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Abstract

Polybrominated diphenyl ether (PBDE) flame retardants are transported through the environment over long
distances via repeated cycles of volatilization and deposition. This process, known as the grasshopper effect,
tends to move these compounds from warmer to colder regions of the globe where they can accumulate in air,

soil, water, and biota. So, even though PBDEs may never have been manufactured in a region, their historic,
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global use combined with their persistence in the environment has led to their inclusion in the Stockholm
Convention. This gives the analysis of PBDEs in environmental matrices broad relevance as the EU and 185
additional individual countries have ratified this agreement which includes requirements for monitoring for

PBDEs as well as other persistent organic pollutants (POPs).

Because the need for trace level measurement of PBDEs in complex matrices requires high specificity and high
sensitivity, capillary gas chromatography (GC) with high resolution magnetic sector mass spectrometers (HR-
MS) using electron ionization (EI) was originally used for their determination. However, the use of El GC-HRMS
is steadily declining due to characteristics of the technique such as high operational cost and user expertise
requirements and its frequent and time-consuming maintenance needs. In this work, the performance of GC
atmospheric pressure chemical ionization (GC-APCI) combined with tandem quadrupole (TQ) mass
spectrometry (MS/MS) was evaluated as an alternative to EIl GC-HRMS. Performance characteristics of TQ GC-
APCI MS/MS include improved speed and robustness with equal to or better specificity and sensitivity than El
GC-HRMS for these analytes. Furthermore, the instrument used for this work employed a single supply of
nitrogen for carrier gas, reagent gas and collision induced dissociation (CID) gas making it better aligned with

recent efforts towards improving the sustainability of analytical methods.

The optimized method had the same 27 minutes run time as the reference method with the last eluting analyte,
BDE 209, at 22 minutes with symmetric peak shape (a/b = 0.993) and a width of 10.3 s. Linear calibration curves
were obtained for an analyte list of 25 compounds with an average r? value of 0.999885 across over three orders

of magnitude dynamic range with parts per trillion (ppt) limits of quantitation (LOQs).

Benefits

- The performance of atmospheric pressure gas chromatography (APGC ™) on Xevo™ TQ Absolute Mass
Spectrometer for the analysis of PBDEs is equal-to or better-than traditional analysis using electron impact

magnetic sector making it well suited for use in the most challenging regulatory and standard methods.

- The ability of APGC to tolerate high carrier gas flow helps improve method performance for the most
challenging members of this class inlcuding BDE 209 which reduces the need for maintenance and re-

analysis of samples.

Operator training is reduced to weeks from months through conversion of the method from a magnetic sector

to tandem quadrupole mass spectrometer.

Use of a single, inexpensive, readily available gas for chromatographic separation, ionization and MS/MS
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fragmentation provides a simpler, more sustainable system.

Introduction

With the 2001 signing of the Stockholm Convention, the stage was set for global harmonization of efforts to
monitor for POPs in the environment.! By 2004, when countries began implementing the convention, measures
aimed at reducing or eliminating intentional and unintentional release of POPs into the environment were
supported by annexes that defined the different chemical classes of highest interest which included PBDEs. To
date, 185 states plus the European Union have joined in this effort which includes requirements for monitoring
for POPs in multiple environmental matrices. Because the implications of unintentional or intentional non-
compliance may be subject to enforcement action, high confidence data is needed to support surveillance and
reporting efforts. Furthermore, high sensitivity analysis is required due to the possibility of steadily increasing
trace levels of PBDEs across years of time through transport in the environment that tends to increase
concentrations of persistent organic pollutants such as these in cooler Arctic regions of the globe through the
grasshopper effect.? These requirements initially led to the development of gas chromatography electron
ionization high resolution magnetic sector based analytical methods. The performance of EIl GC-HRMS in the
hands of a well-trained operator and a lab with rigorous quality control procedures has proven to provide the
sensitivity and specificity required of the forensic data used in legal actions, for compliance reporting and for

providing the greatest protection to populations and the environment.

However, GC-HRMS has several limitations, including extensive education and training requirements, slow
acquisition speeds, and significant laboratory space demands. In contrast, more modern techniques such as
tandem quadrupole (TQ) mass spectrometry (MS/MS) offer broad improvements in these areas. Additionally,
limitations imposed by El such as frequent source maintenance and shortcomings caused by carrier gases other
than helium hamper this time-honored technique. The more recent combination of APCI with TQ has
demonstrated promise in overcoming these limitations while providing data of equivalent confidence to El GC-

HRMS.

After having been deployed in many labs, GC-APCI has continued to contribute to the study of PBDEs in multiple
matrices and applications. An evaluation of the first generation of GC-APCI MS/MS, analyzing PBDEs in marine
and food samples, reported higher response for higher brominated (Brg_19) congeners than GC-EI-HRMS.? Later

work reported GC-APCI MS/MS LODs comparable or better than EI MS/MS for plasma extracts.* Recent work
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reported on the use of GC-APCI HRMS (QTof) as part of the continuation of a 20 year study analyzing aquatic

organisms to evaluate environmental PBDE trends.®

In this work, 24 PBDEs plus hexabromobiphenyl were analyzed on a Xevo™ TQ Absolute Tandem Quadrupole

Mass Spectrometer using the APGC ionization source.

Experimental

Sample Preparation

Sample preparation was performed at Environment and Climate Change Canada’s (ECCC) Quebec Laboratory
for Environmental Testing (QLET). Samples and standards included a five-point calibration curve, blanks, and
samples of water and sediment. Curve levels were 0.05-100 ppb for the tri- through penta-, 0.10-200 ppb for the
hexa- through octa- and 0.25-501 ppb for the nona- and deca- substituted PBDEs.

GC Conditions
GC system: 8890 (Agilent Technologies, Inc.)

Column: Rtx®-1614, 15 m x 0.25 mm ID x 0.10 um film (Restek

Corporation)

Injection: SSL injection port, 1 yL pulsed splitless at 260 °C,
20 psi for 1.2 minutes, 4 mm ID single taper liner

with wool

Temperature program: 110 °C ramp to 190 °C at 30 °C/min, ramp to 220 °C
at 3 °C/min, ramp to 280 at 20 °C/min hold 3
minutes, ramp to 310 at 30 °C/min hold for 7

minutes. 27 minutes runtime.

Carrier gas program: Nitrogen at 0.80 mL/min, ramp to 2.1 mL/min at
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Vials:

MS Conditions

MS system:

lonization source:

Heated transfer line:

Corona current:

Cone gas:

Auxiliary gas:

Makeup gas:

Collision gas:

Detector gain:

Acquisition:

Data Management

Software:

0.2 mL/min/min, ramp to 4.1 mL/min at 2.0

ml/min/min, hold to end of run

Amber Glass Screw Top Vials with 300 pL insert
(p/n:186001130C)

Xevo TQ Absolute Mass Spectrometer

APGC at 150 °C

300 °C

1.0 pA

260 L/hr, Nitrogen

200 L/hr, Nitrogen

350 mL/min, Nitrogen

0.40 mL/min, Nitrogen

0.20

See Appendix for MRM details

waters_connect™ for Quantitation Software
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Results and Discussion

When converting legacy GC-MS methods that use helium to the use of nitrogen carrier gas, it is often
recommended to scale the column dimensions to keep the chromatographic separation as the same with each
gas.® However, in this instance, no scaled column was commercially available. Therefore, after first reproducing
the reference method using helium carrier gas, the same column was converted to the use of nitrogen. Figure 1
shows the separation between BDE 49 and 71 using the helium carrier method, with a 3% valley separating the
two (left), and the same critical pair separation in the nitrogen method (right) with a 5% valley. Although this pair
is shifted approximately 2 minutes later, the total runtime for the method is unchanged with the last eluting peak
actually eluting slightly earlier in the nitrogen method due to the use of flowrate ramping. Across all 25 analytes,

the elution order and resolving power between peaks was well preserved in the nitrogen method.
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Figure 1. Separation of BDE 49 v. BDE 71 with helium (left) versus nitrogen (left) carrier gas.

Method development of MRM transitions using nitrogen CID gas was performed on multiple precursors for each
analyte. The quadrupoles were operated at unit mass resolution with a peak width of 0.9 Da at half height
measured on the 417.8 Da peak for '3C;, BDE 28 and the 971.1 Da peak for '3C;, BDE 209. Because the analytes
investigated contain from three to ten bromines per molecule, each had multiple, abundant, naturally-occurring
isotopes to use as precursors. As many as six MRM transitions were developed for some analytes. Because this
method of just 35 peaks, 25 native analytes and 10 labeled species, is a short analyte list for modern tandem

quadrupole instrumentation, the inclusion of more than two MRM transitions per analyte is easily accommodated
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with no compromise in sensitivity and with a corresponding increase in flexibility and troubleshooting capability.

Figure 2 shows the overlaid MRM TICs for the complete analyte list.
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Figure 2. Overlaid total ion chromatograms (TICs) demonstrating separation of 25 analytes.

A linear fit was observed for all analytes across over three orders of magnitude dynamic range with an average r?
value of 0.999885 and no value less than 0.999584. Across the four labeled recovery standards in the method, all
had a %RSD lower than 10% (mean 8.29). The six labeled internal standards had an average %RSD of 1.55% with
none higher than 2.5%. Figures 3 and 4 show a couple of example chromatograms and quantitation calibration

curves for a tetra- and penta- substituted PBDEs.
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Figure 3. BDE47 calibration curves (n = 2) and QCs (n = 3) with 0.05 ppb chromatogram.
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Figure 4. BDE99 calibration curves (n = 2) with 100 ppb chromatogram.

Among the analytes in this method, the deca- substituted BDE 209 is known to present analytical challenges due
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to its high boiling point and the small difference between its boiling point and the temperature at which it
thermally degrades.” This can lead to problems with the injection or elution process that cause chromatographic
peak shape distortions. To prevent issues with the injection, the split/splitless (SSL) temperature was kept at 260
°C and a pressure pulsed injection at 20 psi for 1.2 minutes was used to sweep the volatilized sample out of the
injection port and onto the head of the column quickly and efficiently. It is also known that increasing carrier gas
flow reduces the elution temperature for an analyte.? As a result, the nitrogen carrier gas, which was at 0.8
mL/min at the start of the analysis was ramped to 4.1 mL/min by the time of the elution of BDE 209 with the aim

of also reducing the exposure time of this labile analyte to the heated transfer line at 300 °C.

Figures 5 and 6 show the peak symmetry for a standard at 0.25 ppb at the start of the batch and for a sample
spiked at 5 ppb at the end of the batch 21 hours apart. The asymmetry value for the sample is within 3% of that
for the average of the ten standard injections and indicates good peak symmetry. For the same data, the ion ratio
of MRM transitions from the average for the standards as compared with the sample data agree within <1%. The
reference method requires ion ratios to be within 15% of the reference value for confirmatory purposes. lon ratios
for this work were calculated by ratioing the most intense MRM transition to the sum of the two most intense
transitions. This resulted in ion ratios in the range of 1.0 to 2.0 due to the significant abundance of naturally
occurring isotopes for these multiply brominated analytes. An example of the bromine isotope pattern for one of

the tetra-brominated analytes, BDE 49, is shown in Figure 7.
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Figure 5. BDE 209 calibration curves (n = 2) and QCs (n = 3). Chromatogram for lowest curve point 0.250 ppb. Average asymmetry from

standards = 1.0125. lon ratio average 1.237.
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Figure 6. BDE 209 calibration curves (n = 2) and QCs (n = 3). Chromatogram for lowest QC at 5 ppb. Asymmetry
= 1.020. lon ratio 1.244.
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Figure 7. Theoretical isotope model (upper spectrum) for BDE 49 compared with acquired data

(lower spectrum).

To create high-, mid- and low-level QCs for the analysis, blank sample extracts were spiked with different levels
of the full set of analytes. For the tri - penta, hexa - octa, and nona - deca substituted PBDEs, the concentrations
were as follows: high = 100, 200 and 499 ppb; mid = 50, 99 and 248 ppb; and low =1, 2 and 5 ppb. Figure 8
shows %RSDs for n = 3 for QCs at each level. Precision for the high and mid-level QCs <10% RSD while all
analytes at all levels achieved <15 %RSDs. Accuracy across all QC levels was within the reference method range
of 70-130% with the exception of BDEs 196, 197, and 207 which each fell outside this range in two injections of
the lowest level QC. A duplicate mid-level spike of one of the extracts was also prepared. All calculated
concentrations for the spike and its duplicate were within an average of 1.9 ppb of each other and within 3.1 ppb

of the known spiked amount.
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Figure 8. %RSDs for high-, mid- and low-level QCs with all <15%.

Conclusions

An all-nitrogen configuration for APGC on Xevo TQ Absolute Mass Spectrometer was successfully applied to the
analysis of PBDEs in environmental matrices by adapting a reference method previously used on magnetic
sector EI GC-HRMS. All performance criteria were equal-to or better-than those typically achieved by magnetic
sector which demonstrates feasibility of GC-APCI MS/MS as an alternative for the most challenging regulatory
and standard analytical methods. Furthermore, the change from a vacuum source to the atmospheric ionization
source makes the use of high nitrogen carrier gas flow practical which has advantages for operating cost versus
helium while achieving similar chromatographic separation and sensitivity. The move to tandem quadrupole
mass spectrometry from high resolution mass spectrometry updates the method for improved performance
measures such as higher acquisition speeds and high specificity MS/MS while also requiring reduced training

time and expertise as compared with magnetic sectors.
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Appendix:

lonization, | Precursor | Product | Dwell | Cone Eizlrls;rolz
Dry N, (m/z) (m/z) (ms) (V) (eV)l &
BDE17, 28 APGC+ 405.8 139.1 25 30 77
BDE17,28 APGC+ 405.8 248.2 25 30 35
BDE17, 28 APGC+ 407.8 139.1 25 30 77
BDE17, 28 APGC+ 407.8 248.2 25 30 35
»C,, BDE28 APGC+ 417.8 1791 25 30 60
3C,, BDE28 APGC+ 419.8 17941 25 30 60
BC,, 2,2,5,5-Tetrabromobiphenyl APGC+ 481.7 400.7 25 30 35
1C,, 2,2,5,5-Tetrabromobiphenyl APGC+ 4837 402.7 25 30 35
BDEA49, 71, 47,66, 77 APGC+ 481.7 3241 25 30 39
BDE49, 71,47, 66,77 APGC+ 4837 326.1 25 30 36
BDEA49, 71, 47,66, 77 APGC+ 485.7 326.1 25 30 36
“C,, BDE47 APGC+ 497.5 2571 25 30 60
*C,, BDE47 APGC+ 497.5 2591 25 30 60
»C,, BDE47 APGC+ 499.5 228.1 25 30 75
*C,, BDE47 APGC+ 499.5 259.1 25 30 70
BDE100, 119, 99, 85,126 APGC+ 563.6 404.0 10 30 39
BDE100, 119, 99, 85, 126 APGC+ 565.6 406.0 10 30 39
»C,, BDE99Q APGC+ 573.6 306.1 10 30 75
C,, BDES9 APGC+ 573.6 335.1 10 30 60
C,, BDE99 APGC+ 575.6 415.6 10 30 39
B¢, BDESY APGC+ 577.6 417.6 10 30 39
*C,, BDE99 APGC+ 579.6 3101 10 30 75
2,2,4,4,5,5-Hexabromobiphenyl APGC+ 625.5 546.7 10 30 37
2,2,4,4,5,5-Hexabromobiphenyl APGC+ 627.5 548.7 10 30 37
2,2,4,4,5,5-Hexabromobiphenyl APGC+ 629.5 548.7 10 30 37
BDE154, 153,138,156 APGC+ 639.5 481.8 10 30 42
BDE154, 153,138, 156 APGC+ 641.5 483.8 10 30 42
BDE154, 153,138, 156 APGC+ 643.5 483.8 10 30 42
2c.. BDEI53 APGC+ 655.5 387.9 10 30 90
*C,, BDE153 APGC+ 655.5 414.9 10 30 75
B¢ . BDE1S3 APGC+ 655.5 495.5 10 30 42
»C,, BDE153 APGC+ 657.5 387.9 10 30 90
B¢, BDE1S3 APGC+ 657.5 416.9 10 30 75
C,, BDE153 APGC+ 657.5 497.5 10 30 42
BDE184, 183, 191 APGC+ 721.4 561.7 10 30 42
BDE184, 183,191 APGC+ 723.4 563.7 10 30 42
Bc.. BDE183 APGC+ 735.5 5§75.3 10 30 42
*C,, BDE183 APGC+ 737.5 577.3 10 30 42
BDE197,196 APGC+ 797.3 637.4 60 30 42
BDE197,196 APGC+ 799.3 639.4 60 30 42
BDE197,196 APGC+ 801.3 641.4 60 30 45
BDE207,206 APGC+ 879.2 719.3 50 30 42
BDE207, 206 APGC+ 881.2 T3 50 30 42
*C,, BDE207 APGC+ 891.2 731.3 50 30 42
8C,, BDE207 APGC+ 893.2 733.3 50 30 42
BDE209 APGC+ 9551 795.2 50 30 49
BDE209 APGC+ 9571 797.2 50 30 49
BDE209 APGC+ 9591 799.2 50 30 49
C,, BDE209 APGC+ 9711 811.2 50 30 49
*C,,BDE209 APGC+ 9731 813.2 50 30 49

Analysis of Polybrominated Diphenyl Ether Flame Retardants in Environmental Matrices Using Atmospheric
Pressure Chemical lonization GC-MS/MS



PBDE MRM transitions and conditions with labeled species and hexabromobenzene.

720009524, August 2026

/N
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