of PAHs that typically co-elute on traditional 5% phenyl 

methylpolysiloxane columns, including chrysene and triphenylene, benzo[b]- and 

benz[j]fluoranthene and dibenzo[a,c]- and dibenz[a,h]anthracene, are separated using liquid-

crystalline columns.36 However, liquid-crystalline columns have some limitations, including 

variations in selectivity, changes in the order of PAH elution among different columns, and a 

limited temperature range.15 Liquid crystalline columns however are not sufficient to 

effectively separate a complex mixture of PAHs, presenting several co-elution cases. 

The number of peaks a chromatographic analysis can resolve can be expressed by the 

system’s  peak  capacity (nc). In one-dimensional GC analysis, using longer columns results in 

increased nc of one-dimensional GC analysis without changing its minimum detectable 

concentration (MDC). Unfortunately, the use of longer GC column increases the analysis time 

in proportion to the third power of nc. As a result, the peak capacity can be increased only at 

the expense of long analysis times. Thus, a twofold increase in nc requires an eightfold-longer 

analysis.37 One way to improve the separation power of a GC system without a large increase 

in the analysis time is to subject the sample separated by a given GC column to an additional 

separation using a different separation mechanism.38 
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Two-Dimensional Gas Chromatography with Time-of-Flight Mass Spectrometry 

A conceptual description of two-dimensional and multi-dimensional (MD) separations is 

known primarily from Giddings39, who defined MD separations as those where the analytes 

are subjected to two or more largely independent separative displacements, that are structured 

such that whenever two components are adequately resolved in any one displacement step, 

they will generally remain resolved throughout the process.39 MD-GC can be subdivided into 

two categories: heart-cut GC (GC-GC), where a single fraction of the first dimension effluent 

is introduced into the second dimension for further separation,40 and comprehensive GC 

(GC×GC), where the entire sample eluting from the first dimension is introduced into the 

second dimension for further separation.41 

Comprehensive two-dimensional gas chromatography (GC×GC) was invented by Phillips 

in the early 1990s41 based on the need to resolve more components in complex mixtures. The 

fundamental requirement of GC×GC is that the components separated in the first dimension 

remain separated after passing through the second dimension. In true MD separations, two 

different separation mechanisms should be used to achieve separation orthogonality, which 

can be graphically defined as the amount of two-dimensional space used by the peaks after the 

chromatographic separation.38, 42 

In GC×GC/ToF-MS, the sample is introduced and separated in the first capillary column. 

However, rather than being sent to a detector, the effluent is introduced into a second capillary 

column coated with a different stationary phase for further separation. The two columns are 

connected through a special interface called a modulator. The basic structure of a 

GC×GC/ToF system is shown in Figure 1.2. The secondary column is usually much shorter 

and often narrower than the first column and is coated with a different stationary phase from 
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the first column to achieve orthogonality. The separation in the secondary column has to be 

extremely fast to make sure that fractions of the first dimension effluent are sampled 

frequently enough to preserve the separation accomplished in the first dimension. Both 

columns can either be inside the same GC oven or have independent ovens to control 

temperatures independently.37 The effluent from the second column is sent to the detector.38 

In general, the main advantages of GC×GC over conventional methods are its speed of 

analysis and the number of peaks resolved per minute. Selectivity is achieved from the use of 

two different columns with different stationary phases, while sensitivity is achieved from the 

thermal modulation that generates a band compression effect. 

 

 

Figure 1.2: Basic Scheme of a GC×GC-MS system: (A) Injector, (B) 
Primary GC oven, (C) First-dimension column, (D) Modulator, (E) 
Secondary GC oven, (F) Second-dimension colun, (G) Detector.  
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A conventional 1D GC chromatogram is a two-dimensional plot of detector signal 

intensity versus retention time. On the other hand a GC×GC chromatogram is a three-

dimensional plot with two retention times and signal intensity as the axes. However, the 

detector positioned at the outlet of the second column records a continuous linear signal that is 

a series of second-dimension chromatograms produced by each modulation cycle.38 The data 

have to be converted into a three-dimensional representation before it can be analyzed 

effectively. This task is handled by appropriate computer software.38 

 

Modulation 

Direct serial connection of two different columns without a modulator results in a one-

dimensional separation, because analytes separated on the first column are not prevented from 

co-elution at the exit of the second column. The role of the modulator is to trap, refocus and 

inject the primary column heart cuts sequentially into the second dimension. Therefore, the 

modulator is the most important component of any GC×GC system.  

The time taken to complete a single cycle of trapping effluent from the first dimension 

column and desorbing it onto the second dimension column is called the modulation period. 

The preservation of the first dimension separation can be accomplished only if every peak 

eluting from the primary column is sampled at least three times.43 Thus, if a 12 second peak 

elutes from the first dimension, the modulation period should be no longer than 4 seconds.44 

Modulators can be classified into two groups: thermal modulators and valve-based 

modulators. Thermal modulators can be further divided into heater-based (modulation via an 

increase in temperature) and cryogenic (modulation via a decrease in temperature).38 
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Liu and Phillips introduced the first GC×GC modulator in 1991, which consisted of a 

segment of thick-film capillary column painted with conductive paint that was positioned 

between the primary and the secondary columns.41 It was later realized that this heater-based 

modulator did not trap all of the compounds effectively, resulting in broad injection bands 

onto the second column and peak shape irregularities due to analyte breakthrough.38 

The next generation of modulator involved a two-stage process, where the trapping and 

desorption happened in two different sections of the modulator. The first commercial 

modulator was the rotating thermal modulator developed by Phillips.45 This modulator worked 

satisfactorily for many applications. However, the moving parts caused problems when the 

alignment of the parts was not perfect.38 

Cryogenic modulators work under the same principle, but rather than trapping the effluent 

at the oven temperature and desorbing it by increasing the temperature, the effluent is trapped 

at a temperature significantly below that of the GC oven and desorbed at oven temperatures.38 

An example of cryogenic modulators is the longitudinal modulated cryogenic system (LMCS) 

developed in Australia by Kinghorn and Marriot.46 The dual stage modulation in LMCS 

brought about the same advantages as the heater-based modulation with some additional 

advantages such as higher final oven temperatures during separation and effective trapping of 

volatile compounds.38 

The next goal in cryogenic modulators was the elimination of moving parts. Leford 

developed a dual-stage modulator with the use of two cold jets for analyte trapping and 

focusing and two hot air jets for desorption.47 A commercial version of this modulator, 

utilizing liquid nitrogen as the cooling agent, is available on instruments from the Leco 

Corporation and is the modulator used for this study. 
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Detectors 

One of the main concerns of GC×GC systems is the need for precise measurement of very 

fast eluting peaks. This can be as rapid as a 50 ms peak width at baseline requiring detector 

acquisition rates of at least 100 Hz for quantification purposes.48 

The detectors used for 1D GC can also be used for GC×GC, but with an additional 

requirement that their data acquisition rates must be high. Peaks eluting from the secondary 

column are typically very narrow (100 – 500 ms at the base) and to get reliable and 

reproducible determination of a peak area, at least 10 data points should be collected along the 

peak profile.49 Consequently, a detector that is capable of collecting data at a rate of at least 50 

Hz is required. A time-of-flight (ToF) analyzer is suitable for this purpose.  

The construction of a ToF analyzer was published for the first time in 1946 by Stephens.50 

The principle of ToF is based on ions of different m/z being dispersed in time during their 

flight along a field-free drift path of known length. Provided all the ions start their journey at 

the same time or at least within a short time interval, the lighter ones will arrive earlier at the 

detector than the heavier ones.51 

The major advantages that time-of-flight mass spectrometers (ToF-MS) have over other 

MS technologies include that a complete mass spectrum is produced at the detector for every 

pulse of ions from the ion source, the m/z range is virtually unlimited, and the transmission in 

a ToF-MS is very high, giving rise to high sensitivity analyses. 52,53 In addition, the spectral 

acquisition rate is determined essentially by the transit time of the heaviest ion in the mass 

spectrum, so very fast data acquisition rates are possible.54 
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Research Objectives 

The objective of this research was to develop a new analytical method for the 

identification and quantification of a large number of PAHs present in complex environmental 

samples such as air particulate matter, soil, and sediment samples.  

The first step was to maximize the orthogonality of the GC-column combination used with 

GC×GC/ToF-MS in order to improve the separation of complex PAH mixtures present in 

environmental samples, and to improve the separation of PAHs from the sample matrix. This 

is described in Chapter 2. 

The method was later tested for the quantification of complex PAH mixtures in two 

different standard reference materials (SRMs). One SRM was also tested for PAHs without 

any sample purification prior to the GC analysis. This is described in Chapter 3. 

Finally, the method was used for the analysis of PAHs in environmental sample sets, 

where one-dimensional GC proved to be inefficient. The high orthogonality column 

combination found in Chapter 1 was used for the identification and quantification of a 

complex mixture of PAHs present in polystyrene pellets deployed in the San Diego 

Bay area for a period from 0-12 months, solving the problems found in one-

dimensional GC/MS regarding identification and quantification of PAHs due to matrix 

interferences. This is described in Chapter 4. 
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Abstract 

Complex mixtures of polycyclic aromatic hydrocarbons (PAHs) are difficult to resolve 

because of the high degree of overlap in compound vapor pressures, boiling points and mass 

spectral fragmentation patterns.  The objective of this research was to improve the separation 

of complex PAH mixtures (including 97 different parent, alkyl-, nitro-, oxy-, thio-, chloro-, 

bromo-, and high molecular weight PAHs) using GC×GC/ToF-MS by maximizing the 

orthogonality of different GC column combinations and improving the separation of PAHs 

from the sample matrix interferences, including unresolved complex mixtures (UCM).  Four 

different combinations of non-polar, polar, liquid crystal and nano-stationary phase columns 

were tested. Each column combination was optimized and evaluated for orthogonality using a 

method based on conditional entropy that considers the quantitative peak distribution in the 

entire two-dimensional space.   

Finally,   an   atmospheric  particulate  matter  with   diameter  <  2.5  μm   (PM2.5) sample from 

Beijing, China, a soil sample from St. Maries Creosote Superfund Site, and a sediment sample 

from the Portland Harbor Superfund Site were analyzed for complex mixtures of PAHs.  The 

highest chromatographic resolution, lowest synentropy, highest orthogonality and lowest 

interference   from  UCM  were   achieved   using   a   10  m   ×   0.15   mm   ×   0.10   μm   LC-50 liquid 

crystal column in the first dimension and a 1.2 m × 0.10   mm   ×   0.10   μm   NSP-35 nano-

stationary phase column in the second dimension.  In addition, the use of this column 

combination in GC×GC/ToF-MS resulted in significantly shorter analysis times (176 min) for 

complex PAH mixtures compared to one-dimensional GC/MS (257 min), as well as 

potentially reduced sample preparation time. 
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Introduction 

Complex mixtures of polycyclic aromatic hydrocarbons (PAHs) are produced from the 

incomplete combustion of fossil fuels, biomass1,2, forest fires3, volcanic eruptions4, and 

hydrothermal processes5 and consist of a wide variety of different PAH compounds, including 

parent PAHs (PPAHs), alkyl-PAHs (MPAHs), nitro-PAHs (NPAHs), oxy-PAHs (OPAHs), 

thio-PAHs (SPAHs), high molecular weight PAHs (MW > 300; HMW PAHs), bromo-PAHs 

(BrPAHs) and chloro-PAHs (ClPAHs). Some of these individual PAH, as well as complex 

mixtures of PAHs, are of concern because of their potential persistence, bioaccumulation, and 

toxicity, including carcinogenicity and mutagenicity6,7,8,9,10. In addition, the same sources that 

produce PAHs also produce other poorly characterized mixtures of organic compounds, 

commonly referred to as an unresolved complex mixture (UCM)11, that acts as matrix 

interferences in the analysis.  Therefore, the separation of complex mixtures of individual 

PAH compounds in environmental samples requires high chromatographic resolution.12   

Comprehensive two-dimensional gas chromatography with time-of-flight mass 

spectrometry13 (GC×GC/ToF-MS) is well suited for this task. GC×GC/ToF-MS has been used 

to identify more than 3,000 compounds in crude oil11 and more than 370 compounds in house 

dust14, as well as to characterize UCM in sediment15,16, biota17, and oil spills18.  

Multidimensional separation techniques, such as GC×GC/ToF-MS, generate a theoretical 

available peak capacity equivalent to the arithmetic product of the individual peak capacities 

of each dimension.19 However, this is rarely obtained because of the existing correlation 

between the two dimensions. The final information obtained in these analyses is the sum of 

the mean information of each individual dimension minus the cross information.20  A high 

degree of correlation between the different dimensions can reduce a multidimensional 

separation to a distribution of peaks along a diagonal.21 To minimize this correlation and 
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approach theoretical peak capacity, orthogonality (the degree of independence between the 

dimensions of analysis) must be maximized and synentropy (the amount of information 

contributed equally from both dimensions22) must be minimized, so that the cross information 

across dimensions is close to zero.21  

To date, a common column combination used for environmental sample analysis in 

GC×GC/ToF-MS includes a non-polar GC-column in the first dimension followed by a more 

polar column in the second dimension11, 14, 16,23,24,25.  In a previous study, this column 

combination resulted in good chromatographic separation and good space occupation for 

GC×GC/ToF-MS analysis of a coal liquefaction middle distillate sample containing semi-

volatile organic compounds (SOCs) with different physicochemical properties, such as 

paraffins (alkanes), naphthenes (cyclic alkenes), aromatics and phenols.23 However, this 

column combination may not be orthogonal enough to resolve complex mixtures of SOCs 

within a single class of compounds that share similar physicochemical properties and respond 

to the separation mechanisms in similar ways, such as complex mixtures of PAHs.   

The objective of this research was to improve the separation of complex PAH mixtures 

using GC×GC/ToF-MS by maximizing the orthogonality of different column combinations 

and improving the separation of compounds from the sample matrix interferences.  The 

orthogonality of four different GC column combinations was tested using a standard solution 

containing 97 PAHs, including PPAHs, MPAHs, NPAHs, OPAHs, SPAHs, ClPAHs, BrPAHs 

and HMW PAHs. GC-columns with different stationary phases and column dimensions were 

tested, including traditionally used non-polar (Rtx-5) and polar (Rxi-17) columns, liquid 

crystal (LC-50) and newly developed nano-stationary phase (NSP-35) columns.  Each column 

combination was optimized and evaluated for orthogonality. The different column 

combinations were used to separate complex mixtures of PAHs in environmental samples, 
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including  an  atmospheric  particulate  matter  sample  with  diameter  <  2.5  μm  (PM2.5) collected 

from Beijing, China, a soil sample from St. Maries Creosote Superfund Site, and a sediment 

sample from the Portland Harbor Superfund Site. This paper serves as a model for optimizing 

the two-dimensional separation of other complex SOC mixtures from environmental matrices 

with significant matrix interferences, including UCM. 

 

Experimental section 

Materials and Reagents 

Standards of 19 PPAHs, 10 MPAHs, 19 NPAHs, 5 OPAHs, 2 SPAHs and 15 HMW PAHs 

were purchased from AccuStandard (New Haven, CT, USA). Standards of 17 ClPAHs and 10 

BrPAHs were synthesized by Dr. Takeshi Ohura at the University of Shizouka in Shizouka, 

Japan26,27. The list of the 97 PAHs measured can be found in Appendix A.  Atmospheric 

particulate matter with diameter < 2.5 µm (PM2.5) was collected at Peking University in 

Beijing, China during the 2008 Beijing Olympic Games and its sample preparation that 

includes pressurized liquid extraction with dichloromethane and solid phase extraction has 

been previously described28. A soil sample was collected from St. Maries Creosote Superfund 

Site in St. Maries, Idaho and a sediment sample was collected from Portland Harbor 

Superfund Site in Portland, Oregon. Samples were prepared following the procedures 

described elsewhere.29,30 

 

GC×GC/ToF-MS Analysis 

The standards and environmental samples were analyzed using a GC×GC/ToF-MS 

Pegasus 4D instrument (Leco, St Joseph, MI, USA) with four different GC column 
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combinations. The instrument consisted of an Agilent 6890 gas chromatograph (Palo Alto, 

CA, USA) with a secondary oven, a split/splitless injector, and a non-moving quad-jet dual 

stage modulator. The two GC columns were connected using an Agilent CPM union (part no. 

188-5361) for 0.1-0.25 mm I.D. columns. The GC oven temperature, modulation period, and 

gas flow rate were optimized for each column combination, with other parameters such as the 

injection method and temperature, transfer line temperature and source temperature, fixed. 

The optimization was performed using the standard solution of 97 PAHs in ethyl acetate with 

a  concentration  of  1  ng/μL.   

Column  combination  “A1”  consisted  of  a  35  m  ×  0.25  mm  ×  0.10  μm  Rtx-5ms column 

with 5 m guard column (Restek, Bellefonte, PA, USA) in the first dimension and a 1.2 m × 

0.10  mm  ×  0.10  μm  Rxi-17 column (Restek, Bellefonte, PA, USA) in the second dimension. A 

previously optimized GC temperature program for this column combination was used31, with 

an increase in the final hold time from 9 to 19 min in order to ensure complete elution of 

HMW PAHs. Three modulation periods were tested (3, 5 and 7 s), with three flow rates (0.8, 

1, 1.2 mL/min). The hot pulse in the modulation period was, on average, 30% lower than the 

cold pulse, ensuring maximum peak height ratios in the second dimension.32 Better 

chromatographic resolution was obtained with shorter modulation periods (Figure 2.1).  

However, the signal-to-noise ratios were reduced because of the larger number of sub-peaks 

generated by the modulating process. In addition, some sub-peaks did not elute within a single 

modulation period and produced   “wraparounds”. After optimization, 1 µL of the 1 ng/μL  

standard solution in ethyl acetate was injected and analyzed using the conditions shown in 

Table 2.1.  The  total  run  time  for  column  combination  “A1”  was  64  min.   
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Figure 2.1: Chromatographic separation of PAHs using an Rtx-5ms (30 m) in the first 
dimension and a Rxi-17 (1.2 m) in the second dimension. A critical section of the 
chromatogram  where more than three PAHs co-elute close together is shown. The boxes 
represent different conditions of separation, with modulation period (M, in seconds) and gas 
flow rate (F, in mL/min) varying: A) M=3, F=0.8; B) M=5, F=0.8; C) M=7, F=0.8; D) M=3, 
F=1; E) M=5, F=1; F) M=7, F=1; G) M=3, F=1.2; H) M=5, F=1.2; I) M=7, F=1.2.  

  

 

 

Retention time Rtx-5 (minutes) 
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Column  combination  “A2”  consisted  of  a  10  m  ×  0.10  mm  ×  0.10  μm  Rxi-5ms column 

(Restek, Bellefonte, PA, USA) in the first dimension, followed by a 1.2 m × 0.10 mm × 0.10 

μm   Rxi-17 column (Restek, Bellefonte, PA, USA) in the second dimension. This column 

combination was included in the experiments in order to compare the orthogonality of 

different column combinations with similar column lengths and inner diameters, as well as gas 

flow rate. Rxi-5ms is a low polarity, high inertness stationary phase similar to Rtx-5ms used in 

column   combination   “A1”33. A single GC temperature ramp was used due to the relatively 

short column length in the first dimension and four temperature ramps were tested (6, 12, 16, 

20  °C/min),  with  three  modulation  periods  (3,  5,  7  s).    After  optimization,  1  µL  of  the  1  ng/μL  

standard solution in ethyl acetate was injected and analyzed using the conditions shown in 

Table 2.1.  The  total  run  time  for  column  combination  “A2”  was  25.25  min.   

Column  combination  “B”  consisted  of  a  10  m  ×  0.15  mm  ×  0.10  μm  LC-50 liquid crystal 

column (J&K Scientific, Edwardsville, Nova Scotia, Canada) in the first dimension, followed 

by a 1.2 m × 0.10   mm   ×   0.10   μm   Rxi-17 (Restek, Bellefonte, PA, USA) in the second 

dimension.  The liquid crystal column was used in the first dimension, rather than the second 

dimension, to avoid excessive wraparound of later eluting PAHs due to the relatively low 

temperature limit of this GC column (270 °C) and strong retention of these PAHs25.  

Combination   “C”   consisted   of   a   10  m  ×   0.15  mm ×   0.10   μm  LC-50 liquid crystal column 

(J&K Scientific, Edwardsville, Nova Scotia, Canada) in the first dimension, followed by a 1.2 

m   ×   0.10   mm   ×   0.10   μm   NSP-35 nano-stationary phase column (J&K Scientific, 

Edwardsville, Nova Scotia, Canada) in the second dimension. Five primary oven temperature 

programs  were  tested  to  optimize  combinations  “B”  and  “C”:  1)  90  °C  for  2  min,  20  °C/min  to  

170 °C, 2 °C/min to 270 °C and held for 28 min; 2) 90 °C for 2 min, 2 °C/min to 170 °C, held 

for 8 min, 10 °C/min to 270 °C and held for 20 min; 3) 90 °C for 1 min, 20 °C/min to 270 °C 
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and held for 50 min; 4) 90 °C for 5 min, 20 °C/min to 170 °C, held for 25 min, 20 °C/min to 

270 °C and held for 20 min; and 5) 90 °C for 5 min, 9 °C/min to 270 °C, held for 35 min. 

Three modulation periods (3, 5, 7 s) were tested.  Using the optimized conditions shown in 

Table 2.1   for   column   combinations   “B”  and  “C”,  1  µL  of   the   1   ng/μL   standard   solution   in  

ethyl acetate was injected via a splitless injector at 250 °C using He as the carrier gas and a 

constant column flow rate of 0.80 mL/min. The total runs time  for  column  combinations  “B  

and  “C”  was  176  min.   

For all four column combinations, the temperature of the transfer line was held at 285 °C. 

An acquisition rate of 151.5 spectra/second was used with the ion source at 250 °C. The data 

processing for all four GC column combinations was performed using Leco ChromaTOF 

version 4.33 (Leco, St Joseph, MI, USA). The optimized conditions and PAH retention times 

for the four column combinations tested are given in Table 2.1 and Appendix A, respectively.   

 

Results and Discussion 

Chromatographic Separation of Complex PAH Mixtures 

Versions   of   column   combination   “A1”   (Rtx-5ms×Rxi-17) are commonly used in 

GC×GC/ToF-MS.11, 14, 16, 24, 34 The total ion chromatogram (TIC) of the standard solution 

containing   97   PAHs   analyzed   with   combination   “A1”   is   shown   in   Figure   2.2A. The PAH 

elution pattern showed a strong correlation between the retention times in the two dimensions 

and the majority of the two-dimensional space in the chromatogram was not occupied.  

Ideally, the chromatographic peaks (points in Figure 2.2A) would fill the entire two-

dimensional space in a more random pattern. Of the 97 PAHs detected, 37 co-eluted, including 

complete and partial co-elutions, 3 of these 37 being the HMW PAHs with m/z 302.  
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Figure 2.2: Chromatograms showing the separation of 97 PAHs by GC×GC/ToF-MS using 3 
different  column  combinations:  (A)  TIC  for  Combination  “A”  showing  co-elution of PAHs at 
(1D  ‘minutes’,  2D  ‘seconds’):  (B)  23.57,  1.19  to  30.24,  1.79;;  (C)  28.41,  1.30  to  34.24,  1.80;;  
(D)  33.90,  1.37  to  37.23,  1.97.  (E)  TIC  for  Combination  “B”,  with  improved  separation  at  (F)  
5, 0.75 to 10.83, 1.65; (G) 10.58, 1.19 to 23.91, 2.69; (H) 22.99, 1.17 to 36.32, 2.67. (I) TIC 
for  combination  “C”  with  a   further  improvement   in  separation  at:  (J) 5, 1.00 to 11.67, 2.50; 
(K) 11.40, 1.68 to 24.75, 3.68; (L) 25.40, 1.89 to 38.73, 3.39. Chrysene (CHR) and 
Triphenylene (TRI) are labeled for each column combination 
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Table 2.2 shows the retention times in each dimension for PAH isomers showing complete 

co-elutions   in  column  combination  “A1”,   including  chrysene   (CHR)  and   triphenylene   (TRI)  

and benzo[b]fluoranthene (BbF) and benzo[k]fluoranthene (BkF).  Some of these co-elutions 

are shown in Figures 1B, 1C and 1D.  These PAH isomer pairs were not resolved because 

there is significant overlap in their mass spectra. The column bleed for column combination 

“A1”  elutes  in  approximately  1  s  in  the  second  dimension,  and  throughout  the  first  dimension,  

being more intense during the last minutes of run. 

 

Table 2.2: Retention times of co-eluting slices for some critical pairs of PAHs analyzed in a 
GC×GC/ToF-MS with four different column combinations. 

  PAHs pairs 1D  
Rt 2D Rt 1D  

Rt 2D Rt   Δ1D Δ2D 

  CHR - TRI 2278.8 1.98 2278.8 1.98   0 0 
  BbF - BkF 2508.69 2.32 2508.69 2.32   0 0 

Combination IcdP - DahA 2823.45 3.192 2823.45 3.165   0 0.027 
"A1" 2 Cl ANT - 9 Cl ANT 1889.16 1.654 1893.16 1.654   4 0 

  3 Cl FLA - 8 Cl FLA 2128.97 1.787 2128.97 1.787   0 0 
  7,12 Br BaA - 4,7 Br BaA 2778.48 3.027 2778.48 3.027   0 0 
  CHR - TRI 887.4 4.2 887.4 4.2   0 0 
  BbF - BkF 971.4 4.5 971.4 4.38   0 0.12 

Combination IcdP - DahA 1076.4 5.34 1076.4 5.34   0 0 
"A2" 2 Cl ANT - 9 Cl ANT 741 3.36 741 3.54   0 0.18 

  3 Cl FLA - 8 Cl FLA 831.6 3.72 831.6 3.6   0 0.12 
  7,12 Br BaA - 4,7 Br BaA 1062.6 5.4 1062.6 5.16   0 0.24 
  CHR - TRI 2233.8 1.68 1944 2.04   289.8 0.36 
  BbF - BkF 2938.2 1.74 2992.8 1.68   54.6 0.06 

Combination IcdP - DahA 4372.2 2.52 4456.8 2.52   84.6 0 
"B" 2 Cl ANT - 9 Cl ANT 814.8 1.44 869.4 1.44   54.6 0 

  3 Cl FLA - 8 Cl FLA 1564.2 1.86 1579.2 1.86   15 0 
  7,12 Br BaA - 4,7 Br BaA 3452.4 2.4 3697.2 2.4   244.8 0 
  CHR - TRI 2343.6 2.28 2058.6 2.76   285 0.48 
  BbF - BkF 3058.2 2.22 3112.8 2.16   54.6 0.06 

Combination IcdP - DahA 4656.6 3.36 4756.8 3.3   100.2 0.06 
"C" 2 Cl ANT - 9 Cl ANT 884.4 2.82 944.4 2.76   60 0.06 

  3 Cl FLA - 8 Cl FLA 1669.2 2.64 1684.2 2.58   15 0.06 
  7,12 Br BaA - 4,7 Br BaA 3607.8 3.06 3887.4 3.12   279.6 0.06 
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Column  combination  “A2”  (Rxi-5ms×Rxi-17) was tested in order to compare to column 

combinations   “B”   and   “C”   for   columns   with   similar   lengths,   inner   diameters,   and   film  

thicknesses, but different stationary phases.  The TIC of the standard solution containing 97 

PAHs  analyzed  with  combination  “A2”  is   shown   in  Figure  2.3. Eighty-two of the 97 PAHs 

were   detected   with   column   combination   “A2”.      While   the   PAH   elution   order   in   column  

combination   “A2”  was   similar   to   column   combination   “A1”,   49  PAHs   co-eluted, including 

complete and partial co-elutions  with  column  combination  “A2”,  compared   to  37   in  column  

combination   “A1”,   due   to   the   relatively   short   column   length   in   the   first   dimension.      Some  

examples of complete co-elutions are shown in Appendix A. The column bleed for column 

combination  “A2”  elutes   in   approximately  1   s   in   the   second  dimension,  and   throughout   the  

first dimension.  

 
 

Figure 2.3: (A) TIC showing the separation of 97 PAHs by GC×GC/ToF-MS using a 10 m 
Rxi-5ms column in the first dimension followed by a 1.2 m Rxi-17 in the second dimension. 
The boxes show a closer view to the separation of PAHs at different sections in the 
chromatogram   (1D   ‘minutes’,   2D   ‘seconds’):   (B)   9.08,   1.47   to   12, 3.97; (C) 10.71, 2.79 to 
13.21, 4.54; (D) 13.28, 2.89 to 15.78, 4.51.  
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Column  combination  “B”  (LC-50×DB-17) was tested in an effort to reduce the correlation 

between the first and second dimensions by using stationary phases with different separation 

mechanisms.  The liquid crystalline stationary phase column (LC-50) used in the first 

dimension was more selective for the separation of isomers35 such chrysene (CHR) and 

triphenylene (TRI), because the separation mechanism depends on molecular shape2,36,37,38.  

The TIC of the standard solution of 97 PAHs analyzed with column combination   “B”   is  

shown in Figure 2.2E. Compared to column combination   “A1”   (Figure   2.2A), the PAHs 

occupied a wider range of the two-dimensional chromatographic space with column 

combination  “B”.  Figures  1F,  1G,  and  1H  show  better  separation  of  individual  PAHs  and,  of  

the 91 individual PAHs detected, only 13 PAHs partially co-eluted. In addition, the resolution 

of PAH isomers that complete co-eluted  when  using  column  combination  “A1”  and  “A2”  was  

improved  in  column  combination  “B”  (Table  2.2). The column bleed for column combination 

“B”  elutes  in  approximately  0.5 s in the second dimension, and throughout the first dimension. 

Column  combination  “C”  (LC50×NSP-35) was tested in an effort to further improve the 

chromatographic  separation  of  complex  PAH  mixtures  over  column  combination  “B”  by  using  

a nano-stationary phase capillary column (NSP-35) in the second dimension. Nano-stationary 

phases are different from conventional stationary phases because they are lower molecular 

weight, smaller molecular size, and have shorter methylphenylsiloxane chain length39. Like 

conventional stationary phases, nano-stationary phases range from non-polar to polar. The 

specific orientation of the molecules making up the nano-stationary phase provide higher 

selectivity and shorter column length compared to conventional stationary phases39. Compared 

to column combinations  “A1”  (Figure  2.2A),  “A2”  (Figure  2.3A),  and  “B”  (Figure  2.2E), the 

PAHs occupied a wider range of the two-dimensional chromatographic space with column 

combination   “C”   (Figure 2.2I).  Figures 2.2J, 2.2K, and 2.2L show that there are no co-
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elutions (complete or partial) of the 89 PAHs detected. The resolution of some PAH isomers 

was  improved  in  column  combination  “C”  as  compared  to  column  combinations  “A1”,  “A2”,  

and  “B”  (Table  2.2).  The  column  bleed  for  column  combination  “C”  elutes  in  approximately 

0.5 seconds in the second dimension, and throughout the first dimension. 

The   total   run   time   for   column   combinations   “B”   and   “C”  was   176  min   because   of   the  

temperature limitations of the LC-50 column and the low vapor pressures (high boiling points) 

of the HMW PAHs. If the HMW PAHs were not included in the method, the analysis times 

for   combinations   “B”   and   “C”   would   be   substantially   reduced   to   less   than   100   min.      The  

corresponding analysis in one-dimensional GC/MS would require four different instrument 

runs, and result in lower chromatographic resolution, for a total run time of 257.5 min: 

NPAHs and OPAHs method (45.7 min)28, PPAH and MPAHs method (46 min)28, HMW PAH 

method (115.9 min)28, and Cl and Br-PAH method (49.9 min)40. 

 

Orthogonality of Column Combinations 

The correlation between the retention times in the first and second dimensions was used as 

an initial evaluation of the degree of association between the different column combinations 

tested.  A high degree of correlation would suggest similar separation mechanisms between 

the first and second dimensions21.  Figure 2.4 shows the results of these correlations for the 

four different column combinations.  The HMW PAHs were not included in these correlations 

because they wrapped around the chromatogram  in  combinations  “B”  (Figure  2.2E)  and  “C”  

(Figure 2.2I), due to the relatively low temperature limit of the liquid crystal column used.  
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Figure 2.4: Linear correlation of 1D retention time with 2D retention time for PAHs analyzed 
with  four  different  column  combinations:  (A)  Combination  “A1”,  (B)  Combination  “A2”,  (C)  
Combination   “B”,   and   (D)   Combination   “C”.      Values   for   the   slope,   y-intercept, and 
correlation coefficients are shown; the larger dashed lines represent the 95% CI for the 
regression and the smaller dashed lines the 95% CI for the population. Scatter plot residuals 
for the linear regression for the four different column combinations used: (E) Combination 
“A1”,  (F)  Combination  “A2”,  (G)  Combination  “B”,  and  (H)  Combination  “C”.    The  dashed  
lines represent the upper and lower control limit and upper and lower specification being 2 and 
3 standard deviations, respectively. 
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The wrap-around can be solved using higher oven temperatures, faster gas flow or 

increasing modulation time during the window of HMW PAHs, however wrap around 

becomes a problem only when the compounds co-elute with column bleed or other compounds 

present in the mixture. 

Although the correlations were statistically significant (p<0.001) for all of the different 

column combinations tested, the correlation was reduced by 52.2% and the r2 coefficient was 

reduced by 77.3%  using  combination  “C”  (LC-50×NSP-35) as compared to combination  “A1”  

(Rtx-5ms×Rxi-17). The same parameters were reduced by 53.7% (correlation coefficient) and 

78.7% (r2 coefficient)  using  combination  “C”  (LC-50×NSP-35) as compared to combination 

“A2”   (Rxi-5ms×Rxi-17).  Figures 2.4E, 2.4F, 2.4G, and 2.4H show the residuals from the 

linear regressions shown in Figures 2.4A, 2.4B, 2.4C and 2.4D, respectively. The residuals for 

column  combination  “A1”  (Rtx-5×Rxi-17) (Figure 2.4E)  and  column  combination  “A2”  (Rxi-

5ms×Rxi-17) (Figure 2.4F) confirm that there was a strong correlation between the retention 

times  in  both  dimensions.    The  residuals  for  column  combinations  “B”  and  “C”  are  shown  in  

Figures 2.4G and 2.4H, respectively, and are more normally distributed as compared to 

column   combinations   “A1”   and   “A2”.   This   behavior   showed   that   although   analyte   vapor  

pressures play a major role in all GC separations (including GC×GC), independently of the 

stationary phase used,41 when   using   column   combination   “C”   this   linear   correlation   is  

minimized.  

An approach based on conditional entropy42 was used to evaluate the orthogonality of the 

different column combinations tested.  The entropy for a discrete single random variable and a 

pair of discrete random variables is defined by equations 1 and 2: 
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𝐻(𝑋) = − 𝑝(𝑥)𝑙𝑜𝑔 𝑝(𝑥)                                                                                                                                                (1)
∈

 

 

𝐻(𝑋, 𝑌) = − 𝑝(𝑥, 𝑦)𝑙𝑜𝑔 𝑝(𝑥, 𝑦)                                                                                                                    (2)
∈∈

 

 

where p(x) and p(x,y) are the probability of a peak appearing at a particular retention time 

in one and two-dimensional separations, respectively.42 However, because two-dimensional 

chromatography deals with dimensions that are in some way correlated, a term describing this 

conditionality is necessary. Equation 3 describes the conditional entropy for a variable Y, 

given X, which can be obtained from the chain rule for conditional entropy (equation 4)42: 

 

𝐻(𝑌|𝑋) = 𝑝(𝑥)𝐻(𝑌|𝑋 = 𝑥)                                                                                                                                                (3)
∈

 

 

𝐻(𝑋, 𝑌) = 𝐻(𝑌|𝑋) + 𝐻(𝑋)                                                                                                                                                  (4) 

 

The   orthogonality   (Ф)   of   a   two-dimensional system is defined as the percentage of the 

ratio of the conditional entropy of Y, given X, and the conditional entropy of Y (equation 5)42: 

 

     Ф% = ( | )
( ) × 100      (5) 
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where 𝐻(𝑌|𝑋) is the entropy of variable Y (retention time in the second dimension) 

conditioned on the variable X (retention time in the first dimension), 𝐻(𝑌) is the entropy of 

variable Y (retention time in the second dimension) and Ф% is the percent orthogonality of the 

two-dimensional system.  

In order to calculate this, the retention time of the individual PAHs must be normalized to 

the minimum and maximum retention time in each dimension according to equation 6:  

 

(𝑡 ) = ( ) ( )
( ) ( )               (6) 

 

where (𝑡 )  is the retention time of the earliest eluting PAH in the run, (𝑡 )  the 

retention time of the latest eluting PAH in the run, (𝑡 )  the PAH of interest and (𝑡 )  the 

normalized retention time for the PAH of interest. The two-dimensional chromatograms were 

then divided into an 8 × 8 matrix according to the optimized number of bins for a histogram 

containing 97 data points42. All of the PAHs in each chromatogram were placed in one of the 

64 boxes, according to their retention times. Figure 2.5 shows how the different PAH were 

distributed in the normalized two-dimensional space for each column combination. The 

conditional entropy  𝐻(𝑌|𝑋) and  orthogonality  (Ф)  of  the  four  different  column  combinations  

were calculated using equations 1-5 and are given in Figure 2.5. The greatest orthogonality 

(70.85%)   was   obtained   using   column   combination   “C”   (LC-50×NSP-35). Column 

combination  “C”   then  uses   a  greater  amount  of   the   two-dimensional space available for the 

separation of PAHs, approximately two times the space   used   by   column   combination   “A1”  

and  “A2”. 
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Figure 2.5: Orthogonality calculation based on conditional entropy for the four different 
column  combinations  used:  (A)  Combination  “A1”,  (B)  Combination  “A2”,  (C)  Combination  
“B”,  (D)  Combination  “C”.  The  numbers  represent  the  number  of  PAHs  eluting  in  each  box  of  
the normalized separation space and its distribution represent the distribution of PAHs in the 
two-dimensional space. Conditional entropy (𝐻(𝑌|𝑋)) and   orthogonality   (Ф)   calculated   for  
four column combinations are also shown. 
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Analysis of Environmental Samples 

A PM2.5 sample was collected from Beijing, China during the 2008 Olympic Games28 and 

the extract analyzed for complex PAH mixtures in order to compare the different column 

combinations using an environmental matrix containing UCM. The one-dimensional 

chromatogram  obtained  using  a  GC/MS  equipped  with  a  30  m  ×  0.25  mm  ×  0.25  μm  DB-5ms 

is shown in Figure 2.6, for reference.  

Figures 2.7A and 2.7D  show  the  TIC  obtained  with  column  combinations  “A1”  and  “A2”,  

respectively. These figures show that the UCM in the PM2.5 extract was distributed throughout 

most of the first dimension.  A total of 51 of the 97 PAHs analyzed for were identified in the 

Beijing PM2.5 using  column  combination  “A1”  and  combination  “A2”.   

 

 

 

Figure 2.6: TIC for Beijing atmospheric PM2.5 sample extract analyzed using 
a one-dimensional GC/MS with a 30m  ×  0.25mm  ×  0.25μm  DB-5ms. 

Retention time first dimension (minutes) 
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Figure 2.7: Beijing atmospheric PM2.5 sample analyzed in the four column combinations: (A) 
TIC   Combination   “A”   (D)   TIC   Combination   “A2”,   (G)   TIC   Combination   “B”,   (J)   TIC  
Combination  “C”.  The  inner  boxes  show  the  UCM  distributed  in  different  places  in  the  four  
chromatograms.    
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When the Beijing PM2.5 extract   was   analyzed   using   column   combination   “B”   and   “C”  

(Figures 2.7G and 2.7J), the UCM eluted within the first 10 min and was distributed more 

throughout the second dimension than the first dimension compared to column combinations 

“A1”  and  “A2”.  Although  the  UCM  co-eluted with some of the early eluting PAHs, such as 

acenaphthene, acenaphthylene, 1-nitronaphthalene, 1,3- and 2,6-dimethylnaphthalenes; the 

majority of the chromatogram (retention times > 15 min) had no UCM present and the 

majority of PAHs did not co-elute with the UCM.  A total of 53 PAHs were detected in a 176 

min  run  using  column  combinations  “B”  and  “C”. 

In  addition,  column  combination  “C”  was  used  to  analyze  a  soil  sample  extract  from  St.  

Maries Creosote Superfund Site and a sediment sample extract from the Portland Harbor 

Superfund Site for complex PAH mixtures.  Figure 2.8 shows the TIC for both. As with the 

Beijing PM2.5, the UCM from these environmental matrices eluted quickly in the first 

dimension and was more distributed in the second dimension.  The majority of the PAHs 

detected eluted after the UCM.  A total of 93 PAHs were identified in the St. Maries Creosote 

soil sample extract and 91 PAHs were identified in the Portland Harbor sediment sample 

extract, including PPAH, MPAH, OPAH, and ClPAH.  

Column  combination  “C”  resulted  in  greater  orthogonality  for  the  separation  of  complex  

PAH mixtures, both for standard solutions containing 97 different PAHs with similar 

physicochemical properties and for environmental matrices containing UCM and other matrix 

interferences.    In  addition,  the  use  of  column  combination  “C”  in  GC×GC/ToF-MS results in 

significantly shorter analysis times for complex PAH mixtures compared to one-dimensional 

GC/MS, as well as potentially reduced sample preparation.  
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Figure 2.8: Superfund Sites samples analyzed using GC×GC/ToF-MS  and  combination  “C”  
(LC-50×NSP-35). (A) TIC Soil sample from St. Maries Creosote Superfund Site, (B) TIC 
Sediment sample from Portland Harbor Superfund Site. Some of the PAHS identified can be 
seen. 

Retention time LC-50 (minutes) 

R
et

en
tio

n 
tim

e 
N

SP
-3

5 
(s

ec
on

ds
) 



45 
 

Next chapter includes the development of a method for quantification of complex PAH 

mixtures using GC×GC/ToF-MS, which would be potentially improved by using column 

combination   “C”,   with   no   co-elutions, no interferences from sample UCM and high 

throughput due to relatively short analysis time, comparing to one-dimensional methods. 
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Abstract 

Quantification of complex PAH mixtures in environmental extracts commonly requires 

several one-dimensional GC/MS analyses and time-consuming sample cleanup procedures.  

The objective of this research was to determine the accuracy and reproducibility of 

quantification of National Institute of Standards and Technology (NIST) standard reference 

materials (SRMs) using two-dimensional gas chromatography coupled to time-of-flight mass 

spectrometry (GC×GC/ToF-MS) with a novel, high orthogonality GC column combination 

(LC-50×NSP-35), as well as with a commonly used column combination (Rtx-5ms×Rxi-17).  

A complex mixture of 85 different PAHs, including parent (PAHs), alkyl- (MPAHs), nitro- 

(NPAHs), oxy- (OPAHs), thio- (SPAHs), bromo- (BrPAHs), and chloro-PAHs (ClPAHs), was 

quantified in extracts from two standard reference materials, NIST SRM1650b (diesel 

particulate matter), with cleanup and NIST SRM1975 (diesel particulate extract), with and 

without extract cleanup, using both GC column combinations. The use of a 10 m × 0.15 mm × 

0.10  μm  LC-50 liquid crystal column in the first dimension and a 1.2 m × 0.10 mm × 0.10 μm  

NSP-35 nano-stationary phase column in the second dimension resulted an average absolute 

percent difference of 33.8%, 62.2% and 30.8% compared to the NIST certified PAH 

concentrations for NIST SRM1650b, NIST SRM1975 with cleanup and NIST SRM1975 

without cleanup, respectively. These results suggest that the use of the LC-50×NSP-35 column 

combination in GC×GC/ToF-MS not only results in better chromatographic resolution and 

greater orthogonality for the separation of complex PAH mixtures, but can also be used for the 

accurate quantification of complex PAH mixtures in environmental extracts without cleanup.  

This GC×GC/ToF-MS method increases the number of PAHs detected and quantified in 

complex environmental extracts using a single chromatographic run, reducing the analysis 

time and time required to cleanup extracts prior to analysis.  This research is the first to 
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quantify complex PAH mixtures in NIST SRMs using GC×GC/ToF-MS, with and without 

extract cleanup. 

 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants that 

constitute a large and diverse class of organic molecules. PAHs are of concern due to their 

potential persistence, bioaccumulation and toxic effects.1,2,3,4 Some PAH derivatives are more 

carcinogenic and mutagenic than their parent compounds.5,6  

The extracts from complex environmental samples may contain a variety of PAHs with 

different molecular sizes and structures including: parent PAHs (PPAHs), alkylated-PAHs 

(MPAHs), nitro-PAHs (NPAHs), oxy-PAHs (OPAHs), thio-PAHs (SPAHs), chlorinated 

(ClPAHs) and brominated-PAHs (BrPAHs).  The most prominent source of PPAHs and 

MPAHs is the incomplete combustion of organic material7,8 in either natural processes, such 

as forest fires, volcanic eruptions and hydrothermal processes,9,10,11,12 or anthropogenic 

processes, such as the combustion of fossil fuel and biomass.13,14,15 Heterocyclic analogs of 

PAHs, in which one or more carbon atoms are replaced by nitrogen, sulfur, or oxygen, have 

also been measured as environmental contaminants.  NPAHs are formed during the pyrolysis 

of nitrogen-containing organic materials and significant concentrations are found in industrial 

and urban atmospheres, tobacco smoke, engine exhaust, coal tar and coal gasification 

residues.8,16   SPAHs are emitted from most of the same combustion sources as PPAHs and 

NPAHs.8 Chemical oxidation and photochemical alteration represent significant sources of 

OPAH derivatives to the environment.17,18,19   Waste incinerators, water chlorination facilities 
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and automobile and diesel exhaust have been shown to form ClPAHs and BrPAHs1,2,3,4, in 

addition to PPAHs, MPAHs, NPAHs, OPAHs, and SPAHs.  

The analysis of environmental extracts containing PAHs is often complex and requires 

cleanup steps and multiple liquid or gas chromatographic methods.  Currently, the analysis 

and quantification of complex PAH mixtures in environmental extracts requires three different 

one-dimensional GC/MS methods with a total run time of 141.6 min per sample: NPAHs, 

SPAHs and OPAHs method (45.7 min)16, PPAH and MPAHs method (46 min)16, and Cl and 

Br-PAH method (49.9 min)20, in addition to the time required for sample cleanup that often 

includes adsorption, solid phase extraction (SPE) and gel permeation chromatography (GPC).    

In order to reduce the analysis time of complex PAH mixtures, a technique with higher 

chromatographic peak capacity is needed. Comprehensive two-dimensional gas 

chromatography (GC×GC) enhances the gas chromatographic separation of complex organic 

mixtures21 using two different GC columns, with different retention mechanisms, for the 

separation of analytes.  Theoretically, the peak capacity generated by GC×GC is equal to the 

product of the individual peak capacities of each column used.22,23 However, in practice, the 

peak capacity is equal to the product of individual peak capacities, minus the cross 

information.24 Therefore, a GC×GC method with high orthogonality, and low correlation of 

retention times between dimensions, is preferred.  

Quantification in GC×GC/ToF-MS is a more complex process than in one-dimensional 

GC/MS, where a single retention time and peak response are associated with each analyte in 

the extract.  In GC×GC/ToF-MS, a series of modulated peaks (sub-peaks) are generated and 

detected, and the retention time and response are represented by a distribution of values 

generated by this process.25,26  Quantification in GC×GC/ToF-MS is an extension of one-
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dimensional GC/MS in that these individual sub-peak areas are added together.27  With 

GC×GC/ToF-MS, an increase in quantification error occurs because of inaccurate 

determination of the peak baseline and incorrect identification of peak start and end times, as 

well as tailing, fronting and overloading of each modulated peak.28 Peak tailing, fronting and 

overloading are especially important with GC×GC/ToF-MS because of the shorter and 

narrower second dimension column. In addition, small variations in integration parameters for 

the modulated peaks produces variable quantification results with a GC×GC system.29  

The higher-order data in multidimensional analysis, such as GC×GC/ToF-MS, can be 

handled using chemometrics.27 Chemometrics uses multivariate statistics to extract 

information from the data using pattern recognition, peak classification, target analysis, signal 

processing, and peak deconvolution.27,30 Deconvolution is used to isolate peaks of interest 

from interfering analytes and noise, providing reliable quantitative information. Two main 

chemometric algorithms for quantification are based on peak deconvolution: generalized rank 

annihilation method (GRAM) and parallel factor analysis (PARAFAC).27 GRAM is primarily 

used with 2D separations coupled to a univariate detector such as a flame ionization detector 

(FID), while PARAFAC is used in instrumentation with multivariate detectors such as time-

of-flight MS (ToF-MS).27 PARAFAC has been used in GC×GC/ToF-MS to quantify specific 

analytes in complex sample extracts.31,32,33 

Previously, we reported the separation of complex PAH mixtures in GC×GC/ToF-MS 

using a liquid crystal column (LC-50) in the first dimension and a nano-stationary phase 

column (NSP-35) in the second dimension.34  The objective of this research was to determine 

if this novel, high orthogonality column combination (LC-50×NSP-35), as well as the 

traditional column combination (Rtx-5ms×Rxi-17), resulted in reliable and reproducible 

quantification of a complex mixture of 85 different PAHs, including PPAHs, MPAHs, 



55 
 

NPAHs, SPAHs, OPAHs, BrPAHs and ClPAHs, in two National Institute of Standards and 

Technology (NIST) standard reference materials (SRM), with and without cleanup. PAHs 

were quantified in NIST SRM1650b (diesel particulate matter) with silica gel solid phase 

extraction (SPE) cleanup and in NIST SRM1975 (diesel particulate extract) with and without 

silica gel SPE cleanup, using both column combinations. Instead of GRAM or PARAFAC, the 

ratio of the summation of the three most intense modulated peaks for each target PAH to the 

three most intense modulated peak of its corresponding surrogate perdeuterated PAH was used 

to overcome the quantification problems described above.25,26  This research is the first to 

quantify complex PAH mixtures in NIST SRMs using GC×GC/ToF-MS, with and without 

extract cleanup. 

 

Experimental section 

Chemicals and Reference Materials 

The standard reference materials, SRM1975 and SRM1650b, were purchased from NIST 

(NIST, Gaithersburg, MD)35.   Standard solutions of 18 PPAHs were purchased from 

ChemService (West Chester, PA, USA), standard solutions of 9 MPAHs, 18 NPAHs and 2 

SPAHs were purchased from AccuStandard (New Haven, CT, USA), and neat standards of 17 

OPAHs were purchased from Sigma-Aldrich (St. Louis, MO, USA). Standard solutions of 15 

ClPAHs and 6 BrPAHs  were synthesized by Dr. Takeshi Ohura from the University of 

Shizouka in Shizouka, Japan, using published procedures36,37,20. The entire list of PAH 

analytes can be found in Appendices C, D and E.  Isotopically labeled PAHs, OPAHs, and 

NPAHs were purchased from CDN Isotopes (Point-Clare, Quebec, Canada) and Cambridge 

Isotopes Laboratories (Andover, MA) and included d6-1,4-naphthaquinone, d4-1,4-
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benzoquinone, d10-fluorene, d7-1-nitronaphthalene, d10-phenanthrene, d8-anthraquinone, d9-5-

nitroacenaphthene, d10-pyrene, d9-9-nitroanthracene, d12-triphenylene, d9-3-nitrofluoranthene, 

d9-1-nitropyrene, d12-benzo[a]pyrene, d11-6-nitrochrysene, d12-benzo[ghi]perylene as 

surrogates and d10-acenaphthene, d8-9-fluorenone, d10-fluoranthene, d12-benzo[k]fluoranthene, 

d9-2-nitrobiphenyl, d9-2-nitrofluorene as internal standards. 

 

Sample Preparation 

Three aliquots of NIST SRM1650b and NIST SRM1975 were spiked with known 

amounts of labeled PAH, OPAH and NPAH surrogates prior to sample preparation. NIST 

SRM1650b was extracted using a method based on pressurized liquid extraction (PLE) with 

dichloromethane (DCM) that has been previously described.38,39,40 The resulting NIST 

SRM1650b extracts and the NIST SRM1975 aliquots were cleaned up using 20 g silica gel 

columns (Mega BE-SI, Agilent Technologies, New Castle, DE) and eluted in three fractions, 

with 100 % hexane (non-polar fraction) , 100 % DCM (fraction containing PAHs)  and 100 % 

ethyl acetate (polar fraction). The DCM fraction was then   concentrated   to   300   μL   under   a  

gentle stream of N2 using a Turbovap II (Caliper Life Sciences, MA), solvent exchanged to 

ethyl acetate and spiked with known amounts of internal standards prior to analysis. An 

aliquot of NIST SRM1975, without cleanup, was also spiked with surrogates and internal 

standards prior to analysis. Each SRM was analyzed and quantified in triplicate (n=3). 

 

GC×GC/ToF-MS Quantification 

A GC×GC/ToF-MS Pegasus 4D (Leco, St. Joseph, MI, USA) was used for this study. The 

instrument consisted of an Agilent 6890 gas chromatograph (Palo Alto, CA, USA) with a 
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secondary oven, a split/splitless injector, and a non-moving quad-jet dual stage modulator. The 

two GC columns in the system were connected using an Agilent CPM union (part no. 188-

5361) for 0.1-0.25 mm I.D. columns.  Two GC column combinations were used.  Column 

combination  “A”  was  a  low-polarity Rtx-5ms  column  (35  m  ×  0.25  mm  ×  0.25  μm)  (Restek,  

Bellefonte, PA, USA) with a 5 m guard column, followed by a mid-polarity Rxi-17 column 

(1.2  m  ×  0.10  mm  ×  0.10  μm)  (Restek,  Bellefonte,  PA,  USA).    Column  combination  “B”  was  

a liquid crystal LC-50  column  (10  m  ×  0.15  mm  ×  0.10  μm)  (J&K  Scientific,  Edwardsville,  

Nova Scotia, Canada), followed by a nano-stationary phase NSP-35 column (1.2 m × 0.10 mm 

×  0.10  μm)   (J&K  Scientific,  Edwardsville,  Nova  Scotia,  Canada).     The  data  processing  was  

performed using ChromaTOF version 4.33. The optimization of both column combinations 

has been previously described.34 However, the modulation time was changed from 5 to 7 s in 

order to increase peak height and instrument sensitivity for some of the PAHs measured. 

Five-point calibration curves, ranging from 5-1000  pg/μL,  were  used   for   quantification,  

with concentration ranges varying slightly among the different PAHs. A complete description 

of the concentrations in the calibration curves can be found in Table 3.1. An internal standard 

concentration  of  250  pg/μL  was  used  for  all  calibration  standard  solutions.     
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Selected modulated peaks were used for PAH quantification rather than full sub-peak 

summation to reduce quantitation time.26,28  We calculated the ratio of the peak area for the 

three most intense modulated sub-peaks of each PAH to the peak area for the three most 

intense modulated sub-peaks of the respective deuterated PAH surrogate to reduce errors 

associated with the partial peak area.25  Three modulated sub-peaks were used for both in-

phase and out-of-phase peaks.28   The GC×GC/ToF-MS operating conditions can be found in 

Table 3.2. All PAH concentrations reported correspond to a signal-to-noise ratio greater than 

10.   
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Results and Discussion 

Quantification of NIST SRM1650b (Diesel Particulate Matter) with Cleanup 

Figure 3.1 shows the total ion chromatogram (TIC) for the analysis of the NIST 

SRM1650b extract,   after   silica   gel   SPE   cleanup,   using   column   combinations   “A”   (Figure  

3.1A)  and  “B”  (Figure  3.1F).  When  column  combination  “A”  was  used,  the  PAHs  eluted  in  a  

predictable pattern due to the strong correlation between the separation mechanisms of the 

first (Rtx-5ms) and second dimension (Rxi-17) columns and due to the similar 

physicochemical properties of the PAHs (Figure 3.1A)34.  When  column  combination  “B”  was  

used (Figure 3.1F), the PAHs eluted in a more random pattern compared to column 

combination   “A”   (Figure   3.1A).  This was because of the greater orthogonality (calculated 

using an approach based on conditional entropy34,41) between the first (LC-50) and second 

dimension (NSP-35)   columns   in   column   combination   “B”,   as   compared   to   column  

combination  “A”.     The  liquid  crystal  column  (LC-50) used in the first dimension of column 

combination   “B”,   had   greater   selectivity   for   the   separation   of   PAH   isomers   compared   to  

conventional GC columns because it discriminates based on molecular shape, not 

polarity42,8,43,44,45.  Because of faster diffusion, the nano-stationary phase column (NSP-35), 

used   in   the   second   dimension   of   column   combination   “B”,   had   greater   selectivity   for   the  

separation of PAHs, with a shorter column length, compared to conventional GC columns.46  

Co-elutions among PAHs, and with the unresolved complex mixture (UCM), were evident 

when   column   combination   “A”   was   used   (Figures   3.1C, 3.1D and 3.1E). With column 

combination   “B”,   the  UCM   eluted   at   earlier   retention   times   in   the   first dimension and was 

distributed throughout the second dimension retention times compared to column combination  
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Figure 3.1: TIC for the analysis of NIST SRM1650b: Diesel particulate matter, using (A) 
column   combination   “A”   (B)   Black   and   white   version   of   A, (C), (D), (E) Portions of 
chromatogram  shown  in  A.  (F)  Using  column  combination  “B”,  (G)  Black  and  white  version  
of F, (H), (I), (J) Portions of chromatogram shown in F. 
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“A”.     This   resulted   in  better   separation  of   the  PAHs  from   the  UCM,  especially  for   the later 

eluting PAHs (Figures 3.1H, 3.1I and 3.1J).34  

Figure 3.2 shows the scatter plots of the NIST certified and reference PAH concentrations 

for NIST SRM1650b47 versus the PAH concentrations determined by GC×GC/ToF-MS using 

column  combinations  “A”  (Figure  3.2A)  and  “B”  (Figure  3.2B). The 1:1 line is shown in each 

plot, along with the 95% confidence interval (CI) (shown with error bars), for triplicate 

measurements (n=3).  

Table 3.3 shows the average measured PAH concentrations for NIST SRM1650b using 

column   combinations   “A”   and   “B”   with GC×GC/ToF-MS, the relative standard deviation 

(RSD), and the 95% confidence interval (CI) for the triplicate measurements (n=3),  as well as 

the NIST certified concentrations. The RSDs for the measured PAH concentrations for NIST 

SRM1650b were, on average,   11.2%   for   column   combination   “A”   and   11.9%   for   column  

combination  “B”.   

The percent difference between PAH concentrations determined by GC×GC/ToF-MS and 

the NIST certified PAH concentrations (shown in Table 3.2 and Table 3.3) was calculated 

using equation (1):  

∆[𝑃𝐴𝐻𝑠] = [ ] [ ]
[ ] × 100     (1) 

Where ∆[𝑃𝐴𝐻𝑠] is the percent change of PAHs relative to the NIST certified 

concentrations, [𝑃𝐴𝐻𝑠]  is the PAH concentrations determined by GC×GC/ToF-MS and 

[𝑃𝐴𝐻𝑠] is the NIST certified PAH concentrations.  For NIST SRM1650b, ∆[𝑃𝐴𝐻𝑠] 

ranged from -65.1% for naphthalene to 340.5% for dibenzo[a,h]anthracene, with an average 

|∆[𝑃𝐴𝐻𝑠]| of  38.6%,  when  column  combination  “A”  was  used  (Table 3.2).  ∆[𝑃𝐴𝐻𝑠] ranged  
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Figure 3.2: NIST certified and reference PAH concentrations compared to concentrations 
determined by GC×GC/ToF-MS  in:  (A)  NIST  SRM1650b  using  column  combination  “A”,  (B)  
NIST  SRM1650b  using  column  combination  “B”,  (C)  cleaned  NIST SRM1975 using column 
combination   “A”,   (D)   cleaned   NIST   SRM1975   using   column   combination   “B”,   (E)   NIST  
SRM1975   without   cleanup   using   column   combination   “A”,   (F)   NIST   SRM1975   without  
cleanup  using  column  combination  “B”.  The   lines   in   the  plots   represent a slope = 1 and y-
intercept = 0. The inner boxes show the low concentration regions for each SRM and column 
combination, where the majority of the compounds are located (see axes). 
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from -50.8% for anthracene to 259.5% for dibenzo[a,h]anthracene, with an average |∆[𝑃𝐴𝐻𝑠]| 

of   33.8%,   when   column   combination   “B”   was   used   (Table   3.3, NIST SRM1650b). 

Combination   “B”   resulted   in   PAH   concentrations   that   were   slightly   closer   to   the   NIST  

certified PAH concentrations for NIST SRM1650b (33.8% average absolute percent 

difference)   compared   to   combination   “A”   (38.6%   average   absolute   percent   difference).    

Dibenz[a,h]anthracene (DahA) had the highest  |∆[𝑃𝐴𝐻𝑠]| in both column combinations due 

to its partial co-elution with indeno[1,2,3-c,d]pyrene in column combination   “A”,   peak  

broadening   in   column   combination   “B”,   and   its   relatively   low   concentration   in   NIST  

SRM1650b. 

A two-sample student t-test was used to determine if the average measured PAH 

concentrations for NIST SRM1650b were statistically different from the NIST certified PAH 

concentrations. Out of the 20 PAHs that were measured in NIST SRM1650b and had certified 

values, 11 of the PAHs had measured concentrations that were statistically different (p<0.05) 

from the NIST certified concentration when column combination  “A”  was  used  and  6  of  the  

PAHs had measured concentrations that were statistically different (p<0.05) when column 

combination   “B”  was   used   (Table   3.3).  This   suggests   that   column   combination   “B”   can   be  

used for the quantitation of complex PAH mixtures with greater accuracy compared to 

combination  “A”.   

Naphthalene (NAP), 1-methylnaphthalene (1 met NAP) and 2-methylnaphthalene (2 met 

NAP) showed weak interaction with the liquid crystal column used in column combination 

“B”,   eluting  with   the   solvent   peak in less than 5 minutes, and are reported as not detected 

(n.d.) in Table 3.3 and Appendix C, D and E.  In addition, peak tailing was observed in sub-

peaks of polar PAHs, including some OPAHs and SPAHs with both column combinations. A 

similar behavior has been previously reported in the literature and was described as an effect 
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coming from excessive cold jet flow modulation; where the hot jet was not able to efficiently 

launch all of the analyte mass that was trapped in the modulator into the second dimension 

column, increasing the number of sub-peaks generated for each compound and decreasing the 

S/N ratio.48 In our experiment, this behavior represented a source of error in both column 

combinations for the quantification of PAHs, such as dibenzothiopene (Dibenzth), 9,10-

anthraquinone (9,10 ANTq), 9-fluorenone (9 Fluo), 9-chlorophenanthrene (9 Cl PHE) and 

phenanthrene-1,4-dione (1,4 PHEq).  

Eighty-six PAHs (32 PPAHs, 31 MPAHs, 22 NPAHs and 1 SPAHs) had NIST certified or 

reference concentrations for NIST SRM1650b based on their measurement using one-

dimensional GC/MS with three different stationary phases.47 Of the 85 different PAHs in our 

compound list (Appendix C), 47 PAHs (17 PPAHs, 8 MPAHs, 8 NPAHs, 1 SPAH, 10 OPAHs 

and 3 ClPAHs) were measured by GC×GC/ToF-MS  using  column  combination  “A”  and  49  

PAHs (17 PPAHs, 7 MPAHs, 10 NPAHs, 2 SPAHs, 10 OPAHs, 1 BrPAH, 2 ClPAHs) using 

column  combination  “B”.    The  PAH  concentration  profiles  measured  in  NIST  SRM1650b are 

shown in Figures 3.3A and 3.3B  for  column  combinations  “A”  and  “B”,  respectively.  These  

profiles include PAHs that were not previously reported by NIST, including 1,3-

dimethylnaphthalene, 2,6-dimethylnaphthalene, retene, 2-nitroanthracene, 2-nitropyrene, 3-

nitrodibenzofuran, 4-nitrobiphenyl, 2-nitrodibenzothiopene, 1,4-anthraquinone, 1,4-

naphthaquinone, 2-methyl-9,10-anthraquinone, 5,12-naphthacenequinone, 9,10-

anthraquinone, 9,10-phenanthrenequinone, 9-fluorenone, benz[a]antracene-7-12-dione, 

benzanthrone, benzo[a]fluorenone, benzo[c]phenanthrene-[1,4]-quinone, phenanthrene-1,4-

dione, 2-bromofluorene, 1-chloropyrene, 2-chloroanthracene, 9-chloroanthracene and 9-

chlorophenanthrene (Appendix C). The measurement of this NIST SRM by GC×GC/ToF-MS  
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Figure 3.3: Average concentrations of PAHs determined by GC×GC/ToF-MS in: (A) NIST-
SRM1650b   (diesel   particulate  matter)  with   column   combination  “A”,   (B)  NIST-SRM1650b 
(diesel   particulate   matter)   with   column   combination   “B”,   (C)   NIST-SRM1975 (diesel 
particulate   extract)   with   column   combination   “A”,   (D)   NIST-SRM1975 (diesel particulate 
extract)   with   column   combination   “B”.   The   error   bars   represent   the   95%   CI   for   each  
triplicated measurement (n=3) 
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results in a more comprehensive determination of its complex PAH mixture, without 

significant increase in analysis time compared to one-dimensional GC/MS. 

 

Quantification of PAHs in NIST SRM1975 (Diesel Particulate Extract) with Cleanup 

Figure 3.4 shows the TIC for the analysis of the NIST SRM1975 extract, after silica gel 

SPE   cleanup,   using   column   combinations   “A”   (Figure 3.4A)   and   “B”   (Figure   3.4F). When 

column  combination  “A”  was  used,  a  similar  PAH  elution  pattern  to  that  of  NIST  SRM1650b  

was observed, with the PAHs eluting in a predictable pattern.  Co-elutions among the PAHs 

and the UCM were evident in Figures 3.4C, 3.4D and 3.4E. When column combination  “B”  

was used (Figure 3.4F), the PAHs eluted in a more random pattern compared to column 

combination  “A”,  with  better  resolution  and  separation  from  the  UCM,  especially for the late 

eluting PAHs (Figures 3.4H, 3.4I and 3.4J).  

Figure 3.2 shows the scatter plots for the NIST certified and reference PAH concentrations 

for NIST SRM1975 versus the concentrations determined by GC×GC/ToF-MS using column 

combinations  “A”  (Figure  3.2C)  and  “B”  (Figure  3.2D). For the NIST SRM1975 extract after 

cleanup,  column  combination  “B”  resulted  in  PAH  concentrations  that  were  slightly  closer  to  

the NIST certified PAH concentrations (62.2% absolute percent difference) compared to 

column  combination  “A”  (67.2%  absolute  percent  difference).     

Table 3.4 shows the average measured PAH concentrations for NIST SRM1975 using 

column  combinations  “A”  and  “B”  with  GCxGC/ToF-MS, as well as the NIST certified PAH 

concentrations. The RSDs for the measured PAH concentrations for NIST SRM1975 after 

cleanup   were,   on   average,   9.28%   for   column   combination   “A”   and   16.6%   for   column  

combination  “B”  (n=3).  
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Figure 3.4: TIC for the analysis of NIST-SRM1975: Diesel particulate extract, (A) using 
column combination   “A”,   (B)   Black   and   white   version   of   A,   (C),   (D),   (E)   Portions   of  
chromatogram  shown  in  A.  (F)  using  column  combination  “B”,  (G)  Black  and  white  version  
of F, (H), (I), (J) Portions of chromatogram shown in F. 
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Equation 1 was used to evaluate the percent difference between PAH concentrations 

determined by GC×GC/ToF-MS and the NIST certified PAH concentrations. For NIST 

SRM1975 after cleanup, ∆[𝑃𝐴𝐻𝑠] ranged from -14.1% for fluoranthene to 494.1% for 

benzo[k]fluoranthene, with an average |∆[𝑃𝐴𝐻𝑠]| of  67.2%  when  column  combination  “A”  

was used (Table 3.4). ∆[𝑃𝐴𝐻𝑠] ranged from -16.3% for fluoranthene to 196.2% for 

benzo[b]fluoranthene, with an average |∆[𝑃𝐴𝐻𝑠]| of 62.2%, when column combination  “B”  

was used (Table 3.4).  Out of the 11 PAHs that were measured in NIST SRM1975 and had 

certified values, 5 of the PAHs had measured concentrations that were statistically different 

(p<0.05) from  the  NIST  certified  concentrations  when  column  combination  “A”  was  used  and  

6 of the PAHs had measured concentrations that were statistically different (p<0.05) when 

column  combination  “B”  was  used  (Table  3.4). 

Fifty-seven PAHs (18 PPAHs, 20 MPAHs and 19 NPAHs) had NIST certified or 

reference concentrations for NIST SRM1975 based on their measurement using one-

dimensional GC/MS with two different stationary phases.35 Of the 85 different PAHs in our 

compound list (Appendix D), 55 PAHs (17 PPAHs, 7 MPAHs, 13 NPAHs, 1 SPAH, 11 

OPAHs and 6 ClPAHs) were measured by GC×GC/ToF-MS  using  column  combination  “A”  

and 46 PAHs (16 PPAHs, 5 MPAHs, 11 NPAHs, 2 SPAHs, 9 OPAHs and 3 ClPAHs) using 

column   combination   “B”.   The   PAH   concentration   profiles   measured   in   NIST   SRM1975,  

including those not reported by NIST (acenaphthene, acenaphthylene, anthracene, 

benzo[a]pyrene, 1,3-dimethylnaphthalene, 1-methylpyrene, 2,6-dimethylnaphthalene, retene, 

1-nitronaphthalene, 2-nitrofluoranthene, 2-nitrofluorene, 2-nitronaphthalene, 2-nitropyrene, 3-

nitrobiphenyl, 3-nitrofluoranthene, 3-nitrophenanthrene, 7-nitrobenz[a]anthracene, 9-

nitrophenanthrene, 2-nitrodibenzothiopene, dibenzothiopene, 2-methyl-9,10-anthraquinone, 

4H-cyclopenta[def]phenanthrene-4-one, 5,12-naphthacenequinone, 9,10-
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phenanthrenequinone, 9-fluorenone, acenaphthenequinone, benz[a]anthracene-7,12-dione, 

benzanthrone, benzo[a]fluorenone, benzo[c]phenanthrene-1,4-quinone, phenanthrene-1,4-

dione, 1-chloropyrene, 2-chloroanthracene, 3-chlorofluoranthene, 8-chlorofluoranthene, 9-

chloroanthracene, 9-chlorophenanthrene) are shown in Figures 3.3C and 3.3D for column 

combinations  “A”  and  “B”,  respectively.   

 

Quantification of PAHs in NIST SRM1975 (Diesel Particulate Extract) without Cleanup 

To further test the use of GC×GC/ToF-MS to measure complex mixtures of PAHs in 

complex   environmental  matrices,   a   225   μL   aliquot   of   the  NIST   SRM1975   extract,   without  

cleanup, was spiked  with  75  μL  of  both  internal  standard  and  surrogate  solutions.  This  extract  

was analyzed in triplicate using GC×GC/ToF-MS  with  column  combinations  “A”  and  “B”. 

Figures 3.5A and 3.5F show the TICs for the analysis of the NIST SRM1975 extract 

without cleanup  using  column  combinations  “A”  and  “B”,  respectively.    The  PAHs  eluted  in  a  

similar pattern to the cleaned extract (Figures 3.4A and 3.4F).  However, Figures 3.5C, 3.5D 

and 3.5E show that the UCM co-eluted and interfered with some of the PAHs when column 

combination  “A”  was  used,  while  Figure  3.5F shows that the majority of the UCM eluted in 

the first 15 minutes and did not co-elute  with  the  PAHs  when  column  combination  “B”  was  

used (Figures 3.5I and 3.5J).  

Figure 3.2 shows the scatter plots of the NIST certified and reference PAH concentrations 

in NIST SRM1975 versus the concentrations determined by GC×GC/ToF-MS in NIST 

SRM1975  without   cleanup   using   column   combinations   “A”   (Figure   3.2E)   and   “B”   (Figure  

3.2F).  For the NIST SRM1975 extract without cleanup,  column  combination  “B”  resulted  in  

PAH concentrations that were closer to the NIST certified PAH concentrations for NIST  
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Figure 3.5: TIC for the analysis of NIST-SRM1975: Diesel particulate extract without 
cleanup (A)  Using  column  combination  “A”, (B) Black and white version of A, (C), (D), (E) 
Portions  of  chromatogram  shown  in  A.  (F)  Using  column  combination  “B”,  (G)  Black  and  
white version of F, (H), (I), (J) Portions of chromatogram shown in F. 
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SRM1975 (30.8% absolute percent difference) compared  to  combination  “A”  (79.6%  absolute  

percent difference).   

Table 3.4 shows the average measured PAH concentrations for NIST SRM1975 (without 

cleanup)  using  column  combinations  “A”  and  “B”  with  GC×GC/ToF-MS, as well as the NIST 

certified PAH concentrations.  The RSDs for the measured PAH concentrations for NIST 

SRM1975   without   cleanup   were,   on   average,   27.1%   for   column   combination   “A”   (higher  

compared   to   the  NIST  SRM1975   extract  with   cleanup  using   column   combination   “A”)   and  

16.6% for column combination “B”  (comparable  to  the  NIST  SRM1975  extract  with  cleanup  

using  column  combination  “B”) (n=3). 

For NIST SRM1975 without cleanup, ∆[𝑃𝐴𝐻𝑠] ranged from -43.3% for fluoranthene to 

335.3% for benzo[k]fluoranthene, with an average |∆[𝑃𝐴𝐻𝑠]| of 79.6%, when column 

combination  “A”  was  used  (Table  3.4). ∆[𝑃𝐴𝐻𝑠] ranged from -40.0% for 6-nitrochrysene to 

70.42% for benzo[e]pyrene, with an average |∆[𝑃𝐴𝐻𝑠]| of 30.8%, when column combination 

“B”  was  used  (Table  3.4).  Out of the 11 PAHs that were measured in the NIST SRM1975 

extract without cleanup and had NIST certified values, 6 of the PAHs had measured 

concentrations that were statistically different (p<0.05) from the NIST certified when column 

combination   “A”   was   used   and   4   of   the   PAHs   had   measured   concentrations   that   were  

statistically different (p<0.05)   when   column   combination   “B”   was   used   (Table   3.4). This 

suggests that column  combination  “B”  can  be  used   for   an   accurate  quantitation  of   complex  

PAH mixtures in samples with reduced or no cleanup.  

Fifty-seven PAHs (18 PPAHs, 20 MPAHs and 19 NPAHs) had NIST certified or reported 

concentrations for NIST SRM1975 based on their measurement using one-dimensional 

GC/MS with two different stationary phases.35 Of the 85 different PAHs in our compound list 
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(Appendix E), 50 PAHs (17 PPAHs, 5 MPAHs, 11 NPAHs, 1 SPAH, 14 OPAHs and 2 

ClPAHs) were measured by GC×GC/ToF-MS  using  column  combination  “A”   (less   than   the  

55 PAHs identified in the NIST SRM1975 cleaned extract) and 53 PAHs (17 PPAHs, 6 

MPAHs, 13 NPAHs, 2 SPAHs, 12 OPAHs and 3 ClPAHs) were measured using column 

combination  “B”  (more  than  the  46  PAHs  identified  in  the  NIST  SRM1975  cleaned  extract).   

These results suggest that  the  use  of  column  combination  “B”  (LC-50×NSP-35) not only 

results in better resolution and greater orthogonality for the separation of complex PAH 

mixtures   compared   to   column   combination   “A”   (Rtx-5ms×Rxi-17)34, but also results in the 

accurate quantification of complex PAH mixtures in environmental samples containing 50 or 

more PPAHs, MPAHs, OPAHs, SPAHs, NPAHs, ClPAHs and BrPAHs in a single 

chromatographic run, and including extracts with minimal or no extract cleanup.   
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Abstract 

Previous studies have focused on the analysis of the sorption of persistent organic 

pollutants (POPs) across several types of mass-produced polymers for passive sampling of the 

marine environment. The objective of this research was to improve the analysis of PAHs 

sorbed to polystyrene pellets (PS) deployed in two locations in an urbanized bay for a period 

of 0 to 12 months. Initially one-dimensional gas chromatography coupled to mass 

spectrometry (GC/MS) was used but was ineffective due to strong matrix interferences from 

polystyrene monomer. Comprehensive two-dimensional gas chromatography coupled to time-

of-flight mass spectrometry (GC×GC/ToF-MS) with a novel, high orthogonality GC column 

combination (LC-50×NSP-35) was used for the analysis instead. The use of a 10 m × 0.15 mm 

×  0.10  μm  LC-50 liquid crystal column in the first dimension followed by a 1.2 m × 0.10 mm 

×  0.10  μm  NSP-35 nano-stationary phase column in the second dimension resulted in good 

separation of PAHs from the sample matrix interferrants. As a result we were able to identify 

and quantify a total of 25 different PAHs sorbed to PS pellets, including 15 parent-PAHs 

(PPAHs), 7 alkylated-PAHs (MPAHs), 2 oxy-PAHs (OPAHs) and 1 thio-PAH (SPAH) in one 

single chromatographic run. MPAHs, SPAHs, OPAHs and PPAHs were detected in samples 

never deployed in the urbanized bay and are assumed to come from PS production. Within 

each sampling site, the total concentration of PPAHs sorbed to PS pellets was consistently 

higher than the total concentration of MPAHs, OPAHs and SPAHs, and significantly higher 

than the concentration found in the 0-month measure (virgin pellets). The increasing trend 

observed for some PAHs (including all of the PPAHs and some of the MPAHs) indicates 

sorption of PAHs from the water column to the PS pellets. The concentration of PPAHs and 

MPAHs was significantly higher at the Harbor Excursion sampling site, compared to the 

Shelter Island sampling site (p<0.05). Additionally, molecular ratios were used to identify 
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potential PAH sources, and suggested a more pyrogenic and gasoline related origin for PAHs 

at sampling site 1 (Harbor Excursion) and a more petrogenic origin for PAHs at sampling site 

2 (Shelter Island).  

 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are widespread contaminants that are mainly 

produced from  the incomplete combustion of organic material and can be found in 

measurable concentrations even in remote locations.1,2,3 The types of PAHs produced in 

combustion processes vary considerably with temperature. At high temperatures (close to 

1000 °C) under anaerobic conditions the products are simple mixtures of low molecular 

weight parent-PAHs (PPAHs) with no alkyl substituents.4 At moderate temperatures (close to 

400 °C), product mixtures are more complex and can also contain substantial amounts of 

alkylated-PAHs (MPAHs).4,5 At low temperatures (close to 200 °C), aromatization takes place 

at a slower rate, and MPAHs become predominant products.4,5 The combustion process also 

forms other substituted PAHs, such as nitro-PAHs (NPAHs), that are formed in the pyrolysis 

of nitrogen-containing organic materials,4,6 thio-PAHs (SPAHs) that are found in most of the 

same sources as PPAHs and NPAHs,4 and PAHs containing halogenated compounds (chloro-

PAHs (ClPAHs) and bromo-PAHs (BrPAHs)).7,8,9 

PAHs range from slightly soluble in water to extremely insoluble in water according to 

their molecular weight and polarity.10,11 Due to their hydrophobic nature, PAHs have a 

tendency to associate with particulate matter in water and it is well known that PAHs sorb to 

settling particles in aquatic environments.10  In a similar way, PAHs sorb to hydrophobic 
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plastics and passive sampling devices using plastic polymers such as low-density 

polyethylene, have been widely used for water sampling. 12,13,14   

Previous studies described the sorption of PPAHs to marine plastic debris, including high 

density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), 

polyethylene terephthalate (PET) and polyvinyl chloride (PVC).15 Concentrations of PPAHs 

sorbed to HDPE, LDPE, PP, PET and PVC from ambient seawater were quantified using a 

single quadrupole GC/MS. However, GC/MS could not be used for the analysis of PAHs 

sorbed to polystyrene (PS) pellets because of significant matrix interferrants from the polymer 

and the sample matrix. Therefore, a technique with greater chromatographic resolution was 

used to separate the PAHs from the matrix interferences.  

A comprehensive two-dimensional gas chromatography coupled to time-of-flight mass 

spectrometry method (GC×GC/ToF-MS)16 was used to overcome these problems with the 

analysis of PAHs in PS. GC×GC was invented by Phillips in the early 1990s17 because of the 

need to resolve more components in complex mixtures. In GC×GC, two different separation 

mechanisms are applied to the entire sample.18 GC×GC/ToF-MS has been used to identify 

more than 3,000 compounds in crude oil19 and more than 370 compounds in house dust20, as 

well as to characterize unresolved complex mixtures (UCM) in sediment21,22, biota23, and oil 

spills.24 The experimental details for the GC×GC/ToF-MS method used has been previously 

described and consisted of a liquid crystal column (LC-50) in the first dimension and a nano-

stationary phase column (NSP-35) in the second dimension.16,25 The list of PAHs that can be 

measured using this GC×GC/ToF-MS method includes 19 parent-PAHs (PPAHs), 10 

alkylated-PAHs (MPAHs), 19 nitro-PAHs (NPAHs), 5 oxy-PAHs (OPAHs), 2 thio-PAHs 

(SPAHs) and 15 high molecular weight PAHs (HMW-PAHs), for a total of 97 PAHs analyzed 

using one single GC×GC/ToF-MS run.16  
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Previous studies have found much higher concentrations of PAHs on PS foam (both 

plastic litter from beaches and packaging materials) than other types of plastic marine debris.26 

In the same study, PAHs were also found on PS virgin pellets,26 suggesting that PAHs form 

during the manufacturing of PS.  

The objective of this study was to use a novel GC×GC/ToF-MS method for analysis of 

multiple classes of PAHs in PS pellets deployed at two different sampling sites inside the San 

Diego Bay area for 0 to 12 months in order to understand the sources and behavior of PAHs in 

this marine environment. 

 

Experimental section 

On June 1st, 2009 PS pre-production plastic pellets (3 mm long, 2 mm diameter) were 

deployed from floating docks in San Diego Bay.15 For this study, we focused on two locations 

(Figure 4.1): San Diego Harbor Excursions (HE-site) in the central bay and Shelter Island (SI-

site) near the mouth of the bay. Experimental details can be found elsewhere.15 Briefly, at each 

location, two replicate samples were deployed for future collection at the end of five time 

periods: 1, 3, 6, 9, and 12 months (20 total samples). Each replicate consisted of 5 g of pellets 

in individual Nitex mesh (1.3 mm) bags within a nylon mesh (10 mm) bag. Replicate samples 

were deployed by hanging each nylon bag on one of two identical PVC frames suspended 

from each dock. Replicates were positioned approximately 2 meters from each other, and the 

bags containing plastic samples were suspended at a depth approximately 0.5 m below the 

surface of floating docks. At the end of their randomly assigned deployment time, plastic 

samples were collected and stored at -20C until analysis.  
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Figure 4.1: Map of San Diego Bay showing the two study locations: Harbor Excursion and 
Shelter Island. Figure generated with ArcGIS version 9.3. 
  

 

Chemicals and Reference Materials 

Standard solutions of 18 PPAHs were purchased from ChemService (West Chester, PA, 

USA). Standard solutions of 9 MPAHs, 18 NPAHs and 2 SPAHs were purchased from 

AccuStandard (New Haven, CT, USA), and neat standards of 17 OPAHs were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Standard solutions of 15 ClPAHs and 6 BrPAHs  were 

synthesized by Dr. Takeshi Ohura from the University of Shizouka in Shizouka, Japan, using 
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published procedures.27,28,29 Isotopically labeled PAHs solutions were purchased from CDN 

Isotopes (Point-Clare, Quebec, Canada) and Cambridge Isotopes Laboratories (Andover, MA) 

and included d10-fluorene as a recovery standard and d10-phenanthrene, d10-acenaphthene as 

internal standards.  

 

Sample preparation 

Methods for sample preparation have been previously described.26 Briefly, pellets from 

each field-collected Nitex bag were rinsed in ultrapure water to remove sediment. In a few 

cases, large fouling organisms were seen attached to individual pellets; these fouled pellets 

were excluded from chemical analyses. Virgin pellets were used as laboratory blanks and 0-

month controls. 

A 2 g subset of rinsed pellets from each sample was spiked with known amounts of 

surrogates. Each 2 g sample was then sonicated for 30 minutes in 10 mL of hexane. Hexane 

was then pipetted off the sample and centrifuged   for   15   minutes   at   1500   rpm   at   20˚C   to  

remove solid precipitate. After repeating this extraction procedure, extracts were concentrated 

to approximately 2 mL   with   nitrogen   at   40˚C   using   a   Zymark   TurboVap   (Caliper   Life  

Sciences, Hopkinton, MA, USA).  

For cleanup, concentrated extracts were loaded onto Sep-Pak (Waters, Milford, MA, 

USA) silica-based SPE cartridges and eluted with 4 mL of hexane followed by 4 mL of 3:2 

dichloromethane/hexane. Fractions were combined and concentrated under nitrogen flow to 

approximately 0.5 mL. Extracts were spiked with a known amount of internal standards and 

transferred to GC vials.  
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GC/MS Analysis 

The initial analyses of sample extracts were attempted using a published method23 based 

on a one-dimensional GC/MS. An Agilent 6890 series gas chromatograph, coupled to an 

Agilent 5973 mass spectrometer (Agilent, Santa Clara, CA, USA), with ultrapure grade 

helium (99.995%: Airgas West El Cajon, CA, USA) as the carrier gas and a 30 m × 0.25 mm 

i.d. × 0.25 µm Rxi-5 Sil MS column (Restek, Bellefonte, PA, USA) integrated with a 5 m 

guard column was used. Selected ion monitoring (SIM) was used to identify a total of 15 

PAHs. 

 

GC×GC/ToF-MS Analysis 

A GC×GC/ToF-MS Pegasus 4D (Leco, St. Joseph, MI, USA) was used for the final 

analysis. The instrument consisted of an Agilent 6890 GC with a secondary oven, a 

split/splitless injector, and a non-moving quad-jet dual stage modulator. The two GC columns 

were connected using an Agilent CPM union (part no. 188-5361) for 0.1-0.25 mm I.D. 

columns. A liquid crystal column LC-50  (10  m  ×  0.15  mm  ×  0.10  μm)  was  used  in  the  first  

dimension, followed by a nano-stationary phase column NSP-35 (1.2 m × 0.10 mm × 0.10 

μm)   in   the   second  dimension,  and  both  were  purchased   from  J&K  Scientific   (Edwardsville,  

Nova Scotia, Canada). The data processing was performed using ChromaTOF version 4.33. 

The optimization parameters are described in previous studies16 and the optimized conditions 

are given in Table 4.1.    

A 1 µL extract volume was injected with a splitless injection at 300 °C and a constant 

column flow of He at 0.8 mL/min. The oven temperature program for the primary oven was 

90 °C, hold for 2 min, 20 °C/min to 170 °C, 2 °C/min to 270 °C and hold for 28 min. The  
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modulator temperature offset was +45 °C relative to the primary GC oven and the modulation 

time was 7 s, with 1.5 s hot pulse, and a 2.0 s cool time between stages.  The secondary oven 

temperature program was 120 °C, hold for 2 min, 20 °C/min to 200 °C, 2.5 °C/min to 325 °C 

and hold for 28 min. The total run time was 84 min targeting 85 PAHs.25 Five-point 

calibration curves with a concentration range of 5-1000 pg/uL were used.25 

 LC-50 × NSP-35 

1D column LC-50 
(10 m × 0.15 mm × 0.10 μm) 

Max Temperature 270 °C 

2D column NSP-35 
(1.2 m × 0.10 mm × 0.10 μm) 

Max Temperature 360 °C 

Injection Volume 1  μL 

Inlet Temperature 300 °C 

Carrier Gas He 

Carrier Gas Flow 0.80 mL/min (constant) 

1D Oven Program 90 °C (2 min), 20 °C/min to 170 °C, 
2 °C/min to 270 °C (28 min) 

2D Oven Program 120 °C (2 min), 20 °C/min to 200 °C, 
2.5 °C/min to 325 °C (28 min) 

Modulator Temp. Offset 45 °C 

Modulation Time 7 s 

Hot Pulse Time 1.5 s 

Cold Time 2.0 s 

Transfer Line Temp. 285 °C 

Ion Source Temperature 250 °C 

Scan Speed 151.5 spectra/second 

Total run time 84 min 

Table 4.1: Optimized GC×GC/ToF-MS parameters for 
the analysis of PAHs25  
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Quality Assurance and Quality Control 

Glassware  was   cleaned   and  muffled   at   450˚C   for   6   h.  During   extraction,   samples  were  

covered with aluminum foil to prevent contamination. Laboratory procedural blanks and a 

spiked matrix blank, consisting of virgin pellets, were extracted and run with every sequence 

of eight samples. In spiked matrix blank samples, recoveries for the 15 PPAHs spiked were, 

on average, 93.4% and ranged from 66.4-120.8%. 

 

Results and Discussion 

GC×GC/TOF-MS analysis of PAHs in PS pellets 

In a previous study, six types of mass-produced virgin pre-production plastic pellets were 

deployed into the San Diego Bay at five locations for five time periods up to one year (1, 3, 6, 

9 and 12 months).15 Concentrations of PPAHs sorbed to HDPE, LDPE, PP, PET and PVC 

from ambient seawater were quantified using a single quadrupole GC/MS.  However, the 

analysis of PS showed significant matrix interferrants and resulted in column overload. The 

matrix interferences are shown as very large peaks at the beginning of the run in the SIM 

chromatogram in Figure 4.2. The inner boxes in Figure 4.2 show some of the PAHs co-eluting 

with interfering components represented by large peaks that do not correspond to any PAH or 

internal standard. Therefore, the quantification of PPAHs was not possible using one-

dimensional GC/MS without modification of the current cleanup processes.  

Figure 4.3 shows the total ion chromatogram (TIC) for the analysis of a PS extract using 

GC×GC/ToF-MS, where the sample matrix elutes in regions (dashed lines in Figure 4.3) that 

do not interfere with the majority of the PAHs (dotted line in Figure 4.3). This two-

dimensional method enabled us to target a total of 85 PAHs for identification and quantitation 
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in PS samples, including 18 PPAHs, 9 MPAHs, 15 ClPAHs, 6 BrPAHs, 17 OPAHs and 2 

SPAHs.25 A complete list of targeted PAHs can be found in Table 4.2.  

  

 

 

 

 

Figure 4.2: One-dimensional chromatogram of the sum of selected ions for a polystyrene 
extract analyzed using a 30 m DB-5 column after solid phase extraction (SPE).  The inner 
boxes show some of the PAHs with co-elution problems. (A) Phenanthrene (PHE) and 
anthracene (ANT) co-eluting with interfering components represented by large peaks that do 
not correspond to PAHs or internal standards. (B) Chrysene-d12 (CHR-d12) showing peak 
broadening and baseline drifting possibly due to matrix co-eluting with target compound. 



90 
 

  

 

 

Figure 4.3: GC×GC/ToF-MS contour map of the total ion chromatogram (TIC) for a PS 
extract. The x-axis represents the retention time in the first dimension (min) and the y-axis the 
retention time in the second dimension (s). The dotted line represents the elution profile for 
the PAHs in the sample, which is isolated from most of sample matrix and UCM, represented 
by the dashed line below and above the PAHs line. PAHs that had co-elution problems when 
using a one-dimensional GC are labeled, phenanthrene (PHE), anthracene (ANT) and 
chrysene (CHR). The lines were added for clarification. 
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Table 4.2: List of PAHs analyzed using GC×GC/ToF-MS.  
   

PPAH       SPAH   

1 acenaphthene ACE  
 

46 2-nitrodibenzothiopene 2 N Dibenth 
2 acenaphthylene ACY 

 
47 dibenzothiopene Dibenzoth 

3 anthracene ANT 
 

  OPAH   
4 benz[a]anthracene BaA 

 
48 1,2-naphthoquinone 1,2 NAPq 

5 benzo[a]pyrene BaP 
 

49 1,4-anthraquinone 1,4 ANTq 
6 benzo[b]fluoranthene BbF 

 
50 1,4-naphthoquinone 1,4 NAPq 

7 benzo[e]pyrene BeP 
 

51 2-methyl-9,10-anthraquinone 2 met ANTq 
8 benzo[ghi]perylene BghiP 

 
52 4H-cyclopenta[def]phenanthrene-4-one CdefPHEq 

9 benzo[k]fluoranthene BkF 
 

53 5,12-naphthacenequinone 5,12 NAPq 
10 chrysene CHR 

 
54 9,10-anthraquinone 9,10 ANTq 

11 dibenzo[ah]anthracene DahA 
 

55 9,10-phenanthrenequinone 9,10 PHEq 
12 fluoranthene FLA 

 
56 9-fluorenone 9 Fluo 

13 fluorene FLO 
 

57 acenaphthenequinone  ACEq 
14 indeno[1,2,3-cd]pyrene IcdP 

 
58 aceanthrenequinone AANTq 

15 naphthalene NAP 
 

59 benz[a]anthracene-7,12-dione 7,12 BaAq 
16 phenanthrene PHE 

 
60 benzanthrone Benzan 

17 pyrene PYR 
 

61 benzo[a]fluorenone BaFluo 
18 triphenylene TRI 

 
62 benzo[c]phenanthrene-[1,4]-quinone 1,4 BcPHEq 

  MPAH   
 

63 benzo[cd]pyrenone BcdPYR 
19 1,3-dimethylnaphthalene 1,3 met NAP 

 
64 phenanthrene-1,4-dione 1,4 PHEq 

20 1-methylnaphthalene 1 met NAP 
 

  BrPAH   
21 1-methylpyrene 1 met PYR 

 
65 1-bromopyrene 1 Br PYR 

22 2,6-dimethylnaphthalene 2,6 met NAP 
 

66 2-bromofluorene 2 Br FLO 
23 2-methylanthracene 2 met ANT  

 
67 7-bromobenz[a]anthracene 7 Br BaA 

24 2-methylnaphthalene 2 met NAP 
 

68 9,10-dibromoanthracene 9,10 Br ANT 
25 3,6-dimethylphenanthrene 3,6 met PHE 

 
69 9-bromoanthracene 9 Br ANT 

26 6-methylchrysene 6 met CHR 
 

70 9-bromophenanthrene 9 Br PHE 
27 retene RET 

 
  ClPAH   

  NPAH   
 

71 1,3-dichlorofluoranthene 1,3 Cl FLA 
28 1-nitronaphthalene 1 N NAP 

 
72 1,9-dichlorophenanthrene 1,9 Cl PHE 

29 1-nitropyrene 1 N PYR 
 

73 1-chloropyrene 1 Cl PYR 
30 2-nitroanthracene 2 N ANT 

 
74 2-chloroanthracene 2 Cl ANT 

31 2-nitrobiphenyl 2 N BiPhe 
 

75 3,4-dichlorofluoranthene 3,4 CL FLA 
32 2-nitrofluoranthene 2 N FLA 

 
76 3,8-dichlorofluoranthene 3,8 Cl FLA 

33 2-nitrofluorene 2 N FLO 
 

77 3-chlorobenzanthrone 3 Cl Benzan 
34 2-nitronaphthalene 2 N NAP 

 
78 3-chlorofluoranthene 3 Cl FLA 

35 2-nitropyrene 2 N PYR 
 

79 6-chlorochrysene 6 Cl CHR 
36 3-nitrobiphenyl  3 N BiPhe 

 
80 8-chlorofluoranthene 8 Cl FLA 

37 3-nitrodibenzofuran 3 N Dibenf 
 

81 9,10-dichloroanthracene 9,10 Cl ANT 
38 3-nitrofluoranthene 3 N FLA 

 
82 9,10-dichlorophenanthrene 9,10 Cl PHE 

39 3-nitrophenanthrene 3 N PHE 
 

83 9-chloroanthracene 9 Cl ANT 
40 4-nitrobiphenyl 4 N BiPhe 

 
84 9-chlorofluorene 9 Cl FLO 

41 5-nitroacenaphthalene 5 N ACE 
 

85 9-chlorophenanthrene 9 Cl PHE 
42 6-nitrochrysene 6 N CHR 

  43 7-nitrobenz[a]antracene 7 N BaA 
    44 9-nitroanthracene 9 N ANT 
    45 9-nitrophenanthrene 9 N PHE         
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PAHs accumulation in PS pellets 

MPAHs, SPAHs, OPAHs and PPAHs were measured at relatively high concentrations in 

PS pellet sample blanks (0-month exposure) (n=3). As shown in Table 4.3, a variety of PAHs 

were measured in the virgin pellets and their concentration ranged from 9.30 ng/g for 2,6-

dimethylnaphthalene to 24.28 ng/g for 1,3-dimethylnaphthalene for 4 MPAHs, 5.23 ng/g for 

acenaphthene to 25.42 ng/g for fluorene for 7 PPAHs, 7.87 ng/g for 9-fluorenone to 45.39 

ng/g for 1,4-naphthoquinone for 2 OPAHs, and 4.35 ng/g for dibenzothiopene, for 1 SPAH, 

and were assumed to come from PS manufacturing. This finding is consistent with previous 

research showing that virgin PS pellets have up to 2 orders of magnitude greater PPAH 

concentrations than other polymer types due to its aromaticity.26,30   

PAH formation seems to arise from multiple stages in the life cycle of PS. To manufacture 

polystyrene, ethylene and benzene are produced from crude oil under applied heat.31 Next, the 

styrene monomer is produced by reacting benzene with ethylene to make ethyl benzene which 

is dehydrogenated to styrene at 550-680 °C.31 Both benzene and styrene are precursors of 

PAH formation, even at relatively low temperatures.32 Once polymerized, polystyrene is more 

likely to depolymerize into its individual monomers than other polymers.33 Because 

polymerization reactions are rarely complete, the residual monomer (styrene) is likely to be 

found in the polymeric product.33 Thus, the monomer styrene is likely available for PAH 

formation during and post-manufacturing. Once PS pre-production pellets are produced, 

manufacturers apply heat again to process and shape end products from PS pellets31 (e.g. 

disposable cutlery), an added process likely resulting in the emission of PAHs. 
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Out of the 85 PAHs targeted, a total of 15 PPAHs (acenaphthene, acenaphthylene, 

anthracene, benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[e]pyrene, 

benzo[ghi]perylene, benzo[k]fluoranthene, chrysene, fluoranthene, fluorene, indeno[1,2,3-

cd]pyrene, phenanthrene, pyrene and triphenylene), 7 MPAHs (1,3-dimethylnaphthalene, 1-

methylphenanthrene, 1-methylpyrene, 2,6-dimethylnapthalene, 2-methylanthracene and 2-

methylphentnthrene), 2 OPAHs (9-fluorenone and 1,4-naphthoquinone) and 1 SPAHs 

(dibenzothiopene) were detected in the PS extracts. Table 4.3 shows the PAHs detected, and 

their concentrations at each sampling period (0, 1, 3, 6, 9, and 12 months) at both the HE-site 

and SI-site.  

Figure 4.4 shows the total concentrations of PPAHs, MPAHs, OPAHs and SPAHs in the 

PS pellets over time at the HE-site (Figure 4.4A) and the SI-site (Figure 4.4B). The total 

concentration  of  PPAHs   (ΣPPAHs)  measured   in  PS  pellets  was   consistently  higher   than   the  

total   concentration   of   MPAHs   (ΣMPAHs),   OPAHs   (ΣOPAHs)   and   SPAHs   (ΣSPAHs)   and  

significantly higher than the concentration measured in the 0-month exposure blank (virgin 

pellets) (p<0.05) by approximately five times at the HE-site and four times at the SI-site. At 

HE-site, the concentration of all PPAHs sorbed to PS pellets was significantly higher than the 

concentration measured in the 0-month exposure blank (p<0.05). On the other hand, at SI-site 

the concentration of fluoranthene, fluorene and pyrene were not significantly higher than their 

concentration measured in the 0-month exposure blank (p<0.05).  

Overall, the total concentration of MPAHs (ΣMPAHs)  and  OPAHs  (ΣOPAHs)  in  the  PS  

pellets was relatively constant over the 12-month sampling period, with no significant increase 

in concentration over the blank PS concentrations (0-month). This suggests that the 

background contamination of these PAHs in the PS pellets exceeded the concentration of 

PAHs accumulated from the water column. However, the 1-methylphenanthrene, 2- 
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Figure 4.4: Total concentration of methyl-PAHs (MPAHs), parent-PAHs (PPAHs), oxy-
PAHs (OPAHs) and thio-PAHs (SPAHs) found at 0, 1, 3, 6, 9 and 12 months in: (A) Harbor 
Excursion sampling site.  (B) Shelter Island sampling site. 
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methylanthracene, 1-methylpyrene and dibenzothiopene concentrations were low or below the 

detection limit in the blank virgin pellets (0-months) and significantly increased in 

concentration (p<0.05) after exposure, especially at the HE-site (Figure 4.4 and Table 4.3). 

During the five sampling periods (0, 1, 3, 6, 9, and 12 months), at the HE-site; MPAHs 

ranged from 6.256 - 29.76 ng/g, PPAHs ranged from 11.67 - 208.2 ng/g, OPAHs ranged from 

9.084 - 48.70 ng/g and SPAHs ranged from 5.922 - 19.29 ng/g. At the SI-site; MPAHs ranged 

from 5.377 - 21.68 ng/g, PPAHs ranged from 5.399 - 132.5 ng/g, OPAHs ranged from 9.107 - 

46.91 ng/g and SPAHs ranged from 3.872 - 4.146 ng/g. Overall, the average concentration of 

PPAHs and MPAHs during the five sampling periods was significantly higher in HE-site 

compared to SI-site (p<0.05).  

The increasing concentration trends over time for some PPAHs and MPAHs in the PS 

pellets indicate the possible sorption of these PAHs from the water column to the PS pellets. 

No significant trend in concentration over time was observed for OPAHs and most of MPAHs 

(Figure 4.4). 

  

Site difference for PAHs 

The total concentration of PPAHs, MPAHs and SPAHs sorbed to PS pellets was 

significantly greater (p<0.05) at the HE-site compared to the SI-site approximately by a factor 

of 2 (Table 4.3) and some PAHs, such as dibenzothiophene and 1-methylpyrene, were more 

prevalent at the HE-site compared to the SI-site. Both dibenzothiopene and 1-methylpyrene, 

are indicators of fossil fuels such as gasoline or diesel exhaust.34,35  

In general, MPAHs are indicative of direct petroleum emissions36 and thus it is not 

surprising that we found sorption of MPAHs from ambient water in such a heavily trafficked 
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bay. There were significantly higher concentrations (p<0.05) of 1-methylpyrene and 2-

mehtylanthracene at the HE-site relative to the SI-site, most likely a result of sitting adjacent 

to   San  Diego’s   cruise   ship   terminal   and   the   port   for   two  whale-watching companies. More 

shipping activity is expected at the HE-site, and the exhaust from ships and boats are known to 

contain petroleum residues.37  

Additionally, we used PAH molecular ratios to identify potential sources of PAHs in the 

San Diego Bay area. This method involves comparing concentration ratios of frequently 

measured PAHs to possible PAH sources.38  This source identification method should be used 

with caution because it is often difficult to discriminate between sources and molecular ratios 

can be easily altered by different factors such as reactivity of some PAHs and degradation that 

may occur during the sampling process and preferential partitioning to the PS pellets.38,39,40 

The combination of five different molecular ratios including fluorene (FLO), pyrene (PYR), 

anthracene (ANT), phenanthrene (PHE), benzo[a]pyrene (BaP), chrysene (CHR), 

benz[a]anthracene (BaA), Triphenylene (TRI), benzo[b]fluoranthene (BbF) and 

benzo[k]fluoranthene (BkF) were used to generate bi-variate plots and evaluate the possible 

PAH sources. The results are shown in Figure 4.5, where the dashed lines represent the 

threshold values for each ratio, taken from previous studies.41,42,43,44 

The FLO/(FLO+PYR) ratio was significantly different between sites (p<0.001), with 

0.421 (±0.106), on average, at the HE-site and 0.633 (±0.067), on average, at the SI-site, 

suggesting a gasoline origin for PAHs at the HE-site and a diesel origin for PAHs at the SI-

site (Figure 4A). The ANT/(ANT+PYR) ratio was also significantly different between sites 

(p<0.001): 0.307 (±0.073) at the HE-site and 0.128 (±0.025) at the SI-site, suggesting a 

pyrogenic origin for PAHs at the HE-site and a more petrogenic origin for PAHs at the SI-site 

(Figure 4.5A). This was reinforced by the BaA/(BaA+CHR+TRI) ratio that was also  
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Figure 4.5:  Bi-variate plots of PAH diagnostic ratios for PS pellets deployed in both 
sampling sites. (A) FLO/(FLO/PYR) vs. ANT/(ANT+PHE), (B) BaP/(BaP+CHR) vs. 
ANT/(ANT+PHE), (C) BaP/(BaP+CHR) vs. BaA/(BaA+CHR+TRI), (D) BbF/BkF vs. 
ANT/(ANT+PHE). Dashed lines represent threshold values and letters in italics represent 
possible sources: G = gasoline, D = diesel, C = combustion of petroleum derivatives, P = 
PAHs from petroleum, M = mix sources, and are taken from previous studies. 
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significantly different between both sites (p<0.001): 0.397 (±0.023) at the HE-site and 0.346 

(±0.015) at the SI-site (Figure 4.5C). The two other ratios BbF/BkF and BaP/(BaP+CHR), 

were not significantly different between the sites. These results suggest that PAHs at the SI-

site and HE-site have different sources, with the SI-site having ratios that are closer to those 

found in petroleum and the HE-site having ratios closer to those found in the generation of 

pyrogenic PAHs. 

 

Hazards of PS Litter in Marine Ecosystems 

Polystyrene may pose a risk to organisms after being discarded into marine habitats 

because of PAHs present in the PS and the potential endocrine disrupting effect of the styrene 

monomer.33 In addition, the combination of greater PPAHs on virgin PS pellets and the 

relatively high PPAH concentration sorbed to PS from ambient seawater suggests that PS may 

pose a greater risk of PAH exposure when it is ingested by marine animals than the other most 

commonly produced plastic-types (HDPE, LDPE, PP, PET and PVC). Future work should 

measure sorption of other hazardous priority pollutants (e.g. PCBs, metals) to PS pellets. The 

mixture of the PS monomer itself, chemicals from the manufacturing process, and pollutants 

sorbed from the environment may act as multiple stressors to several species of vertebrates45,46 

and invertebrates45,47 that ingest polystyrene debris. Testing this theory requires additional 

research that measures the adverse health effects from dietary exposure of both virgin PS and 

PS deployed in the marine environment on organisms. 
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Chapter 5: Conclusions 

 

Complex mixtures of polycyclic aromatic hydrocarbons (PAHs) in environmental samples 

and standard solutions were analyzed using two-dimensional gas chromatography coupled to 

time-of-flight mass spectrometry (GC×GC/ToF-MS). GC×GC/ToF-MS has a higher peak 

capacity, compared to any other one-dimensional chromatographic technique, and it is able to 

separate complex mixtures of compounds with similar physicochemical properties such as 

PAHs by using two independent separation mechanisms represented by two gas 

chromatographic (GC) columns, with different stationary phases, connected in series by a 

modulator. The theoretical peak capacity is equivalent to the product of individual peak 

capacities for each GC column used; however the existing correlation between GC columns 

can decrease the practical peak capacity and the chromatographic space available for 

separation of compounds. Therefore, it is important to increase the degree of independence 

between both GC columns used.  

In Chapter 2, the separation of a standard mixture containing 97 different PAHs, including 

parent-PAHs (PPAHs), alkyl-PAHs (MPAHs), oxy-PAHs (OPAHs), thio-PAHs (SPAHs), 

chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs) and high molecular weight PAHs (HMW-

PAHs), was improved by using a liquid crystal column (LC-50,  10  m  ×  0.15  mm  ×  0.10  μm)  

in the first dimension, followed by a nano-stationary phase column (NSP-35, 1.2 m × 0.10 mm 

×  0.10  μm)  in  the  second  dimension,  and compared to the commonly used non-polar × polar 

column combination Rtx-5ms  (35  m  ×  0.25  mm  ×  0.25  μm)  in  the  first  dimension,  followed  

by an Rxi-17 (1.2   m   ×   0.10   mm   ×   0.10   μm) in the second dimension. The degree of 

orthogonality between the two columns used in each column combination was first evaluated 
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based on the linear correlation between the retention times in the first dimension and the 

retention times in the second dimension. The resulting correlation coefficient decreased by 

approximately 52%, from 0.888 for the Rtx-5ms × Rxi-17 column combination to 0.424 for 

the LC-50 × NSP-35 column combination. We further evaluated the orthogonality of each 

column combination using an approach based on conditional entropy, in which the probability 

of finding a compound at a particular retention time in one and two-dimensional separations 

was calculated. The orthogonality of the system increased from 34.68% for the Rtx-5ms × 

Rxi-17 column combination to 70.85% for the LC-50 × NSP-35 column combination, 

indicating that more of the two-dimensional space was available for separation within the 

same chromatographic run using the LC-50 × NSP-35 column combination. 

The LC-50 × NSP-35 column combination was also used for the analysis of complex PAH 

mixtures present in environmental samples, including a PM2.5 atmospheric sample collected 

from Beijing, China, a soil sample extract from St. Maries Creosote Superfund Site, and a 

sediment sample extract from the Portland Harbor Superfund Site. When using GC×GC/ToF-

MS with the LC-50 × NSP-35 column combination, a great portion of the unresolved complex 

mixture (UCM) and matrix interferences of each complex environmental sample eluted during 

the first portion of the chromatogram and was distributed more throughout the second 

dimension compared to the Rtx-5ms × Rxi-17 column combination. The great majority of 

PAHs present in the environmental samples eluted in portions of the two-dimensional 

chromatographic space that were free of UCM and matrix interferences. Therefore, the LC-50 

× NSP-35 column combination resulted in greater orthogonality for the separation of complex 

PAH mixtures for both standard solutions containing 97 different PAHs with similar 

physicochemical properties and for environmental matrices containing UCM and other matrix 

interferences. 
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In Chapter 3, the identification and quantitation of complex PAH mixtures present in two 

standard reference materials (SRMs) from the National Institute of Standards and Technology 

(NIST) was performed using the Rtx-5ms × Rxi-17 column combination, and the LC-50 × 

NSP-35 column combination. The LC-50 × NSP-35 column combination resulted in PAH 

concentrations that were closer to the NIST certified concentrations for NIST 

SRM1650b (Diesel Particulate Matter), with an average absolute percent difference of 

33.8% (range of -50.8% to 259.5%) and a relative standard deviation (RSD) of 11.9%, 

compared to the Rtx-5ms × Rxi-17 column combination with an average absolute 

percent difference of 38.6% (range of -65.1% to 340.5%) and RSD of 11.2%. Eleven 

of the PAHs had measured concentrations that were statistically different (p<0.05) 

from the NIST certified concentration when the Rtx-5ms × Rxi-17 column combination 

was used and 6 of the PAHs had measured concentrations that were statistically 

different (p<0.05) when the LC-50 × NSP-35 column combination was used. A total of 

47 PAHs were identified and quantified with the Rtx-5ms × Rxi-17 column 

combination and 49 PAHs when the LC-50 × NSP-35 column combination was used, 

including PAHs that are not reported by NIST. 

The LC-50 × NSP-35 column combination also resulted in PAH concentrations that 

were closer to the NIST certified concentrations for NIST SRM1975 (Diesel 

Particulate Extract) after silica gel SPE cleanup, with an average absolute percent 

difference of 62.2% (range -16.3% to 196.2%) and RSD of 16.6%, compared to the 

Rtx-5ms × Rxi-17 column combination with an average absolute percent difference of 

67.2% (range -14.1% to 494.1%) and RSD of 9.28%. Five of the PAHs had measured 
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concentrations that were statistically different (p<0.05) from the NIST certified 

concentrations when the Rtx-5ms × Rxi-17 column combination was used and 6 of the 

PAHs had measured concentrations that were statistically different (p<0.05) when the 

LC-50 × NSP-35 column combination was used. A total of 55 PAHs were identified 

and quantified with the Rtx-5ms × Rxi-17 column combination and 46 PAHs with the 

LC-50 × NSP-35 column combination, including PAHs that are not reported by NIST. 

When the LC-50 × NSP-35 column combination was used to measure the PAHs in an 

aliquot of NIST SRM1975 (Diesel Extract) without cleanup, an average absolute 

percent difference of 30.8% (range -40.0% to 70.4%) and RSD of 16.6% was 

obtained, relative to the NIST certified PAH concentrations. The Rtx-5ms × Rxi-17 

column combination resulted in an average absolute percent difference of 79.6% 

(range -43.3% to 335.3%) and RSD of 27.1%, relative to the NIST certified PAH 

concentrations. Six of the PAHs had measured concentrations that were statistically 

different (p<0.05) from the NIST certified when the Rtx-5ms × Rxi-17 column 

combination was used and 4 of the PAHs had measured concentrations that were 

statistically different (p<0.05) when the LC-50 × NSP-35 column combination. A total 

of 50 PAHs were identified and quantified with the Rtx-5ms × Rxi-17 column 

combination and 53 PAHs with the LC-50 × NSP-35 column combination, including 

PAHs that are not reported by NIST. These results suggest that the use of the LC-50 × 

NSP-35 column combination not only results in better resolution and greater 

orthogonality for the separation of complex PAH mixtures compared to the Rtx-5ms × 

Rxi-17 column combination, but also results in more accurate quantification of 
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complex PAH mixtures in environmental sample containing 50 or more PPAHs, 

MPAHs, OPAHs, SPAHs, NPAHs, ClPAHs and BrPAHs in one single 

chromatographic run, including in extracts with minimal or no sample cleanup prior to 

analysis.   

In Chapter 4, the LC-50 × NSP-35 column combination was used to solve the analytical 

difficulties that arose when one-dimensional GC/MS was used for the analysis of PAHs 

sorbed in polystyrene (PS) pellets deployed in two sampling sites inside an urbanized bay for 

a period of 0 to 12 months. GC/MS was unable to quantify PAHs sorbed in PS pellets due to 

strong matrix interferences and strong UCM present in the sample. When using the LC-50 × 

NSP-35 column combination, the UCM and PAHs eluted at different places in the two-

dimensional space, and quantification of PAHs was possible. A total of 25 different PAHs 

sorbed to PS pellets were identified, including 15 parent-PAHs (PPAHs), 7 alkylated-

PAHs (MPAHs), 2 oxy-PAHs (OPAHs) and 1 thio-PAH (SPAH). Overall, the average 

concentration of PPAHs and MPAHs was significantly higher in Harbor Excursion 

sampling site (HE-site) compared to Shelter Island sampling site (SI-site) (p<0.05), 

with the total concentration of PPAHs being consistently higher than the total 

concentration of MPAHs, OPAHs and SPAHs.  

Several MPAHs, SPAHs, OPAHs and PPAHs were found at relatively high 

concentrations in samples never deployed in the urbanized bay. The concentration of 

PAHs in the virgin pellets was considered as a 0-month measure and is assumed to 

come from PS production. The concentration of PPAHs and some of the MPAHs 

found are significantly higher after being exposed to the marine environment, 
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compared to the concentration found in the 0-month measure (virgin pellets) for both 

sampling sites. This increasing trend indicates possible sorption of PAHs from the 

water column into the PS pellets. No significant trend was observed for OPAHs, 

SPAHs and most of MPAHs, suggesting and equilibrium between PS pellets and the 

water column. Molecular ratios and the presence of some markers were used to 

identify potential sources of PAHs that were detected in the PS pellet samples 

deployed in the San Diego Bay area. Ratios were significantly different between sites 

(p<0.001), suggesting that PAHs in SI-site and HE-site have different sources, with 

SI-site showing ratios that are closer to those found in petroleum and HE-site having 

ratios closer to those found in the generation of pyrogenic PAHs. 

Future work should include the development of new analytical methods that 

include other persistent organic pollutants in order to have a more comprehensive 

analysis of the sample. Expanding the compound list for the analysis of environmental 

samples, using high peak capacity techniques such as GC×GC/ToF-MS, would help in 

the identification of sources and fate of compounds of interest, without a significant 

increase in analysis time.  
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Appendix A:  

Complete list of PAHs identified in a complex standard mixture using a GC×GC/ToF-MS 

system with   column   combination  “A1”   (Rtx-5ms × Rxi-17) and   “A2”   (Rxi-5ms × Rxi-17). 

Parent PAHs (PPAHs), alkylated PAHs (MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs 

(BrPAHs), nitro-PAHs (NPAHs), thio-PAHs (SPAHs), oxy-PAHs (OPAHs) and PAHs with 

molecular  weight  ≥  300  Da  (HMW  PAHs)  are  shown.  
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Appendix A: PAHs analyzed using GC×GC/ToF-MS. Parent PAHs (PPAHs), alkyl-PAHs 
(MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-PAHs (NPAHs), thio-
PAHs (SPAHs), oxy-PAHs  (OPAHs)  and  PAHs  with  molecular  weight  ≥  300  Da  (HMW  
PAHs) are shown 

N° Name   m/z 
   "A1"   (min)   “A2”  (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

  PPAHs                 

1 Naphthalene NAP 128   15.33 0.021   6.17 0.047 

2 Acenaphthylene ACY 152   21.33 0.024   8.5 0.052 

3 Acenaphthene ACE 153   21.99 0.024   8.85 0.05 

4 Fluorene FLO 166   23.99 0.024   9.55 0.05 

5 Phenanthrene PHE 178   27.66 0.026   10.95 0.057 

6 Anthracene ANT 178   27.82 0.026   10.95 0.057 

7 Fluoranthene FLA 202   32.32 0.029   12.7 0.061 

8 Pyrene PYR 202   33.15 0.03   12.93 0.066 

9 Benzo(a)anthracene BaA 228   37.81 0.032   14.79 0.067 

10 Chrysene CHR 228   37.98 0.033   14.79 0.07 

11 Triphenylene TRI 228   37.98 0.033   14.79 0.07 

12 Benzo(b)fluoranthene BbF 252   41.81 0.039   16.19 0.075 

13 Benzo(k)fluoranthene BkF 252   41.89 0.039   16.31 0.073 

14 Benzo(e)pyrene BeP 252   42.81 0.045   16.54 0.082 

15 Benzo(a)pyrene BaP 252   42.98 0.046   16.66 0.08 

16 Indeno(1,2,3-c,d)pyrene IcdP 276   47.06 0.053   17.94 0.089 

17 Dibenzo[a.h]anthracene DahA 278   47.06 0.053   17.94 0.089 

18 Benzo[g,h,i]perylene BghiP 276   47.97 0.061   18.18 0.097 

19 Picene PIC 278   47.56 0.057   18.06 0.094 

  MAPHs                 

20 1-Methylnaphthalene 1 met NAP 142   17.91 0.021   7.22 0.044 

21 2-Methylnaphthalene 2 met NAP 142   18.25 0.022   7.33 0.047 

22 Retene RET 219   34.4 0.026   13.51 0.052 

23 1,3-Dimethylnaphthalene 1,3 met NAP 156   20.24 0.021   8.15 0.043 

24 2,6-Dimethylnaphthalene 2,6 met NAP 156   20.58 0.022   8.26 0.045 

25 2-Methylanthracene 2 met ANT 192   29.82 0.026   11.76 0.054 

26 1-Methylphenanthrene 1 met PHE 192   30.07 0.027   11.88 0.056 

27 2,3-Dimethylphenanthrene 2,3 met PHE 206   31.32 0.026   12.35 0.052 

28 6-Methylchrysene 6 met CHR 242   39.73 0.034   15.49 0.069 

29 1-Methylpyrene 1 met PYR 216   35.4 0.031   13.86 0.064 

  Cl PAHs                 

30 2-Chloroanthracene 2 Cl ANT 212   31.49 0.028   12.35 0.056 
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Appendix A: (Continued) 

N° Name   m/z 
   "A1"   (min)   “A2”  (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

31 9-Chloroanthracene 9 Cl ANT 212   31.56 0.028   12.35 0.059 

32 9,10-Dichloroanthracene 9,10 Cl ANT 246   34.4 0.029   13.51 0.058 

33 1,9-Dichlorophenanthrene 1,9 Cl PHE 246   34.65 0.029   13.51 0.059 

34 3,9-Dichlorophenanthrene 3,9 Cl PHE 246   34.07 0.028   13.51 0.061 

35 9-Chlorofluorene 9 Cl FLO 200   27.91 0.025   11.06 0.052 

36 1-Chloropyrene 1 Cl PYR 236   36.32 0.031   14.21 0.066 

37 3-Chlorofluoranthene 3 Cl FLA 236   35.48 0.03   13.86 0.062 

38 8-Chlorofluoranthene 8 Cl FLA 236   35.57 0.029   13.98 0.06 

39 3,9,10-Trichloropenanthrene 3,9,10ClPHE 280   37.07 0.029   14.44 0.06 

40 1,3-Dichlorofluorathene 1,3 Cl FLA 270   37.81 0.03   14.68 0.063 

41 3,8-Dichlorofluoranthene 3,8 Cl FLA 270   38.51 0.031   14.79 0.061 

42 3,4-Dichlorofluoranthene 3,4 Cl FLA 270   39.31 0.033   15.03 0.063 

43 7-Chlorobenzo(a)anthracene 7 Cl BaA 262   40.56 0.034   15.84 0.07 

44 3-Chlorobenzanthrone 3 Cl Benzan 264   40.81 0.037   15.84 0.078 

45 6,12-Dichlorochrysene 6,12 Cl CHR 296   43.14 0.042   16.66 0.072 

46 7,12-Dichlorobenzo(a)anthracene 7,12 Cl BaA 296   43.31 0.045   16.78 0.075 

  BrPAHs                 

47 2-Bromofluorene 2 Br FLO 244   29.74 0.026   11.76 0.055 

48 9-Bromophenanthrene 9 Br PHE 256   32.9 0.029   12.93 0.061 

49 9-Bromoanthracene 9 Br ANT 256   33.23 0.029   13.05 0.062 

50 9,10-Dibromoanthracene 9,10 Br ANT 176   37.73 0.033   14.68 0.07 

51 1-Bromopyrene 1 Br PYR 280   37.98 0.033   14.79 0.071 

52 7-Bromobenzo(a)anthracene 7 Br BaA 226   42.94 0.041   17.59 0.083 

53 7,11-Dibromobenzo(a)anthracene 7,11 Br BaA 226   46.14 0.046   17.71 0.08 

54 7,12-Dibromobenzo(a)anthracene 7,12 Br BaA 226   46.31 0.05   17.71 0.09 

55 4,7-Dibromobenzo(a)anthracene 4,7 Br BaA 226   46.31 0.05   17.83 0.086 

56 5,7-Dibromobenzo(a)anthracene 5,7 Br BaA 226   46.89 0.05   17.94 0.084 

  NPAHs                 

57 1-Nitropyrene 1 N PYR 201   39.81 0.036   15.49 0.078 

58 2-Nitropyrene 2 N PYR 201   40.06 0.036   15.61 0.075 

59 2-Nitrofluoranthene 2 N FLA 247   38.98 0.033   15.26 0.067 

60 3-Nitrobenzanthrone 3 N Benzan 200   43.28 0.045   n.d. n.d. 

61 2-Nitrofluorene 2 N FLO 165   24.69 0.026   12.93 0.063 

62 3-Nitrofluoranthene 3 N FLA 247   39.06 0.034   15.26 0.071 

63 2-Nitroanthracene 2 N ANT 223   35.15 0.03   13.75 0.065 

64 3-Nitrophenanthrene 3 N PHE 223   34.48 0.03   13.63 0.063 

65 9-Nitroanthracene 9 N ANT 176   33.4 0.03   13.16 0.065 
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Appendix A: (Continued) 

N° Name   m/z 
   "A1"   (min)   “A2”  (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

66 5-Nitroacenaphthalene 5 N ACE 152   31.4 0.029   12.35 0.064 

67 1-Nitronaphthalene 1 N NAP 127   24.32 0.026   9.78 0.056 

68 2-Nitronaphthalene 2 N NAP 127   25.16 0.026   10.01 0.055 

69 6-Nitrochrysene 6 N CHR 273   42.91 0.043   16.43 0.075 

70 9-Nitrophenanthrene 9 N PHE 165   34.4 0.03   13.51 0.065 

71 2-Nitrobiphenyl 2 N BiPhe 152   25.96 0.025   10.36 0.057 

72 3-Nitrobiphenyl 3 N BiPhe 152   28.16 0.025   11.3 0.052 

73 4-Nitrobiphenyl 4 N BiPhe 152   28.65 0.026   11.41 0.055 

74 7-Nitrobenz(a)anthracene 7 N BaA 215   42.14 0.041   16.78 0.078 

75 3-Nitrodibenzofuran 3 N Diben 213   30.85 0.027   12.23 0.057 

  SPAHs                 

76 Dibenzothiophene Dibenzoth 184   27.16 0.026   10.83 0.055 

77 2-Nitrodibenzothiophene 2 N Dib 229   35.31 0.029   13.75 0.064 

  OPAHs                 

78 9,10-Anthraquinone 9,10 ANTq 208   30.82 0.029   12.11 0.064 

79 9-Fluorenone 9 Fluo 180   26.82 0.026   10.71 0.056 

80 2-Methyl-9,10-anthraquinone 2 met ANTq 222   32.9 0.029   12.93 0.062 

81 Benzanthrone Benzan 230   38.4 0.036   15.03 0.075 

82 Benz(a)anthracene-7,12-dione BaAq 258   39.56 0.035   15.49 0.071 

  HMW PAHs                 

83 Coronene COR 300   53.22 0.078   n.d.g n.d.g 

84 Naphtho[1,2-b]fluoranthene DahPYR 302   51.22 0.063   n.d.g n.d.g 

85 Naphtho[2,3-j]fluoranthene DaePYR 302   51.47 0.064   n.d.g n.d.g 

86 Dibenzo[a,e]fluoranthene DalPYR 302   51.55 0.065   n.d.g n.d.g 

87 Dibenzo[b,k]fluoranthene DaiPYR 302   n.d.f n.d.f   n.d.g n.d.g 

88 Dibenzo[a,k]fluoranthene N23aPYR 302   n.d.f n.d.f   n.d.g n.d.g 

89 Dibenzo[j,l]fluoranthene N23ePYR 302   51.64 0.067   n.d.g n.d.g 

90 Dibenzo[a,l]pyrene DbkFLA 302   51.8 0.069   n.d.g n.d.g 

91 Naphtho[2,3-k]fluoranthene N12bFLA 302   n.d.f n.d.f   n.d.g n.d.g 

92 Naphtho[2,3-e]pyrene DelPYR 302   53.8 0.069   n.d.g n.d.g 

93 Dibenzo[a,e]pyrene DakFLA 302   53.64 0.073   n.d.g n.d.g 

94 Dibenzo[e,l]pyrene DjlFLA 302   52.7 0.073   n.d.g n.d.g 

95 Naphtho[2,3-a]pyrene DaeFLA 302   54.08 0.077   n.d.g n.d.g 

96 Benzo[b]perylene N23jFLA 302   55.38 0.082   n.d.g n.d.g 

97 Dibenzo[a,h]pyrene BbPER 302   54.75 0.082   n.d.g n.d.g 

n.d.: PAHs non detected, a PAHs eluted with the solvent line in less than 5 min, b Compounds share the same ions (146, 251 
m/z), order may be reverted, c Compounds share the same ion (270 m/z), order may be reverted, d Compounds share the same 
ions (226, 386 m/z), order may be reverted, e Compounds share the same ions (302 m/z), order may be reverted, f not detected 
due to possible co-elution, g few broad signals detected, no compound was assigned. 
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Appendix B:  

Complete list of PAHs identified in a complex standard mixture using a GC×GC/ToF-MS 

system with  column  combination  “B”  (LC-50 × Rxi-17) and  “C”  (LC-50 × NSP-35). Parent 

PAHs (PPAHs), alkylated PAHs (MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), 

nitro-PAHs (NPAHs), thio-PAHs (SPAHs), oxy-PAHs (OPAHs) and PAHs with molecular 

weight  ≥  300  Da  (HMW  PAHs)  are  shown.  
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Appendix B: PAHs analyzed using GC×GC/ToF-MS. Parent PAHs (PPAHs), alkyl-PAHs 
(MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-PAHs (NPAHs), thio-
PAHs (SPAHs), oxy-PAHs  (OPAHs)  and  PAHs  with  molecular  weight  ≥  300  Da  (HMW  
PAHs) are shown 

N° Name   m/z 
  "B"   (min)   "C"   (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

  PPAHs                 

1 Naphthalene NAP 128   n.d.a n.d.a   n.d.a n.d.a 

2 Acenaphthylene ACY 152   5.416 0.017   5.666 0.024 

3 Acenaphthene ACE 153   5.333 0.018   5.666 0.026 

4 Fluorene FLO 166   6.582 0.017   6.832 0.027 

5 Phenanthrene PHE 178   9.413 0.025   10.08 0.038 

6 Anthracene ANT 178   10.41 0.024   11.16 0.037 

7 Fluoranthene FLA 202   19.16 0.034   20.57 0.048 

8 Pyrene PYR 202   16.91 0.032   18.24 0.047 

9 Benzo(a)anthracene BaA 228   34.81 0.03   36.73 0.04 

10 Chrysene CHR 228   37.23 0.028   39.06 0.038 

11 Triphenylene TRI 228   32.4 0.034   34.31 0.046 

12 Benzo(b)fluoranthene BbF 252   48.97 0.029   50.97 0.037 

13 Benzo(k)fluoranthene BkF 252   49.88 0.028   51.88 0.036 

14 Benzo(e)pyrene BeP 252   50.97 0.032   53.13 0.04 

15 Benzo(a)pyrene BaP 252   54.8 0.029   56.88 0.037 

16 Indeno(1,2,3-c,d)pyrene IcdP 276   72.87 0.042   77.61 0.056 

17 Dibenzo[a.h]anthracene DahA 278   74.28 0.042   79.28 0.055 

18 Benzo[g,h,i]perylene BghiP 276   76.2 0.049   81.77 0.063 

19 Picene PIC 278   86.19 0.046   92.85 0.059 

  MAPHs                 

20 1-Methylnaphthalene 1 met NAP 142   n.d.a n.d.a   n.d.a n.d.a 

21 2-Methylnaphthalene 2 met NAP 142   n.d.a n.d.a   n.d.a n.d.a 

22 Retene RET 219   17.57 0.036   18.91 0.053 

23 1,3-Dimethylnaphthalene 1,3 met NAP 156   5.08b 0.015b   5.167b 0.024b 

24 2,6-Dimethylnaphthalene 2,6 met NAP 156   5.17b 0.015b   5.250b 0.023b 

25 2-Methylanthracene 2 met ANT 192   13.41 0.025   14.41 0.039 

26 1-Methylphenanthrene 1 met PHE 192   12.24 0.029   13.24 0.043 

27 2,3-Dimethylphenanthrene 2,3 met PHE 206   11.99 0.032   12.99 0.05 

28 6-Methylchrysene 6 met CHR 242   39.06 0.032   40.97 0.042 

29 1-Methylpyrene 1 met PYR 216   24.73 0.033   26.48 0.047 

  Cl PAHs                 

30 2-Chloroanthracene 2 Cl ANT 212   13.58 0.024   14.74 0.047 
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Appendix B: (Continued) 

N° Name   m/z 
  "B"   (min)   "C"   (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

31 9-Chloroanthracene 9 Cl ANT 212   14.49 0.031   15.74 0.046 

32 9,10-Dichloroanthracene 9,10 Cl ANT 246   19.41 0.034   20.91 0.05 

33 1,9-Dichlorophenanthrene 1,9 Cl PHE 246   20.07 0.034   21.57 0.05 

34 3,9-Dichlorophenanthrene 3,9 Cl PHE 246   18.82 0.037   20.24 0.054 

35 9-Chlorofluorene 9 Cl FLO 200   10.25 0.023   11 0.035 

36 1-Chloropyrene 1 Cl PYR 236   28.32 0.033   30.15 0.045 

37 3-Chlorofluoranthene 3 Cl FLA 236   26.07 0.031   27.82 0.044 

38 8-Chlorofluoranthene 8 Cl FLA 236   26.32 0.031   28.07 0.043 

39 3,9,10-Trichloropenanthrene 3,9,10ClPHE 280   26.73 0.035   28.57 0.049 

40 1,3-Dichlorofluorathene 1,3 Cl FLA 270   30.40c 0.033c   32.31c 0.046c 

41 3,8-Dichlorofluoranthene 3,8 Cl FLA 270   37.14c 0.027c   39.81c 0.037c 

42 3,4-Dichlorofluoranthene 3,4 Cl FLA 270   37.81c 0.027c   43.55c 0.036c 

43 7-Chlorobenzo(a)anthracene 7 Cl BaA 262   42.14 0.031   44.14 0.041 

44 3-Chlorobenzanthrone 3 Cl Benzan 264   48.22 0.028   50.3 0.036 

45 6,12-Dichlorochrysene 6,12 Cl CHR 296   47.39 0.034   49.47 0.043 

46 7,12-Dichlorobenzo(a)anthracene 7,12 Cl BaA 296   48.72 0.034   50.8 0.043 

  BrPAHs                 

47 2-Bromofluorene 2 Br FLO 244   12.91 0.026   13.91 0.04 

48 9-Bromophenanthrene 9 Br PHE 256   16.99 0.035   18.32 0.051 

49 9-Bromoanthracene 9 Br ANT 256   18.24 0.034   19.66 0.049 

50 9,10-Dibromoanthracene 9,10 Br ANT 176   27.98 0.029   29.82 0.055 

51 1-Bromopyrene 1 Br PYR 280   33.65 0.033   35.56 0.045 

52 7-Bromobenzo(a)anthracene 7 Br BaA 226   48.38 0.031   50.47 0.04 

53 7,11-Dibromobenzo(a)anthracene 7,11 Br BaA 226   56.46d 0.036d   58.88d 0.048d 

54 7,12-Dibromobenzo(a)anthracene 7,12 Br BaA 226   57.54d 0.04d   60.13d 0.051d 

55 4,7-Dibromobenzo(a)anthracene 4,7 Br BaA 226   61.62d 0.04d   64.79d 0.052d 

56 5,7-Dibromobenzo(a)anthracene 5,7 Br BaA 226   68.62d 0.04d   72.70d 0.052d 

  NPAHs                 

57 1-Nitropyrene 1 N PYR 201   46.47 0.027   48.47 0.034 

58 2-Nitropyrene 2 N PYR 201   49.13 0.025   51.13 0.032 

59 2-Nitrofluoranthene 2 N FLA 247   41.72 0.026   43.72 0.035 

60 3-Nitrobenzanthrone 3 N Benzan 200   n.d. n.d.   n.d. n.d. 

61 2-Nitrofluorene 2 N FLO 165   25.82 0.024   27.48 0.033 

62 3-Nitrofluoranthene 3 N FLA 247   45.39 0.024   47.39 0.032 

63 2-Nitroanthracene 2 N ANT 223   36.31 0.023   38.14 0.031 

64 3-Nitrophenanthrene 3 N PHE 223   27.98 0.041   29.82 0.04 

65 9-Nitroanthracene 9 N ANT 176   20.99 0.033   22.49 0.045 
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Appendix B: (Continued) 

N° Name   m/z 
  "B"   (min)   "C"   (min) 

  1D Rt 2D Rt   1D Rt 2D Rt 

66 5-Nitroacenaphthalene 5 N ACE 152   17.41 0.03   18.74 0.042 

67 1-Nitronaphthalene 1 N NAP 127   8.75 0.019   7.748 0.029 

68 2-Nitronaphthalene 2 N NAP 127   7.33 0.019   7.748 0.033 

69 6-Nitrochrysene 6 N CHR 273   55.55 0.028   57.71 0.037 

70 9-Nitrophenanthrene 9 N PHE 165   24.99 0.031   26.73 0.042 

71 2-Nitrobiphenyl 2 N BiPhe 152   13.58 0.032   14.58 0.034 

72 3-Nitrobiphenyl 3 N BiPhe 152   10 0.025   10.75 0.038 

73 4-Nitrobiphenyl 4 N BiPhe 152   10 0.025   10.75 0.038 

74 7-Nitrobenz(a)anthracene 7 N BaA 215   50.72 0.029   52.71 0.036 

75 3-Nitrodibenzofuran 3 N Diben 213   19.82 0.023   21.24 0.034 

  SPAHs                 

76 Dibenzothiophene Dibenzoth 184   8.66 0.024   9.247 0.037 

77 2-Nitrodibenzothiophene 2 N Dib 229   27.15 0.029   28.9 0.041 

  OPAHs                 

78 9,10-Anthraquinone 9,10 ANTq 208   15.83 0.03   16.99 0.043 

79 9-Fluorenone 9 Fluo 180   9.5 0.023   10.16 0.035 

80 2-Methyl-9,10-anthraquinone 2 met ANTq 222   20.32 0.03   21.82 0.043 

81 Benzanthrone Benzan 230   39.22 0.03   41.22 0.039 

82 Benz(a)anthracene-7,12-dione BaAq 258   42.22 0.029   44.22 0.038 

  HMW PAHs                 

83 Coronene COR 300   147.23 0.007   n.d. n.d. 

84 Naphtho[1,2-b]fluoranthene DahPYR 302   101.43e 0.08e   111.3e 0.016e 

85 Naphtho[2,3-j]fluoranthene DaePYR 302   110.25e 0.078e   121.6e 0.014e 

86 Dibenzo[a,e]fluoranthene DalPYR 302   111.92e 0.071e   123.3e 0.01e 

87 Dibenzo[b,k]fluoranthene DaiPYR 302   115.83e 0.076   127.9e 0.014e 

88 Dibenzo[a,k]fluoranthene N23aPYR 302   117.33e 0.074e   134.6e 0.01e 

89 Dibenzo[j,l]fluoranthene N23ePYR 302   121.75e 0.074e   146.3e 0.013e 

90 Dibenzo[a,l]pyrene DbkFLA 302   131.82e 0.074e   146.3e 0.026e 

91 Naphtho[2,3-k]fluoranthene N12bFLA 302   131.90e 0.002e   150.97e 0.012e 

92 Naphtho[2,3-e]pyrene DelPYR 302   135.73e 0.074e   154.97e 0.031e 

93 Dibenzo[a,e]pyrene DakFLA 302   138.90e 0.007e   164.38e 0.034e 

94 Dibenzo[e,l]pyrene DjlFLA 302   150.72e 0.012e   n.d.f n.d.f 

95 Naphtho[2,3-a]pyrene DaeFLA 302   157.97e 0.079e   n.d.f n.d.f 

96 Benzo[b]perylene N23jFLA 302   n.d.f n.d.f   n.d.f n.d.f 

97 Dibenzo[a,h]pyrene BbPER 302   n.d.f n.d.f   n.d.f n.d.f 

n.d.: PAHs non detected, a PAHs eluted with the solvent line in less than 5 min, b Compounds share the same ions (146, 251 
m/z), order may be reverted, c Compounds share the same ion (270 m/z), order may be reverted, d Compounds share the same 
ions (226, 386 m/z), order may be reverted, e Compounds share the same ions (302 m/z), order may be reverted, f not detected 
due to possible co-elution, g few broad signals detected, no compound was assigned. 
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Appendix C:  

Full list of PAH concentrations found in NIST SRM1650b (Diesel Particulate Matter) using 

GC×GC/ToF-MS with   column   combination   “A”   (Rtx-5ms × Rxi-17) and column 

combination   “B”   (LC-50 × NSP-35). Parent PAHs (PPAHs), alkylated PAHs 

(MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-PAHs (NPAHs), 

thio-PAHs (SPAHs) and oxy-PAHs (OPAHs) are shown. NIST Certified and 

reference PAH concentrations are also shown, the numbers in bold represent certified 

values. 95% confidence interval (CI) are shown for all PAH concentration (n=3).  
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Appendix C: PAHs in NIST SRM 1650b determined by GC×GC/ToF-MS. Parent PAHs 
(PPAHs), alkyl-PAHs (MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-
PAHs (NPAHs), thio-PAHs (SPAHs) and oxy-PAHs (OPAHs) are shown. Numbers in bold 
represent certified values. CI = 95% confidence interval, n=3 

  

PAHs 

  SRM 1650b 
  

SRM 1650b 
  

SRM1650b 
    

    comb. "A"   comb. "B"   certified and 
reference 

    mg/kg CI   mg/kg CI   mg/kg CI 

  PPAH                   

1 acenaphthene ACE  0.31 0.05   0.33 0.17   0.22 0.02 

2 acenaphthylene ACY 0.4 0.17   0.62 0.19   1.38 0.12 

3 anthracene ANT 6.29 1.32   3.77 0.48   7.67 0.47 

4 benz[a]anthracene BaA 5.1 0.66   5.55 0.18   6.18 0.3 

5 benzo[a]pyrene BaP 1.02 0.36   1.02 0.25   1.17 0.09 

6 benzo[b]fluoranthene BbF 7.02 1.46   8.66 2.31   6.77 0.84 

7 benzo[e]pyrene BeP 6.67 0.82   8.24 3.54   6.3 0.5 

8 benzo[ghi]perylene BghiP 7.6 1.1   4.89 2.09   5.91 0.18 

9 benzo[k]fluoranthene BkF 2.31 0.58   3.03 1.07   2.37 0.21 

10 chrysene CHR 8.59a 1.06a   13.2 1.45   13.3 1.1 

11 dibenzo[ah]anthracene DahA 1.63 0.43   1.33 0.91   0.37 0.07 

12 fluoranthene FLA 28.9 13.5   33.9 5.63   47.3 0.8 

13 fluorene FLO 1.16 0.44   1.38 0.86   1.26 0.09 

14 indeno[1,2,3-cd]pyrene IcdP 4.97 0.9   4.07 1.76   4.44 0.28 

15 naphthalene NAP 1.77 1.24   n.d.b n.d.b   5.07 0.43 

16 phenanthrene PHE 68.9 0.96   72.5 10.4   69.5 1.9 

17 pyrene PYR 27 13.9   36.4 2.81   43.4 1.6 

18 triphenylene TRI 8.59a 1.06a   10.3 1.99   9.17 0.94 

  MPAH                   

19 1,3-dimethylnaphthalene 1,3 met NAP 2.08 0.61   2.14 0.74   - - 

20 1-methylnaphthalene 1 met NAP 2.14 0.75   n.d.b n.d.b   1.51 0.12 

21 1-methylpyrene 1 met PYR 4.48 1.85   2.25 0.44   2.06 0.27 

22 2,6-dimethylnaphthalene 2,6 met NAP 1.27 0.41   1.44 0.38   - - 

23 2-methylanthracene 2 met ANT  n.d. n.d.   2.76 0.39   5.88 0.32 

24 2-methylnaphthalene 2 met NAP 1.59 0.38   n.d.b n.d.b   3.05 0.56 

25 3,6-dimethylphenanthrene 3,6 met PHE 41.4 4.25   20.7 5.83   23 2 

26 6-methylchrysene 6 met CHR 1.67 0.5   1.53 0.41   1.58 0.03 

27 retene RET 6.41 3.32   1.49 0.52   - - 
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Appendix C: (continued) 

  

PAHs 

  SRM 1650b 
  

SRM 1650b 
  

SRM1650b 
    

    comb. "A"   comb. "B"   certified and 
reference 

    mg/kg CI   mg/kg CI   mg/kg CI 

  NPAH                   

28 1-nitronaphthalene 1 N NAP n.d. n.d.   0.37 0.22   0.09 0 

29 1-nitropyrene 1 N PYR 16.7 1.64   15.9 10.4   18.2 0.2 

30 2-nitroanthracene 2 N ANT 3.74 1.58   2.71 0.94   - - 

31 2-nitrobiphenyl 2 N BiPhe n.d. n.d.   n.d. n.d.   0.02 0 

32 2-nitrofluoranthene 2 N FLA 1.08 0.39   0.74 0.37   0.21 0.01 

33 2-nitrofluorene 2 N FLO n.d. n.d.   n.d. n.d.   0.05 0 

34 2-nitronaphthalene 2 N NAP 0.54 0.26   0.45 0.28   0.24 0 

35 2-nitropyrene 2 N PYR n.d. n.d.   n.d. n.d.   - - 

36 3-nitrobiphenyl  3 N BiPhe n.d. n.d.   0.5 0.32   0.06 0 

37 3-nitrodibenzofuran 3 N Dibenf 102.2 21.8   n.d. n.d.   - - 

                      

38 3-nitrofluoranthene 3 N FLA n.d. n.d.   n.d. n.d.   0.07 0 

39 3-nitrophenanthrene 3 N PHE 4.31 1.12   3.59 0.13   4.32 0.11 

40 4-nitrobiphenyl 4 N BiPhe 2.67 1.17   n.d. n.d.   - - 

41 5-nitroacenaphthalene 5 N ACE n.d. n.d.   n.d. n.d.   0.04 0 

42 6-nitrochrysene 6 N CHR n.d. n.d.   n.d. n.d.   0.05 0 

43 7-nitrobenz[a]antracene 7 N BaA n.d. n.d.   0.51 0.35   0.97 0.04 

44 9-nitroanthracene 9 N ANT 6.42 1.74   5.51 0.02   5.89 0.31 

45 9-nitrophenanthrene 9 N PHE n.d. n.d.   0.69 0.17   0.54 0.04 

  SPAH                   

46 2-nitrodibenzothiopene 2 N Dibenth n.d. n.d.   0.48 0.19   - - 

47 dibenzothiopene Dibenzoth 15.1 3.44   4.23 1.29   20.5 2.2 

  OPAH                   

48 1,2-naphthoquinone 1,2 NAPq n.d. n.d.   n.d. n.d.   - - 

49 1,4-anthraquinone 1,4 ANTq n.d. n.d.   1.44 0.93   - - 

50 1,4-naphthoquinone 1,4 NAPq n.d. n.d.   2.57 1.08   - - 

51 2-methyl-9,10-anthraquinone 2 met ANTq 42.6 4.37   34 8.76   - - 

52 4H-cyclopenta[def]phenanthrene-4-one CdefPHEq 10.6 0.85   13.5 0.45   15.6 0.6 

53 5,12-naphthacenequinone 5,12 NAPq n.d. n.d.   1.1 0.55   - - 

54 9,10-anthraquinone 9,10 ANTq 8.27 2.53   14.3 4.16   - - 

55 9,10-phenanthrenequinone 9,10 PHEq 72.6 53.6   n.d. n.d.   - - 

 



124 
 

Appendix C: (continued) 

  

PAHs 

  SRM 1650b   SRM 1650b   SRM1650b 
    

    comb. "A"   comb. "B"   certified and 
reference 

    mg/kg CI   mg/kg CI   mg/kg CI 

56 9-fluorenone 9 Fluo 166.1 110.1   672.3 264.2   - - 

57 acenaphthenequinone  ACEq n.d. n.d.   n.d. n.d.   - - 

58 aceanthrenequinone AANTq n.d. n.d.   n.d. n.d.   - - 

59 benz[a]anthracene-7,12-dione 7,12 BaAq 3.03 1.07   2.71 0.18   - - 

60 benzanthrone Benzan 2.81 0.08   n.d. n.d.   - - 

61 benzo[a]fluorenone BaFluo 13.7 1.85   12.3 1.02   - - 

62 benzo[c]phenanthrene-[1,4]-quinone 1,4 BcPHEq 1.42 0.34   n.d. n.d.   - - 

63 benzo[cd]pyrenone BcdPYR n.d. n.d.   n.d. n.d.   - - 

64 phenanthrene-1,4-dione 1,4 PHEq 324.8 153.9   23 5.93   - - 

  BrPAH                   

65 1-bromopyrene 1 Br PYR n.d. n.d.   n.d. n.d.   - - 

66 2-bromofluorene 2 Br FLO n.d. n.d.   1.86 0.59   - - 

67 7-bromobenz[a]anthracene 7 Br BaA n.d. n.d.   n.d. n.d.   - - 

68 9,10-dibromoanthracene 9,10 Br ANT n.d. n.d.   n.d. n.d.   - - 

69 9-bromoanthracene 9 Br ANT n.d. n.d.   n.d. n.d.   - - 

70 9-bromophenanthrene 9 Br PHE n.d. n.d.   n.d. n.d.   - - 

  ClPAH                   

71 1,3-dichlorofluoranthene 1,3 Cl FLA n.d. n.d.   n.d. n.d.   - - 

72 1,9-dichlorophenanthrene 1,9 Cl PHE n.d. n.d.   n.d. n.d.   - - 

73 1-chloropyrene 1 Cl PYR n.d. n.d.   0.93 0.19   - - 

74 2-chloroanthracene 2 Cl ANT 5.28 0.22   n.d. n.d.   - - 

75 3,4-dichlorofluoranthene 3,4 CL FLA n.d. n.d.   n.d. n.d.   - - 

76 3,8-dichlorofluoranthene 3,8 Cl FLA n.d. n.d.   n.d. n.d.   - - 

77 3-chlorobenzanthrone 3 Cl Benzan n.d. n.d.   n.d. n.d.   - - 

78 3-chlorofluoranthene 3 Cl FLA n.d. n.d.   n.d. n.d.   - - 

79 6-chlorochrysene 6 Cl CHR n.d. n.d.   n.d. n.d.   - - 

80 8-chlorofluoranthene 8 Cl FLA n.d. n.d.   n.d. n.d.   - - 

81 9,10-dichloroanthracene 9,10 Cl ANT n.d. n.d.   n.d. n.d.   - - 

82 9,10-dichlorophenanthrene 9,10 Cl PHE n.d. n.d.   n.d. n.d.   - - 

83 9-chloroanthracene 9 Cl ANT 9.03 0.98   n.d. n.d.   - - 

84 9-chlorofluorene 9 Cl FLO n.d. n.d.   n.d. n.d.   - - 

85 9-chlorophenanthrene 9 Cl PHE 2.95 0.64   0.69 0.17   - - 

a CHR and TRI co-eluted in combination "A", b PAHs eluted with the solvent, in less than 5 minutes 
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Appendix D:  

Full list of PAH concentrations found in NIST SRM1975 (Diesel Particulate Extract) with 

previous SPE cleanup using GC×GC/ToF-MS with  column  combination  “A”  (Rtx-5ms × 

Rxi-17)   and   column   combination   “B”   (LC-50 × NSP-35). Parent PAHs (PPAHs), 

alkylated PAHs (MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-

PAHs (NPAHs), thio-PAHs (SPAHs) and oxy-PAHs (OPAHs) are shown. NIST 

Certified and reference PAH concentrations are also shown, the numbers in bold 

represent certified values. 95% confidence interval (CI) are shown for all PAH 

concentration (n=3).  
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Appendix D: PAHs in NIST SRM1975 determined by GC×GC/ToF-MS after 
cleanup. Parent PAHs (PPAHs), alkyl-PAHs (MPAHs), chloro-PAHs (ClPAHs), 
bromo-PAHs (BrPAHs), nitro-PAHs (NPAHs), thio-PAHs (SPAHs) and oxy-PAHs 
(OPAHs) are shown. Numbers in bold represent certified values. CI = 95% 
confidence interval, n=3 

  

PAHs 

  
SRM 1975   SRM 1975   SRM1975 

with cleanup   with cleanup   NIST certified 
and reference     comb. "A"   comb. "B"   

    mg/kg CI   mg/kg CI   mg/kg CI 

  PPAH                   

1 acenaphthene ACE  0.02 0   0.04 0.01   - - 

2 acenaphthylene ACY 0.05 0.01   0.06 0.02   - - 

3 anthracene ANT 0.72 0.11   0.06 0.01   - - 

4 benz[a]anthracene BaA 0.08 0   0.08 0   0.09 0.02 

5 benzo[a]pyrene BaP 0.04 0   n.d. n.d.   - - 

6 benzo[b]fluoranthene BbF 4.03 1.55   9.48 4.46   3.2 0.1 

7 benzo[e]pyrene BeP 0.52 0.2   0.61 0.41   0.27 0.02 

8 benzo[ghi]perylene BghiP 0.04 0.01   0.14 0.01   0.04 0.01 

9 benzo[k]fluoranthene BkF 1.01 0.25   0.47 0.35   0.17 0.05 

10 chrysene CHR 2.57a 0.48a   2.24 0.28   1.95 0.07 

11 dibenzo[ah]anthracene DahA 0.14 0.06   0.12 0   0.08 0.01 

12 fluoranthene FLA 11.6 5.73   11.3 4.92   13.5 0.6 

13 fluorene FLO 0.14 0.01   0.14 0.06   0.11 0 

14 indeno[1,2,3-cd]pyrene IcdP 0.09 0.01   0.16 0   0.12 0.01 

15 naphthalene NAP 0.8 0.25   n.d.b n.d.b   0.67 0.01 

16 phenanthrene PHE 8.84 1.91   6.86 4.22   8 0.2 

17 pyrene PYR 0.42 0.03   0.38 0.08   0.42 0.13 

18 triphenylene TRI 2.57a 0.48a   3.2 1.52   2.38 0.1 

  MPAH                   

19 1,3-dimethylnaphthalene 1,3 met NAP 1.28 0.24   3.13 0.84   - - 

20 1-methylnaphthalene 1 met NAP 1.21 0.34   n.d.b n.d.b   0.39 0.01 

21 1-methylpyrene 1 met PYR 0.02 0.01   0.06 0   - - 

22 2,6-dimethylnaphthalene 2,6 met NAP 0.86 0.19   0.59 0.34   - - 

23 2-methylanthracene 2 met ANT  n.d. n.d.   n.d. n.d.   - - 

24 2-methylnaphthalene 2 met NAP 0.67 0.2   n.d.b n.d.b   0.69 0.02 

25 3,6-dimethylphenanthrene 3,6 met PHE 0.1 0.05   0.1 0.02   0.09 0.01 

26 6-methylchrysene 6 met CHR n.d. n.d.   n.d. n.d.   - - 

27 retene RET 0.03 0.003   0.09 0   - - 
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Appendix D: (continued) 

  

PAHs 

  
SRM 1975   SRM 1975   

SRM1975 
with cleanup   with cleanup   

    comb. "A"   comb. "B"   reported 

    mg/kg CI   mg/kg CI   mg/kg CI 

  NPAH                   

28 1-nitronaphthalene 1 N NAP 0.04 0.01   0.04 0   - - 

29 1-nitropyrene 1 N PYR 18.8 0.42   18 5.27   16.6 0.44 

30 2-nitroanthracene 2 N ANT n.d. n.d.   n.d. n.d.   - - 

31 2-nitrobiphenyl 2 N BiPhe n.d. n.d.   n.d. n.d.   - - 

32 2-nitrofluoranthene 2 N FLA 0.09 0   0.09 0.01   - - 

33 2-nitrofluorene 2 N FLO 0.92 0.04   n.d. n.d.   - - 

34 2-nitronaphthalene 2 N NAP 0.06 0.01   0.05 0.01   - - 

35 2-nitropyrene 2 N PYR 0.47 0.15   n.d. n.d.   - - 

36 3-nitrobiphenyl  3 N BiPhe n.d. n.d.   0.05 0   - - 

37 3-nitrodibenzofuran 3 N Dibenf 0.96 0.28   n.d. n.d.   - - 

38 3-nitrofluoranthene 3 N FLA 0.96 0.07   1.47 0.06   - - 

39 3-nitrophenanthrene 3 N PHE 0.12 0.05   0.11 0.01   - - 

40 4-nitrobiphenyl 4 N BiPhe n.d. n.d.   n.d. n.d.   - - 

41 5-nitroacenaphthalene 5 N ACE n.d. n.d.   n.d. n.d.   - - 

42 6-nitrochrysene 6 N CHR 0.95 0.16   1.36 0.73   0.85 0.12 

43 7-nitrobenz[a]antracene 7 N BaA 2.1 0.28   2.53 0.88   - - 

44 9-nitroanthracene 9 N ANT 1.56 0.14   1.56 0.17   1.24 0.09 

45 9-nitrophenanthrene 9 N PHE 0.26 0.02   0.32 0.05   - - 

  SPAH                   

46 2-nitrodibenzothiopene 2 N Dibenth n.d. n.d.   0.04 0   - - 

47 dibenzothiopene Dibenzoth 0.83 0.04   0.35 0.04   - - 

  OPAH                   

48 1,2-naphthoquinone 1,2 NAPq n.d. n.d.   n.d. n.d.   - - 

49 1,4-anthraquinone 1,4 ANTq n.d. n.d.   n.d. n.d.   - - 

50 1,4-naphthoquinone 1,4 NAPq n.d. n.d.   n.d. n.d.   - - 

51 2-methyl-9,10-anthraquinone 2 met ANTq 3.39 0.05   2.17 0.99   - - 

52 4H-cyclopenta[def]phenanthrene-4-one CdefPHEq 12.5 0.77   9.62 3.98   - - 

53 5,12-naphthacenequinone 5,12 NAPq n.d. n.d.   0.68 0.23   - - 

54 9,10-anthraquinone 9,10 ANTq 2 0.3   3.6 1.71   - - 

55 9,10-phenanthrenequinone 9,10 PHEq 3.42 0.32   n.d. n.d.   - - 
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Appendix D: (continued) 

  

PAHs 

  
SRM 1975   SRM 1975   

SRM1975 
with cleanup   with cleanup   

    comb. "A"   comb. "B"   reported 

    mg/kg CI   mg/kg CI   mg/kg CI 

56 9-fluorenone 9 Fluo 11.4 5.99   203.7 13.6   - - 

57 acenaphthenequinone  ACEq 0.2 0.01   n.d. n.d.   - - 

58 aceanthrenequinone AANTq n.d. n.d.   n.d. n.d.   - - 

59 benz[a]anthracene-7,12-dione 7,12 BaAq 12.1 1.29   6.35 1.77   - - 

60 benzanthrone Benzan 0.57 0.2   0.56 0.24   - - 

61 benzo[a]fluorenone BaFluo 7.73 0.6   5.64 2.25   - - 

62 benzo[c]phenanthrene-[1,4]-quinone 1,4 BcPHEq 1.26 0.1   n.d. n.d.   - - 

63 benzo[cd]pyrenone BcdPYR n.d. n.d.   n.d. n.d.   - - 

64 phenanthrene-1,4-dione 1,4 PHEq 16.2 2.12   1.16 0.35   - - 

  BrPAH                   

65 1-bromopyrene 1 Br PYR n.d. n.d.   n.d. n.d.   - - 

66 2-bromofluorene 2 Br FLO n.d. n.d.   n.d. n.d.   - - 

67 7-bromobenz[a]anthracene 7 Br BaA n.d. n.d.   n.d. n.d.   - - 

68 9,10-dibromoanthracene 9,10 Br ANT n.d. n.d.   n.d. n.d.   - - 

69 9-bromoanthracene 9 Br ANT n.d. n.d.   n.d. n.d.   - - 

70 9-bromophenanthrene 9 Br PHE n.d. n.d.   n.d. n.d.   - - 

  ClPAH                   

71 1,3-dichlorofluoranthene 1,3 Cl FLA n.d. n.d.   n.d. n.d.   - - 

72 1,9-dichlorophenanthrene 1,9 Cl PHE n.d. n.d.   n.d. n.d.   - - 

73 1-chloropyrene 1 Cl PYR 0.01 0.003   0.08 0.03   - - 

74 2-chloroanthracene 2 Cl ANT 0.11 0.03   n.d. n.d.   - - 

75 3,4-dichlorofluoranthene 3,4 CL FLA n.d. n.d.   n.d. n.d.   - - 

76 3,8-dichlorofluoranthene 3,8 Cl FLA n.d. n.d.   n.d. n.d.   - - 

77 3-chlorobenzanthrone 3 Cl Benzan n.d. n.d.   n.d. n.d.   - - 

78 3-chlorofluoranthene 3 Cl FLA 0.005 0.002   n.d. n.d.   - - 

79 6-chlorochrysene 6 Cl CHR n.d. n.d.   n.d. n.d.   - - 

80 8-chlorofluoranthene 8 Cl FLA 0.03 0.01   n.d. n.d.   - - 

81 9,10-dichloroanthracene 9,10 Cl ANT n.d. n.d.   n.d. n.d.   - - 

82 9,10-dichlorophenanthrene 9,10 Cl PHE n.d. n.d.   n.d. n.d.   - - 

83 9-chloroanthracene 9 Cl ANT 0.12 0.07   0.05 0.01   - - 

84 9-chlorofluorene 9 Cl FLO n.d. n.d.   n.d. n.d.   - - 

85 9-chlorophenanthrene 9 Cl PHE 0.04 0.01   0.02 0.003   - - 

a CHR and TRI co-eluted in combination "A", b PAHs eluted with the solvent, in less than 5 minutes 
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Appendix E:  

Full list of PAH concentrations found in NIST SRM1975 (Diesel Particulate Extract) without 

previous SPE cleanup using GC×GC/ToF-MS with  column  combination  “A”  (Rtx-5ms × 

Rxi-17)   and   column   combination   “B”   (LC-50 × NSP-35). Parent PAHs (PPAHs), 

alkylated PAHs (MPAHs), chloro-PAHs (ClPAHs), bromo-PAHs (BrPAHs), nitro-

PAHs (NPAHs), thio-PAHs (SPAHs) and oxy-PAHs (OPAHs) are shown. NIST 

Certified and reference PAH concentrations are also shown, the numbers in bold 

represent certified values. 95% confidence interval (CI) are shown for all PAH 

concentration (n=3).  
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Appendix E: PAHs in NIST SRM1975 determined by GC×GC/ToF-MS with no 
SPE cleanup. Parent PAHs (PPAHs), alkyl-PAHs (MPAHs), chloro-PAHs (ClPAHs), 
bromo-PAHs (BrPAHs), nitro-PAHs (NPAHs), thio-PAHs (SPAHs) and oxy-PAHs 
(OPAHs) are shown. Numbers in bold represent certified values. CI = 95% 
confidence interval, n=3 

  

PAHs 

  
SRM1975    SRM1975    SRM1975 

no cleanup   no cleanup   NIST certified 
and reference     comb. "A"   comb. "B"   

    mg/kg CI   mg/kg CI   mg/kg CI 

  PPAH                   

1 acenaphthene ACE  25.4 3.19   0.02 0.003   - - 

2 acenaphthylene ACY 0.27 0.03   0.39 0.04   - - 

3 anthracene ANT 0.68 0.08   0.35 0.04   - - 

4 benz[a]anthracene BaA 0.13 0.05   0.13 0.03   0.09 0.02 

5 benzo[a]pyrene BaP 0.03 0.001   0.02 0.001   - - 

6 benzo[b]fluoranthene BbF 5.74 1.52   5.38 1.04   3.2 0.1 

7 benzo[e]pyrene BeP 0.46 0.09   0.46 0.05   0.27 0.02 

8 benzo[ghi]perylene BghiP 0.05 0.01   0.13 0.02   0.04 0.01 

9 benzo[k]fluoranthene BkF 0.74 0.33   0.24 0.08   0.17 0.05 

10 chrysene CHR 3.29a 0.71   2.21 0.25   1.95 0.07 

11 dibenzo[ah]anthracene DahA 0.21 0.04   0.1 0.02   0.08 0.01 

12 fluoranthene FLA 7.66 1.11   12.7 0.85   13.5 0.6 

13 fluorene FLO 0.13 0.02   0.12 0.02   0.11 0 

14 indeno[1,2,3-cd]pyrene IcdP 0.12 0.01   0.16 0.02   0.12 0.01 

15 naphthalene NAP 0.85 0.16   n.d.b n.d.b   0.67 0.01 

16 phenanthrene PHE 7.48 2.31   7.13 1.82   8 0.2 

17 pyrene PYR 0.44 0.05   0.41 0.05   0.42 0.13 

18 triphenylene TRI 3.29a 0.71   3.07 0.25   2.38 0.1 

  MPAH                   

19 1,3-dimethylnaphthalene 1,3 met NAP 1.37 0.19   2.74 0.38   - - 

20 1-methylnaphthalene 1 met NAP 1.1 0.2   n.d.b n.d.b   0.39 0.01 

21 1-methylpyrene 1 met PYR n.d. n.d.   0.05 0.006   - - 

22 2,6-dimethylnaphthalene 2,6 met NAP 0.92 0.13   0.62 0.09   - - 

23 2-methylanthracene 2 met ANT  n.d. n.d.   0.08 0.01   - - 

24 2-methylnaphthalene 2 met NAP 0.66 0.11   n.d.b n.d.b   0.69 0.02 

25 3,6-dimethylphenanthrene 3,6 met PHE 0.13 0.03   0.1 0.02   0.09 0.01 
26 6-methylchrysene 6 met CHR n.d. n.d.   n.d. n.d.   - - 

27 retene RET n.d. n.d.   0.09 0.01   - - 
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Appendix E: (Continued) 

  

PAHs 

  
SRM1975    SRM1975    SRM1975 

no cleanup   no cleanup   NIST certified 
and reference     comb. "A"   comb. "B"   

    mg/kg CI   mg/kg CI   mg/kg CI 

  NPAH                   

28 1-nitronaphthalene 1 N NAP 0.07 0.01   0.06 0.006   - - 

29 1-nitropyrene 1 N PYR 20.7 4.08   16 2.22   16.6 0.44 

30 2-nitroanthracene 2 N ANT n.d. n.d.   n.d. n.d.   - - 

31 2-nitrobiphenyl 2 N BiPhe n.d. n.d.   n.d. n.d.   - - 

32 2-nitrofluoranthene 2 N FLA n.d. n.d.   0.05 0.01   - - 

33 2-nitrofluorene 2 N FLO n.d. n.d.   n.d. n.d.   - - 

34 2-nitronaphthalene 2 N NAP 0.1 0.01   0.07 0.01   - - 

35 2-nitropyrene 2 N PYR 0.35 0.05   n.d. n.d.   - - 

36 3-nitrobiphenyl  3 N BiPhe n.d. n.d.   0.04 0.005   - - 

37 3-nitrodibenzofuran 3 N Dibenf 0.93 0.16   0.04 0.007   - - 

38 3-nitrofluoranthene 3 N FLA 0.78 0.18   1.33 0.31   - - 

39 3-nitrophenanthrene 3 N PHE 0.13 0.01   0.11 0.01   - - 

40 4-nitrobiphenyl 4 N BiPhe n.d. n.d.   0.03 0.003   - - 

41 5-nitroacenaphthalene 5 N ACE n.d. n.d.   n.d. n.d.   - - 

42 6-nitrochrysene 6 N CHR 2.03 0.76   0.51 0.1   0.85 0.12 

43 7-nitrobenz[a]antracene 7 N BaA 2.76 0.2   1.66 0.12   - - 

44 9-nitroanthracene 9 N ANT 1.56 0.35   1.39 0.13   1.24 0.09 

45 9-nitrophenanthrene 9 N PHE 0.46 0.04   0.31 0.03   - - 

  SPAH                   

46 2-nitrodibenzothiopene 2 N Dibenth n.d. n.d.   0.03 0.002   - - 

47 dibenzothiopene Dibenzoth 1.07 0.12   0.79 0.09   - - 

  OPAH                   

48 1,2-naphthoquinone 1,2 NAPq 21.4 8.56   n.d. n.d.   - - 

49 1,4-anthraquinone 1,4 ANTq 1.27 0.14   0.36 0.04   - - 

50 1,4-naphthoquinone 1,4 NAPq 0.44 0.09   n.d. n.d.   - - 

51 2-methyl-9,10-anthraquinone 2 met ANTq 2.65 1.06   1.8 0.72   - - 

52 4H-cyclopenta[def]phenanthrene-4-one CdefPHEq 8.53 3.3   6.24 2.41   - - 

53 5,12-naphthacenequinone 5,12 NAPq n.d. n.d.   0.64 0.26   - - 

54 9,10-anthraquinone 9,10 ANTq 0.88 0.1   2.97 0.34   - - 

55 9,10-phenanthrenequinone 9,10 PHEq 1.01 0.4   n.d. n.d.   - - 
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Appendix E: (Continued) 

  

PAHs 

  
SRM1975    SRM1975    SRM1975 

no cleanup   no cleanup   NIST certified and 
reference     comb. "A"   comb. "B"   

    mg/kg CI   mg/kg CI   mg/kg CI 

60 benzanthrone Benzan 7.47 0.81   2.49 0.27   - - 

61 benzo[a]fluorenone BaFluo 4.3 0.47   5.33 0.58   - - 

62 benzo[c]phenanthrene-[1,4]-quinone 1,4 BcPHEq 1.1 0.39   n.d. n.d.   - - 

63 benzo[cd]pyrenone BcdPYR n.d. n.d.   10.6 1.32   - - 

64 phenanthrene-1,4-dione 1,4 PHEq 9.71 3.89   3.47 1.39   - - 

  BrPAH                   

65 1-bromopyrene 1 Br PYR n.d. n.d.   n.d. n.d.   - - 

66 2-bromofluorene 2 Br FLO n.d. n.d.   n.d. n.d.   - - 

67 7-bromobenz[a]anthracene 7 Br BaA n.d. n.d.   n.d. n.d.   - - 

68 9,10-dibromoanthracene 9,10 Br ANT n.d. n.d.   n.d. n.d.   - - 

69 9-bromoanthracene 9 Br ANT n.d. n.d.   n.d. n.d.   - - 

70 9-bromophenanthrene 9 Br PHE n.d. n.d.   n.d. n.d.   - - 

  ClPAH                   

71 1,3-dichlorofluoranthene 1,3 Cl FLA n.d. n.d.   n.d. n.d.   - - 

72 1,9-dichlorophenanthrene 1,9 Cl PHE n.d. n.d.   n.d. n.d.   - - 

73 1-chloropyrene 1 Cl PYR n.d. n.d.   0.08 0.01   - - 

74 2-chloroanthracene 2 Cl ANT n.d. n.d.   n.d. n.d.   - - 

75 3,4-dichlorofluoranthene 3,4 CL FLA n.d. n.d.   n.d. n.d.   - - 

76 3,8-dichlorofluoranthene 3,8 Cl FLA n.d. n.d.   n.d. n.d.   - - 

77 3-chlorobenzanthrone 3 Cl Benzan n.d. n.d.   n.d. n.d.   - - 

78 3-chlorofluoranthene 3 Cl FLA n.d. n.d.   n.d. n.d.   - - 

79 6-chlorochrysene 6 Cl CHR n.d. n.d.   n.d. n.d.   - - 

80 8-chlorofluoranthene 8 Cl FLA n.d. n.d.   n.d. n.d.   - - 

81 9,10-dichloroanthracene 9,10 Cl ANT n.d. n.d.   n.d. n.d.   - - 

82 9,10-dichlorophenanthrene 9,10 Cl PHE n.d. n.d.   n.d. n.d.   - - 

83 9-chloroanthracene 9 Cl ANT 0.13 0.02   0.06 0.01   - - 

84 9-chlorofluorene 9 Cl FLO n.d. n.d.   n.d. n.d.   - - 

85 9-chlorophenanthrene 9 Cl PHE 0.05 0.01   0.04 0.01   - - 

a CHR and TRI co-eluted in combination "A", b PAHs eluted with the solvent, in less than 5 minutes 

 

 


