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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.

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,
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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 interferrances 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
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, 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 interferrances,
including UCM.
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1. 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 the Table S1.
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 included 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 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, including 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/uL.

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 S1).
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” in the next chromatographic run.
After optimization, 1 µL of the 1 ng/µL standard solution in ethyl acetate was injected and
analyzed using the conditions shown in Table 1. The total run time for column combination
“A1” was 64 min.

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
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the 1 ng/µL standard solution in ethyl acetate was injected and analyzed using the conditions
shown in Table 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 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 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 run 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 1 and Table S1,
respectively.

2. 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 1A (Figure S2 for
black and white version). 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 1A)
would fill the entire two-dimensional space in a more random pattern. Of the 97 PAHs
detected, 37 co-eluted completely or partially, with 3 of these 37 being the HMW PAHs
with m/z 302. Table S2 shows the retention times in each dimension for PAH isomers
showing complete co-elution 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” eluted in approximately 1 s in the second dimension and
throughout the first dimension. The column bleed intensity was highest during the final
minutes of the run.

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
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thicknesses, but different stationary phases. The TIC of the standard solution containing 97
PAHs analyzed with combination “A2” is shown in Figure S3. 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 completely
or partially 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 Table S2. The column bleed for column combination “A2” eluted
in approximately 1 s in the second dimension and throughout the first dimension.

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 1E. Compared to column combination “A1” (Figure 1A), 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 with complete co-elution with column combination “A1” and
“A2” was improved in column combination “B” (Table S2). The column bleed for column
combination “B” eluted 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 1A), “A2” (Figure 1E), and “B”
(Figure 1E), the PAHs occupied a wider range of the two-dimensional chromatographic
space with column combination “C” (Figure 1I). Figures 1J, 1K, and 1L show that there are
no complete or partial co-elutions 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 S2). The column bleed for column combination “C” eluted in
approximately 0.5 seconds in the second dimension and throughout the first dimension.

Full 2D color TIC for the four column combinations can be found in Figures S4, S5, S6 and
S7. 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
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tested. A high degree of correlation would suggest similar separation mechanisms between
the first and second dimensions21. Figure S8 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
1E) and “C” (Figure 1I) due to the relatively low temperature limit of the liquid crystal
column used. The wrap-around can be solved by using higher oven temperatures, faster gas
flow rates or increasing the modulation time during the period of HMW PAH elution. 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 52.25% and the r2 coefficient
was reduced by 77.31% using combination “C” (LC-50×NSP-35) as compared to
combination “A1” (Rtx-5ms×Rxi-17) (Figure S4). The same parameters were reduced by
53.71% (correlation coefficient) and 78.69% (r2 coefficient) using combination “C”
(LC-50×NSP-35) as compared to combination “A2” (Rxi-5ms×Rxi-17). Figures S8E, S8F,
S8G, and S8H show the residuals from the linear regressions shown in Figures S8A, S8B,
S8C and S8D, respectively. The residuals for column combination “A1” (Rtx-5×Rxi-17)
(Figure S8E) and column combination “A2” (Rxi-5ms×Rxi-17) (Figure S8F) 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 S8G and S8H, 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 and independent of the stationary phase used),41 when using
column combination “C”, this linear correlation was 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:

(1)

(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:

(3)

(4)

The orthogonality (Φ) 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:

Manzano et al. Page 6

Environ Sci Technol. Author manuscript; available in PMC 2013 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(5)

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 Φ% 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:

(6)

where (tr)min is the retention time of the earliest eluting PAH in the run, (tr)max the retention
time of the latest eluting PAH in the run, (tr)i the PAH of interest and (tr)norm 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 S9 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 (Φ) of the four different column
combinations were calculated using equations 1–5 and are given in Figure S9. The greatest
orthogonality (70.85%) was obtained using column combination “C” (LC-50×NSP-35).
Column combination “C” used the greatest amount of two-dimensional space available for
the separation of PAHs and was approximately two times the space used by column
combinations “A1” and “A2”.

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. For reference, 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 S10. Figures 2A and 2D (Figure S11 for black and
white version) 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”.

When the Beijing PM2.5 extract was analyzed using column combination “B” and “C”
(Figures 2G and 2J and Figure S11 for black and white version), 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 3 (Figure S12 for black and white
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version) 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 interferrances. 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. Future work will
include the development of a method for quantification of complex PAH mixtures using
column combination “C” and GC×GC/ToF-MS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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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Figure 2.
TIC for Beijing atmospheric PM2.5 extract analyzed using the four different column
combinations: (A) Combination “A1” (D) Combination “A2”, (G) Combination “B”, (J)
Combination “C”. The inner boxes show the UCM distributed in different places in the four
chromatograms
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Figure 3.
TIC of environmental samples analyzed using column combination “C”. (A) Soil sample
extract from St. Maries Creosote Superfund Site, and (B) Sediment sample extract from
Portland Harbor Superfund Site. Some of the PAHs identified have been labeled.
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Table 1

GC×GC/ToF-MS optimized operation parameters for the analysis of PAHs with four different column
combinations

Combination "A1" Combination "A2" Combination "B" Combination "C"

1D column Rtx-5ms
(35 m × 0.25 mm × 0.25

µm)

Rxi-5ms
(10 m × 0.10 mm × 0.10

µm)

LC-50
(10 m × 0.15 mm × 0.10

µm)

LC-50
(10 m × 0.15 mm × 0.10

µm)

Max Temperature 320 °C 350 °C 270 °C 270 °C

2D column Rxi-17
(1.2 m × 0.10 mm × 0.10

µm)

Rxi-17
(1.2 m × 0.10 mm × 0.10

µm)

Rxi-17
(1.2 m × 0.10 mm × 0.10

µm)

NSP-35
(1.2 m × 0.10 mm × 0.10

µm)

Max Temperature 360 °C 360 °C 360 °C 360 °C

Injection Volume 1 µL 1 µL 1 µL 1 µL

Inlet Temperature 300 °C 300 °C 250 °C 250 °C

Carrier Gas He He He He

Carrier Gas Flow 1.20 mL/min (constant) 0.80 mL/min (constant) 0.80 mL/min (constant) 0.80 mL/min (constant)

1D Oven Program 60 °C (1 min), 6 °C/min to
300

°C (3 min), 20 °C/min to
320 °C

(19 min)

60 °C (3 min), 16 °C/min
to 320

°C (6 min)

90 °C (2 min), 20 °C/min
to 170

°C, 2 °C/min to 270 °C
(120
min)

90 °C (2 min), 20 °C/min
to 170

°C, 2 °C/min to 270 °C
(120
min)

2D Oven Program 80 °C (1 min), 6 °C/min to
320

°C (3 min), 20 °C/min to
340 °C

(19 min)

80 °C (3 min), 16 °C/min
to 340

°C (6 min)

120 °C (2 min), 20 °C/min
to

200 °C, 2.5 °C/min to 325
°C

(120 min)

120 °C (2 min), 20 °C/min
to

200 °C, 2.5 °C/min to 325
°C

(120 min)

Modulator Temp. Offset 35 °C 35 °C 45 °C 45 °C

Modulation Time 5 s 7 s 5 s 5 s

Hot Pulse Time 1 s 1.5 s 1 s 1 s

Cold Time 1.5 s 2 s 1.5 s 1.5 s

Transfer Line Temp. 285 °C 285 °C 285 °C 285 °C

Ion Source Temperature 250 °C 250 °C 250 °C 250 °C

Scan Speed 151.5 spectra/second 151.5 spectra/second 151.5 spectra/second 151.5 spectra/second

Total run time 64 min 25.25 min 176 min 176 min
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