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Abstract

The analysis of legacy environmental contaminants, such as polychlorinated dibenzo-p-dioxins (PCDDs)
and dibenzofurans (PCDFs), using high resolution gas chromatography (HRGC) is well established and
universally accepted. The use of an alternative separation technique, such as packed column
supercritical fluid chromatography (pSFC), may be of interest as a fast, green, and cost effective method
of analyzing environmental samples. The technique is amenable to a broad range of chemical
compounds and could facilitate the simultaneous analysis of multiple compound classes as well as the

inclusion of thermally labile compounds in a single targeted analysis. The recent re-emergence of this
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technology due to the introduction of more robust and efficient instrumentation may result in an
increased acceptance of pSFC analytical techniques in this area. Herein, the first reported analytical
separation of PCDDs and PCDFs by pSFC is described and its separation capabilities are compared with
established HRGC protocols. Elution profiles of 2,3,7,8-substituted PCDDs and PCDFs were examined
and the separation of PCDD/PCDF homologue groups was found to be comparable to those
accomplished using HRGC. Similarly, the resolution of tetrachlorodibenzo-p-dioxin (TCDD) congeners, as
required by current regulatory methods utilizing HRGC, was demonstrated and the separation of
possible co-eluting PCDD/PCDF congeners was examined and compared to that achieved using popular
HRGC capillary columns. The possibility of concurrent analysis of toxic polychlorinated biphenyls (PCBs)
with PCDDs and PCDFs using the developed pSFC method was also investigated. The effective
separation of these environmental contaminants obtained using pSFC and subsequent detection
utilizing atmospheric pressure photoionization tandem mass spectrometry at environmentally relevant
levels demonstrates the promise associated with this technique for the analysis of environmental

extracts.

Introduction

The persistent and toxic nature of halogenated compounds that are pervasive in the environment
following their release from industrial activities, commercial applications, and/or secondary formation
processes has resulted in extensive research into compound specific analytical method development.™?
Regulations have been implemented globally to protect both human and environmental health through
the monitoring of persistent organic pollutants (POPs)*® and the cessation of manufacturing or
formation practices through procedural modifications®. Unfortunately, the extraction and testing of
environmental samples and foodstuffs destined for human consumption can be time intensive and

costly. The application of packed column supercritical fluid chromatography (pSFC), a widely applicable
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fast analytical separation technique, to highly regulated POPs, such as polychlorinated dibenzo-p-dioxins
(PCDDs) and dibenzofurans (PCDFs), has not yet been investigated. This paper reports the first pSFC
method developed for the separation of PCDDs and PCDFs and assesses its separation capabilities
against the analytical method, high resolution gas chromatography (HRGC), currently utilized for the

analysis of these compounds.

PCDDs and PCDFs have historically been introduced into the environment as unintentional by-products
of chemical manufacturing and combustion processes.” Sources include the incineration of municipal
solid waste and medical waste, chlorine bleaching of paper and pulp, electric arc furnaces, secondary
aluminum smelters, sinter plants, and as contaminants in industrial chemicals such as chlorophenols, the

812 Non-industrial

phenoxy acid herbicides 2,4-D and 2,4,5-T, and polychlorinated biphenyls (PCBs).
sources such as vehicle exhaust emissions**, photochemical synthesis from pentachlorophenol in
atmospheric condensed water**, and combustion of chemically treated wood®* have also been
proposed. The atmospheric transport of these compounds and their ultimate fate after release into the
environment have also been extensively studied*®™ because of their environmental persistence,
toxicity, and bioaccumulation potential. Human exposure to PCDDs and PCDFs is believed to occur
primarily through consumption of fish, dairy produce, and meat.’>** Although the general population is
exposed to very low levels, below 4 pg TEQ/kg/day, PCDDs and PCDFs are lipophilic and accumulate
primarily in adipose tissue and blood lipids as well as the liver.?? Health effects are mediated via the
arylhydrocarbon receptor (AhR) and toxic responses include dermal toxicity, carcinogenicity,

immunotoxicity as well as endocrine, reproductive, and developmental effects.?*?

The analysis of PCDDs and PCDFs in environmental samples is typically performed by HRGC coupled with
high resolution mass spectrometry (HRMS)?, but recently, gas chromatography coupled with tandem

mass spectrometry (GC-MS/MS) was accepted as a means of confirming compliance with established
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regulatory limits of PCDDs, PCDFs, and PCBs in foodstuffs?’. The elution orders of the 49 PCDD
congeners and 87 PCDF congeners substituted with four to eight chlorines on different, commonly used,
HRGC stationary phases have been determined and the required GC conditions are well-known.?®>*
However, the development of alternative, more universal separation and detection techniques for the

analysis of regulated POPs**3*

could result in the modification of accepted protocols. The use of packed
column supercritical fluid chromatography coupled to a selective and sensitive mass spectrometer
capable of atmospheric pressure photoionization (APPl) may be of interest as a fast and cost effective
method of analyzing environmental samples. This separation method is amenable to a broad range of

chemical compounds and could facilitate the simultaneous analysis of multiple compound classes

including thermally labile analytes™®.

The use of a supercritical fluid (SCF) as a mobile phase in chromatographic applications affords
separation capabilities that differ from both HRGC and high performance liquid chromatography (HPLC).
Since SCFs have densities and solvating power similar to that of a liquid and diffusivities and viscosities
similar to that of a gas, the use of these fluids as mobile phases results in unique and tunable
separations.®® A supercritical fluid can act as both a substance carrier, similar to mobile phases used in
gas chromatography (GC), and a solvent, analogous to the mobile phases used in liquid chromatography
(LC).*” This unique behaviour may result in improvements in chromatography since it allows alteration
of the mobile phase by either variation of the physical state of the fluid, through temperature or
pressure changes, or by adding organic modifiers (typically alcohols at percentages between 5 -50%) and
polar additives (e.g. acids, bases, or salts) at low percent levels.?®*** The most commonly used SCF in
pSFC is carbon dioxide due to the accessibility of its critical temperature (31.3°C) and critical pressure
(72.9 atm)*® using available instrumentation as well as its non-toxic and non-aggressive chemical
nature®. The application of a fast, cost effective, and green technique such as pSFC for the effective
separation of persistent environmental contaminants, specifically PCDDs and PCDFs in this instance,
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could result in a widely applicable method with affording separations that complement both HRGC and

HPLC.

Materials and Methods

Chemicals

All polychlorinated dibenzo-p-dioxin (PCDD), dibenzofuran (PCDF), and biphenyl (PCB) standards were
obtained from Wellington Laboratories Inc. (Guelph, ON, Canada) including EPA-1613STOCK (a mixture
of 2,3,7,8-substituted PCDDs and PCDFs; concentration range 0.4 — 4.0 ug/ml), EPA-8280CVS (a series of
calibration solutions containing native and **C-labelled PCDDs and PCDFs; concentration range 0.1 ng/pl
—10 ng/ul), 5TCDD (a 2378-TCDD isomer resolution testing mixture; concentration range 0.5 - 1.0
pg/ml), WP-STK (a solution containing PCBs at 2000 ng/ml each component), and individual PCDD and
PCDF reference standards (50 pug/ml). Additional information relating to the standard mixtures is
provided in the supporting information. Proficiency testing material for polychlorinated dioxins and
furans in water by U.S. EPA Method 8280B (PE1102-2ML) was purchased from Sigma Aldrich (Oakville,
ON, Canada). HPLC grade methanol, water, and acetonitrile, distilled in glass grade toluene,
dichloromethane, nonane, and ethyl acetate, and reagent grade formic acid (88% in water) were
purchased from Caledon (Guelph, ON, Canada). LC-MS Chromasolv grade 2-propanol (isopropanol; IPA)
and cyclohexane as well as reagent grade ammonium acetate (99.999%), methylcyclohexane,
cyclopentane, methylcyclopentane, and fluorobenzene (99%) were purchased from Sigma Aldrich
(Oakville, ON, Canada). Food grade carbon dioxide was purchased from Linde Canada Industrial Gases
(Guelph, ON, Canada) and research grade helium (99.9999%) was purchased from Praxair Canada Inc.

(Mississauga, ON, Canada).

Chromatographic systems and conditions
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All HRGC/HRMS analyses were conducted on an Agilent 6890N Gas Chromatograph (Agilent
Technologies, Santa Clara, USA) with a direct capillary interface to an Autospec Ultima High Resolution
Mass Spectrometer (Waters Corp., Milford, MA, USA). Chromatographic separations were carried out on
an Agilent J&W DB5 (60 m x 0.25 mm ID, 0.25 um film thickness) column in constant flow mode (Helium,
1.0 ml/min). All injections were 1 pl at a temperature of 280°C in splitless injection mode. The mass
spectrometer was operated in El+ selective ion recording mode (SIR) with an optimized electron energy
of 40 eV and a mass resolving power of 10,000 or greater. The following temperature program was
utilized: initial oven temperature 150°C, hold for 1 minute, ramp at 12°C/minute to 200°C, ramp at

3.0°C/minute to 235°C, hold for 8 minutes, ramp at 8°C/minute to 310°C, hold for 8 minutes.

All pSFC separations were carried out using a Waters Acquity UltraPerformance Convergence
Chromatograph (UPC?) (Waters Corp., Milford, MA, USA) system equipped with an Acquity Photodiode
array (PDA) Detector, Acquity Convergence Manager, Acquity uPC? Binary Solvent Manager, Isocratic
Solvent Manager, Acquity Sample Manager, and an Acquity Column Manager. The UPC* was coupled to
a Micromass Quattro micro atmospheric pressure ionization (API) Mass Spectrometer (MS) (Waters
Corp., Milford, MA, USA) configured in positive-ion atmospheric pressure photoionization (APPI) mode
with the following parameters: krypton lamp (eV) = 10.6; repeller voltage (kV) = 1.75; cone voltage (V) =
30.00 — 60.00; cone gas flow (L/Hr) = 50; desolvation gas flow (L/Hr) = 500; desolvation temperature (°C)
= 625; source temperature (°C) = 120, collision gas cell pressure (mbar) = 5.0e-3; collision energies (eV) =
30-40. Methanol containing 5% fluorobenzene was used as the MS make-up solvent and was added to
the split from the UPC? at a flow-rate of 0.075 ml/min. Molecular ion clusters corresponding to [M]"
were generated with these settings for all PCDD,PCDF, and PCB congeners investigated and the major
daughter ions observed were [M-COCI]" for PCDDs and PCDFs and [M-Cl,]" for PCBs. All MS data were
acquired in MRM mode and processed using Waters MassLynx software (mean smoothing was applied
to all data; window =1, N = 1). PDA data were also collected from 200 -350 nm and two absorbance-
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compensated UV channels were monitored (240 nm and 310 nm with a compensation reference range
of 350-450 nm). Optimal separations were achieved with a Waters UPC? Torus 1-AA column (1.7 um, 3.0
x 100 mm) at 60°C using a methanol (MeOH) modified carbon dioxide (CO,) mobile phase with the back-
pressure maintained at 2500 psi at a flow-rate of 1 ml/min. The gradient program was initially set to
99% CO,, 1% MeOH and then ramped to 10% MeOH over 10 minutes. This was followed by a second 10
minute ramp to 35% MeOH and a third 7 minute ramp to 40% MeOH before returning to initial

conditions in 1 minute. The total run-time was 30 minutes.

pSFC Stationary Phases

The following stationary phases were investigated for the separation of the seventeen PCDDs/PCDFs
substituted in the 2,3,7,8-positions: Waters UPC?> BEH (1.7 um, 3.0 x 100 mm), Waters UPC® HSS C18 SB
(1.8 um, 3.0 x 100 mm), Waters Acquity UPLC BEH C8 (1.7 um, 2.1 x 100 mm), Agilent Zorbax SB-CN (1.8
pum, 2.1 x 100 mm), Waters Acquity UPLC BEH Phenyl (1.7 um, 2.1 x 100 mm), Restek Pinnacle DB
Biphenyl (3 um, 4.6 x 150 mm), Cosmosil 5PYE (5 um, 4.6 x 150 mm), and Waters UPC2 Torus 1-AA (1.7

pum, 3.0 x 100 mm).

Analysis of PCDD/PCDF Proficiency Testing Material

The proficiency testing (PT) material (PE1102-2ML) consisted of a solution of PCDD and PCDF congeners
of unknown concentrations in methanol for the quantification of the contained analytes in water
according to U.S. EPA Method 8280B. The water sample was prepared by adding exactly 1.0 ml of
PE1102-2ML to 1 litre of HPLC grade water. The sample was then spiked with **C-labelled PCDD and
PCDF surrogates and extracted with dichloromethane. The resulting extract was cleaned-up using a

multi-layer column followed by a carbon column and the final extract was concentrated to 100 pL in
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nonane before being analyzed by HRGC/HRMS and pSFC-MS/MS for PCDDs and PCDFs using appropriate

calibration standards.

Results and Discussion

Method Development

pSFC method development involved column screening followed by cosolvent, temperature, pressure,
and gradient optimizations on promising stationary phases. Many of the columns explored (specifically
the bare silica and alkyl bonded stationary phases) exhibited poor retention of the PCDD/PCDF
congeners even at very low percentages of polar CO, modifiers (typically methanol) and non-polar
modifiers (cyclohexane). It was found that stationary phases with varying degrees of aromatic character
exhibited the most promising elution profiles. Stationary phases with higher degrees of aromaticity
required more polar solvents to effect elution of the analytes within a reasonable timeframe. The
availability of the m electrons in the dioxin and furan skeletons, and the presence of polar halogen
substituents, makes dispersion interactions and n-it overlap probable mechanisms in the retention of
these analytes on aromatic stationary phases.”* Indeed, the anthracene based Torus 1-AA column with
isopropanol and methanol cosolvents exhibited stronger retention than the DB Biphenyl column with an
acetonitrile cosolvent which in turn provided superior results to the BEH Phenyl column when a
cyclohexane cosolvent was employed. Elution of the PCDD/PCDF congeners from the Cosmosil 5PYE
column, which is a pyrenylethyl group bonded stationary phase, could not be accomplished using
multiple cosolvents (methanol, acetonitrile, acetonitrile with 5% toluene, and ethyl acetate). Itis
believed that the planar pyrene ring structure resulted in strong n-1t interactions which could not be

disrupted with these particular separation conditions.
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The Torus 1-AA column was found to provide an elution profile comparable to that accomplished during
HRGC separations using a DB-5 column with only minor changes in elution order noted. Effective
separation of the homologue windows was observed when isopropanol or methanol was used as the
cosolvent (Figure 1), but the overall observed congener resolution (of the hexachlorinated analytes in
particular) using the 100 mm pSFC column was inferior to that obtained by HRGC. Other cosolvents
were investigated for this stationary phase, but all produced poor separation and/or elution of the
higher chlorinated analytes. Assuming that the dominant retention mechanism was n-it interactions
due to the observation that increasing the mt character of the stationary phase resulted in increased
retention of the PCDDs/PCDFs, the methanol cosolvent was supplemented with an ammonium salt
additive (5 mM ammonium acetate) in an attempt to disrupt these interactions. Unfortunately, no
substantial effect was observed. Acetonitrile was found to be the optimal cosolvent for the biphenyl
stationary phase, so the use of an acetonitrile cosolvent doped with 5% toluene was also investigated. It
was speculated that the increased solubility of the highly substituted PCDDs and PCDFs in toluene would
facilitate the elution of the analytes from the column since larger amounts of the additive/modifier
would increase the interaction between the analytes and the mobile phase as the gradient increased.
However, at this level, any increased solubility was not sufficient to effect elution. The separation of the
PCDDs and PCDFs utilizing an IPA cosolvent doped with 0.5 % formic acid was also attempted. If the
retention mechanism was dominated by hydrogen bonding, it was speculated that formic acid in the
mobile phase might compete for bonding sites and result in an altered elution profile, but a noticeable

effect was not observed.

Methanol was determined to be the most effective cosolvent that was also compatible with the selected
ionization process. With an ionization energy of 10.84eV, methanol was not ionized by the krypton lamp
of the APPI source and therefore did not contribute to background noise or ionization suppression.

However, in order to obtain optimal response for all PCDD and PCDF congeners, the use of a dopant was
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required. Both alkyl and aryl dopants were investigated, but it was determined that a dopant with
aromatic character was essential for charge transfer to the analytes of interest. It is believed that the
methanol cosolvent had a high enough proton affinity to abstract a proton from the radical cations
formed during the photoionization of the alkyl dopants investigated (cyclohexane, methylcyclohexane,
cyclopentane, and methylcyclopentane). Essentially, the increased levels of the methanol cosolvent in
the source at later stages of the gradient elution suppressed the ionization of the higher chlorinated
analytes. In the case of aryl dopants (toluene and fluorobenzene), the existing aromaticity of the ring
structure made it more difficult for a protic solvent to abstract a proton from the generated radical
cation. Fluorobenzene has a higher ionization energy than toluene (9.20 eV versus 8.83 eV) and was
found to provide higher sensitivity of the hepta- and octa-chlorinated dibenzofurans. Therefore, the
temperature, pressure, and gradient were optimized using undoped methanol as the cosolvent, the
Torus 1-AA stationary phase, and a make-up solvent of methanol with 5% fluorobenzene. The increased
system back-pressure associated with the use of the selected cosolvent and column was advantageous
since it allowed for a higher automated back-pressure regulator (ABPR) setting to be utilized. The
addition of a cosolvent to supercritical CO, results in an increase in the critical temperature and pressure
associated with the system. This is especially evident when the gradient reaches higher percentages of
cosolvent and can result in separations being conducted when the binary solvent system is not in a sub-
or super-critical state. In this case, varying the ABPR setting resulted in changes in retention of all of the
PCDD/PCDF congeners indicating that the system was being maintained in at least a sub-critical state

throughout the gradient elution.

Comparison of the elution profiles of PCDDs/PCDFs by HRGC and pSFC

The successful application of an analytical technique for the separation of PCDDs and PCDFs in

environmental samples is very dependent on the elution profile and resolution that can be achieved.
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The importance of accurate determinations of specific positional isomers with indistinguishable mass
spectra makes the ability to separate isomers of complex mixtures of critical importance, especially
when calculating the dioxin toxicity equivalence (TEQ) of a sample. A significant amount of scientific
research has been conducted to understand the mechanisms of PCDD and PCDF formation during
thermal processes in order to interpret observed homologue patterns.**® Formation processes are
generally classified as either condensation of precursors (e.g. chlorophenols) or de novo synthesis (i.e.
formation from carbon residues followed by chlorination).”” The conditions under which these
environmental contaminants are formed can influence the resulting homologue profile which can, in
turn, facilitate source identification in some instances if adequate isomeric resolution can be achieved.®
Since PCDDs and PCDFs are produced unintentionally from a variety of processes, the prevalent isomers
in samples can be variable, but the accurate quantification of the most toxic isomers is always a

requirement.

Utilizing the developed pSFC method, separation of the PCDD and PCDF congener groups was achieved
with some noticeable differences in the separation of the individual 2,3,7,8-substituted PCDDs and
PCDFs compared to that observed in HRGC using a DB-5 capillary column. The most prominent
difference in the elution profiles is that the PCDDs elute from the column faster than the PCDFs (see
Figure 1). Indeed, the first notable difference relates to the relative elution order of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (2378-TCDD) and 2,3,7,8-tetrachlorodibenzofuran (2378-TCDF). In pSFC,
using the developed method, 2378-TCDD elutes before 2378-TCDF. This is opposite to what is observed
in HRGC analysis of these compounds. Changes in the relative elution order of other PCDD and PCDF
isomers are also observed (see Figure 1), but it is interesting to note that only a few differences in the
HRGC and pSFC elution order within the PCDD and PCDF compound classes occur using the selected
columns. In terms of the elution of the PCDFs, changes to the elution order observed for the 2,3,7,8-
substituted isomers from HRGC to pSFC are 1) 123478-HxCDF and 123678-HxCDF and 2) 234678-HxCDF
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and 123789-HxCDF. For PCDDs, the only observed change in elution order is between 123478-HxCDD
and 123678-HxCDD. Another notable difference between the HRGC and pSFC separations of these
compounds is the increased separation of the octachlorinated dibenzo-p-dioxin (OCDD) and

dibenzofuran (OCDF) using the pSFC technique.

When comparing the run times of HRGC analyses of PCDDs and PCDFs to the developed pSFC method,
the requirements of EPA Method 1613 (and other regulatory methods) must be taken into account. EPA
method 1613 requires that the absolute retention of **C;,-1234-TCDD during HRGC analysis exceed 25
minutes on a DB-5 column and 15 minutes on a DB-225 column.?® Satisfying the conditions of this
regulatory method results in a typical run time of 45 minutes on the DB-5 stationary phase and up to 60
minutes on a DB-225 column. The total run time of the pSFC method is 30 minutes, but the first

tetrachlorodibenzo-p-dioxin is eluted in approximately 5 minutes.

Resolution of Non-2,3,7,8 substituted PCDD/PCDF congeners from 2,3,7,8-substituted congeners

The most toxic PCDD and PCDF congeners are substituted in the 2,3,7, and 8 positions of the dioxin and
furan skeleton and are the most important congeners targeted for identification and quantification in
environmental and biological samples.”® Toxicity equivalence factors (TEFs) have been developed to
express the potency of PCDDs and PCDFs in a complex mixture as a single value, the dioxin toxicity
equivalence (TEQ) concentration, which is calculated relative to 2378-TCDD.**> The 17 PCDD and PCDF
congeners substituted in the 2,3,7,8 positions are those used in TEQ calculations for regulatory
reporting. One of the main challenges associated with HRGC analysis of polychlorinated dibenzo-p-
dioxins and dibenzofurans is the separation of 2,3,7,8-substituted PCDD/PCDFs from non-2,3,7,8-
substituted congeners so that the reported TEQ value is not artificially inflated. This is often
accomplished on HRGC using multiple capillary columns of different polarity and requires at least two
runs of the sample being investigated which can be a time consuming process.
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Separation of a selection of possible co-eluting non-2,3,7,8 substituted congeners was accomplished
using the described pSFC method and compared to the co-elutions observed on commonly used HRGC
capillary columns, specifically DB-5, DB-225, and SP-2331 (see Table 1) to ensure adequate resolution
using the described method. Of the known tetrachlorodibenzofuran isomers that co-elute with 2378-
TCDF on a DB-5 HRGC capillary column, 1279-TCDF, 2348-TCDF, 2347-TCDF and 2346-TCDF were
investigated (see Table 1, Figure 2). Of the TCDF isomers investigated, only 2347- and 2348-TCDF did
not fully resolve from 2378-TCDF, which is a promising result. Other co-elutions that were observed
include 234678-HxCDF with 123489-HxCDF (Figure 2)and 12378-PeCDF with 12348-PeCDF (Table 1). In
order to verify that other isomers, which are resolved by HRGC analysis, do not co-elute with 2,3,7,8-
substituted congeners using the developed pSFC method, additional PCDD and PCDF standards would
have to be tested or a sample containing all of the possible PCDD/PCDF congeners, such as in a fly ash

extract, would have to be analyzed against any available standards.

Resolution of 2,3,7,8-substituted HxCDD/HxCDF congeners

Achieving adequate resolution for the 2,3,7,8-substitued PCDD/PCDF congeners is also important for
accurate quantification during a targeted analysis. Analysts have to demonstrate the linearity of their
calibration curves and proper integration of individual isomers is required. For both HRGC and pSFC, the
partial resolution of the 2,3,7,8-substituted isomers is most pertinent for the hexachlorinated
PCDD/PCDF congeners. When comparing these analytical techniques, it is evident that both the 2,3,7,8-
substituted HxCDF and HxCDD congeners are better separated by HRGC. The height of the valley
between 123678-HxCDF and 123478-HxCDF by HRGC is 13%, but this increases to 68% using pSFC.
Similarly, HRGC affords baseline separation of 123789-HxCDF and 234678-HxCDF, but a valley of 24%
was measured between these two isomers using pSFC. Also, the height of the valley between 123678-

HxCDD and 123478-HxCDD is 24% by HRGC and 22% by pSFC using the developed method. The use of a
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longer pSFC column or different stationary phase may provide better resolution, but this requires

further investigation.

Tetrachlorodibenzo-p-dioxin (TCDD) Resolution

According to EPA method 1613, during HRGC/HRMS analysis of PCDD/PCDFs, a window defining/column
performance mixture must be analyzed to verify that the 2378-TCDD is separated from the nearest
eluting congener with a valley of no more than 25%. If the valley criterion cannot be met, corrections to
the HRGC column or system must be made and the column performance mixture has to be reanalysed.?
In order to verify that the required TCDD resolution could be achieved using the developed method, a
column performance mixture (5TCDD) was analyzed along with individual standards to verify resolution
and elution order. It was found that 2378-TCDD was separated from its nearest eluting congener (1234-
TCDD) with a 14% valley further confirming the potential of this method (Figure 3). Another interesting
finding was the partial separation of 1237-TCDD and 1238-TCDD using the pSFC method. These
congeners co-elute on the DB-5 stationary phase, but are also partially separated on DB-225 and SP-

2331 during HRGC analysis of the same mixture.

Window Definers

U.S. EPA Method 1613 also states that the retention time windows of each homologue group must be
set using a mixture which contains the first and last eluting PCDD and PCDF from each homologue
group.”® Since the elution order of the PCDDs/PCDFs does not appear to deviate substantially between
HRGC analysis on a DB-5 capillary column and the developed pSFC method, a mixture of the known
HRGC window definers was run to establish possible homologue windows (see Figure S1). The resulting
separation of the homologue groups is quite impressive, but first and last eluting isomers need to be

confirmed when additional congeners are analyzed.
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1

2

2 320 Separation of PCDD/PCDFs from toxic Polychlorinated Biphenyls (PCBs)

5

6

7 321  Toxicity has been associated with PCB congeners that are coplanar (coplanar PCBs) or contain only one
8

?0 322 chlorine atom in the positions ortho (mono-ortho PCBs) to the C-C bond in the biphenyl skeleton.>*
E 323 For this reason, PCBs are often analyzed concurrently with PCDDs and PCDFs. Using HRGC/HRMS, there
13

14 324  issignificant overlap between the PCDD/PCDF and PCB windows. To examine the elution of mono-ortho
16 325 and coplanar PCBs using the developed pSFC method, a solution containing the most toxic PCB

326  congeners (WP-STK) was analyzed and it was found that good separation could be achieved before the
21 327 elution of 2378-TCDD (see Figure 4). The only complete co-elution is between PCBs 77 and 105, but

23 328 since they belong to different homologue groups, tetrachlorinated and pentachlorinated respectively,
25 329  they are separable using mass spectrometry. The increased retention of the coplanar PCBs on the Torus
28 330 1-AA column compared to the mono-ortho PCBs is notable. The difference in retention of these

30 331 congeners on the aromatic stationary phase can likely be attributed to the decreased n-mt interactions

32 332 with increasing out-of-plane orientation.

36 333  Applicability of the Developed Method to Environmental Samples

334 In order to demonstrate the applicability of the developed pSFC method to environmentally relevant
42 335  concentration levels, a calibration curve designed to be used with U.S. EPA Method 8280B°°, a low

44 336 resolution mass spectrometric method for the analysis of PCDDs and PCDFs in water, soil, fly ash, and
46 337 other matrices, was run to ensure that acceptable linearity could be achieved for all components. The
49 338 method requires the percent relative standard deviation (%RSD) to be below 20% for each individual
51 339 component and this was accomplished using the developed method when the data was collected in

53 340 MRM mode (see Table 2). Once linearity was established, the extract of the PE1102 proficiency testing

341  sample was analyzed by both HRGC/HRMS and pSFC-MS/MS and the percent differences between the
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measured and reported results were found to be comparable with the average percent difference for
the HRMS data being 9.9% and that for the pSFC-MS/MS data being 21.0% (tabulated results are
provided in the supporting information). It should be noted that in order for the same extract to be run
on both the high resolution and low resolution detectors, its concentration was at the high-end of the
HRGC/HRMS calibration and the low-end of the pSFC-MS/MS calibration and internal standards were
only used in the generation of the HRGC/HRMS data since the spiked levels were too low to be detected
using pSFC-MS/MS. The retention times of all of the PCDD and PCDF components were also found to be

reproducible with an average standard deviation of 0.04 min over the course of the calibration.

Conclusions

High resolution gas chromatography is an established separation method utilized in environmental
monitoring. Although PCDDs and PCDFs can be quantitatively analyzed by this technique, pSFC could
provide an analytical tool complementary to HRGC that increases an analyst’s ability to tackle difficult
analytical problems and/or screen environmental samples. The development of pSFC methods for
environmental contaminants is important since it has the potential to enable the simultaneous analysis
of GC amenable compound classes with thermally labile analytes. Indeed, the separation of homologue
groups, TCDD resolution, and separation of possible co-eluting congeners achieved with the developed

pSFC method makes further work in this area justifiable.
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Figure 1: Comparison of the elution profiles of 2,3,7,8-substituted PCDDs and PCDFs by (A) HRGC/HRMS

on a DB-5 column and (B) pSFC-MS/MS on a Torus 1-AA column.
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446 Figure 2: Separation of possible co-eluting (A) tetrachlorinated dibenzofurans, (B) hexachlorinated

447  dibenzofurans and (C) hexachlorinated dibenzo-p-dioxins using the developed pSFC-MS/MS method.
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449 Figure 3: Chromatograms illustrating 2378-TCDD resolution from closely eluting congeners and elution

450  order determinations (valley between 2378-TCDD and 1234-TCDD is 14%).
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Figure 4: Chromatograms illustrating the elution order and resolution of mono-ortho and coplanar PCBs

(B; labeled with IUPAC number) in comparison to the 2,3,7,8-tetrachlorinated dibenzo-p-dioxin (A).

Table 1: A comparison of possible non-2,3,7,8-substituted PCDD/PCDF co-eluters on commonly used

HRGC columns®® and a selected pSFC column under optimized separation conditions.

2,3,7,8-Substituted

PCDD/PCDF

HRGC: DB-5
(1° column)

HRGC: DB-225
(2° column)

HRGC: SP-2331
(3° column)

pSFC: Torus 1-AA°

2378-TCDF

2347-TCDF
2348-TCDF
1249-TCDF
1279-TCDF
2346-TCDF

no co-eluters®

2348-TCDF®

2347-TCDF
2348-TCDF®

23478-PeCDF

12489-PeCDF
12679-PeCDF
12369-PeCDF

no co-eluters

no co-eluters

12378-PeCDF

12348-PeCDF*

13469-PeCDF

12348-PeCDF

12348-PeCDF

123478-HxCDF

123467-HxCDF

no co-eluters

123479-HxCDF

123678-HxCDF

no co-eluters

124689-HxCDF
123479-HxCDF

no co-eluters

123789-HxCDF

123489-HxCDF®

no co-eluters

no co-eluters

234678-HxCDF

no co-eluters

123489-HxCDF

no co-eluters

123489-HxCDF®

123789-HxCDD

123467-HxCDD

no co-eluters

no co-eluters

®Partially resolved

bCongeners investigated: 2348-TCDF, 2347-TCDF, 2346-TCDF, 1279-TCDF, 12348-PeCDF, 123467-HxCDF, 123489-HxCDF, and

123467-HxCDD
‘In-house data

Table 2: A summary of the calibration data obtained when U.S. EPA 8280 method calibration solutions

(CS1 to CS5) were analyzed using the developed pSFC-MS/MS method.

Concentration
Range (ng/ul) | Compound Mean SD %RSD | RRF1 | RRF2 | RRF3 | RRF4 | RRF5
0.1-2.0 2378-TCDF 1.32 0.10 7.52 1.23 1.40 1.36 1.21 1.43
0.1-2.0 12378-PeCDF 1.64 0.26 | 15.83 | 1.46 1.83 1.43 1.99 1.47
0.5 23478-PeCDF -- -- -- -- -- -- -- --
1.25 123478-HxCDF -- -- -- -- -- -- -- --
0.25-5.0 123678-HxCDF 1.32 0.11 8.07 131 1.24 1.30 1.51 1.26
1.25 234678-HxCDF -- -- -- -- -- -- -- --
1.25 123789-HxCDF -- -- -- -- -- -- -- --
0.25-5.0 1234678-HpCDF 1.10 0.08 7.02 1.08 1.11 1.04 1.22 1.02
Page 21 of 22




©CoO~NOUTA,WNPE

462

Analytical Methods

Page 22 of 23

1.25 1234789-HpCDF - - -- - - - - -
0.5-10.0 OCDF 0.40 | 0.04 | 894 | 037 | 0.35 | 043 | 0.41 | 0.42
0.1-2.0 2378-TCDD 129 | 0.09 | 700 | 131 | 1.25 | 1.34 | 1.15 | 1.38
0.1-2.0 12378-PeCDD 129 | 0.07 | 570 | 1.19 | 137 | 1.33 | 1.32 | 1.24
1.25 123478-HxCDD - - -- - - - - -
0.25-5.0 123678-HxCDD 1.20 | 0.10 | 858 | 1.38 | 1.11 | 1.19 | 1.17 | 1.14
1.25 123789-HxCDD - - - - - - - -
0.25-5.0 1234678-HpCDD 1.00 | 0.07 | 730 | 1.08 | 1.00 | 0.92 | 1.06 | 0.94
0.5-10.0 OCDD 1.07 | 0.14 | 12.87 | 1.13 | 098 | 1.26 | 091 | 1.05
0.5 13¢,,-2378-TCDF 1.29 | 0.16 | 12.59 | 1.25 | 1.10 | 1.51 | 1.39 | 1.20
13¢,,-1234678-
1.0 HpCDF 1.24 | 0.19 | 15.15 | 1.10 | 1.16 | 1.55 | 1.11 | 1.28
0.5 3¢,,-2378-TCDD 1.19 | 0.07 | 597 | 1.20 | 1.10 | 1.29 | 1.16 | 1.18
0.5 13¢,,-123678-HxCDD | 1.00 | 0.05 | 5.08 | 096 | 095 | 0.97 | 1.05 | 1.06
1.0 13¢,,-0CDD 094 | 005 | 553 | 091 | 091 | 1.00 | 1.00 | 0.90
0.5 13¢,,-1234-TCDD 1.00 | 0.00 | 0.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
0.5 3¢,,-123789-HxCDD | 1.00 | 0.00 | 0.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
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