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Target and Non-Target Analysis
• More than 109 million organic and inorganic substances and 66 

million protein and DNA sequences in the CAS data base 
(http://www.cas.org/content/counter)

• There are 45 million compounds listed in ChemSpider
• WWW.Chemspider.com

• There are >750,000 MS spectra in Wiley v10 library
• There are >240,000 MS spectra in NIST 14 library
• Most analytical tests are performed on target analytes
• There are only a relatively small number of compounds analyzed 

routinely
• Mainly limited because of the number of analytical standards and 

validated methods available
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Target and Non-Target Analysis
• Target Compound Analysis

• Stockholm POPs, PCNs, PAH, PCPPs – Established methods, 
optimized for target compounds – Very specific and can filter out 
any potential unknowns

• Suspect Targeted Identification
• Compounds in Industrial Products, Patents, Howard & Muir EST 

2010 (~500 compounds that are Persistent, Bioacumulative, Toxic)
• Have some information to help find compounds

• Untargeted Unknowns
• Other compounds and degradation

products
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The Universal Mass Spectrometry System

GC
LC

Q-TOF
System Attributes

• Mass range m/z 20 – 4000
Capable of analyzing most environmental 
contaminants in GC or LC mode

• Maximum Acquisition rate 30 Hz
Capable of GCxGC experiments

• Mass Resolution 25,000 – 35,000 FWHM
>10,000 at 10% valley.  Acceptable for      
HRMS dioxin analysis and capable of
mass defect analysis.

• Mass Accuracy < 1mDa
• Full Scan and Tandem data acquisition 

Can do both Target and 
Non-Target analysis

Waters Xevo G2-XS Q-TOF

Zoex ZX2 
modulator
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• Less Power required - 1/3rd of an  
HRMS (3-5kVA vs 13kVA)

• NO chilled water
• NO cryogens (Liq N2, He)
• ONLY ONE backing vacuum pump
• MUCH LESS experience to operate
• ONLY ONE HOUR to reconfigure for 

LC or GC modes of operation

Practical aspects of a universal mass spectrometry system

The Universal Mass Spectrometer can replace multiple instruments



Atmospheric Pressure Gas Chromatography (APGC)
GC inlet and ionization

• Corona pin initiates ionization. 
• Ionization similar to processes observed 

for APCI in LCMS
• Positive ionization usually occurs by 

charge exchange with N2+.
• H2O and other gases can be introduced 

to modify the ionization process. (proton 
transfer e.g.)

• Negative ions may be generated by 
electron capture, but other mechanisms 
may also occur.

Vial holder
Corona pin
Ion chamber

Transfer 
line



Corona Pin 
Position in APGC 
Source

Positive mode:
N2+ + M M+ + N2

Negative mode:
e- + M M-

O2- + M  [M-X+O]-
(where X = H, Cl,
Br)



The Waters Xevo G2-XS Q-TOF mass spectrometer
Scan Modes :
• Full Scan TOF-MS.
• Target Enhanced Mode
• MS/MS (CID, Neutral loss etc.)
• TOF-MRM



Enhanced Dynamic range with a Q-TOF using a single injection?

Can use a combination of full scan, target 
enhancement and MSE functions
• Target enhancement functions to monitor molecular ions
• Two full scan functions at low and high collision energy for 

screening



Instrument sensitivity (APGC) - full scan vs MRM

Organtini et al., Anal. Chem. 
(2015) 87 (15), 7902-7908 

Full Scan – Q-ToFMRM – Tandem Quadrupole 
Wellington Dioxin Sensitivity Mix



Reactions with O2 can distinguish 2378-TCDD from its isomers



m/z100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

%

0

100

m/z100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

%

0

100

m/z100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

%

0

100 300.9251
175.9435

177.9404
179.9381

304.9176
353.8847

300.9257

175.9436
304.9197

318.9155

300.9250

304.9201

[C6H2O2Cl2] -

[C6H2O2Cl2] -

[M-Cl+O] -

[M-Cl+O2] -
[M+O2] -

Differentiation of TCDD isomers by GC-APCI-
Absence of peri Cl enhances ether cleavage
(Observed by Hass et al.)



Reactions with O2 improves selectivity

Analysis of PBDDs is often performed using a short, thin film GC column.
APCI- improves separation between key TCDD and TBDD isomers.
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Comprehensive two-dimensional gas chromatography
Schematic of a GC  GC

Injector

1D 2DModulator

TOFMS

1tR

PM

Y
X

2tRY2tRX

X+Y

InjectorInjector

1D 2DModulator

TOFMSTOFMS

1tR
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Y
X

2tRY2tRX

X+Y

PM = modulation time
D = dimension Retention Time (tR)
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Second Dimension Modulation

Second dimension retention time
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PCB Standard by GCGC-ECD
Orthogonal Elution
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PCBs/OCs
PCAs

Dioxins/Furans/Cl-PAHs

PCNs, PCDEs, PBDEs 

Unknown 
Peaks

Chlorobenzenes
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PCBs/OCs

PCAs

Dioxins/Furans/Cl-PAHs

PCNs, 
PCDEs, 
PBDEs 

Unknown 
Peaks

Chlorobenzenes



GCxGC (10 Hz)FWHM = 420 ms

1D GC (2 Hz)FWHM = 5 s

500fg 2378-TCDD

GCGC can enhance sensitivity
1st D : 30m rtx-5 0.25mm x 0.25um2nd D : 2m rtx 50 0.18mm x 0.18um4 second modulation period



APGC reduces interferences and GCGC can resolve them

OCDPEs

13C-HxCDFs

HxCDFs

O
Cl8

O
Cl6

OCDPE+

M-Cl2



Goal : a routine, Targeted and Non-targeted analysis



Mattress Fire Sample FIRE Hex-1

m/z476 478 480 482 484 486 488 490 492 494
%

0

100

m/z476 478 480 482 484 486 488 490 492 494

%

0

100
2015-04-09-DX-004  (0.032) Is (1.00,1.00) C12H4Br4O 1: TOF MS AP+ 

3.31e12483.696

481.698

479.700

485.694

487.692

2015-04-09-DX-004 1889 (23.100) Cm (1883:1890-(1837:1879+1891:1896))
1.24e4483.697

481.698

479.702

485.692

487.699

O

Br

Br

Br

Br

Target and non-target analysis in a single injection

Isotope model

RT = 23.07 min

The TEQ is increased 10x when 2,3,7,8-TBDD/F are included!



• Compounds must be separated from bulk matrix and other interfering 
compounds or isomers – GC, GCxGC or LC is used to attempt to get a 
clean mass spectrum

• Use tandem mass spectrometry (MS/MS) or high resolution mass 
Spectrometry (HRMS) to confirm elemental composition, structure and 
functional groups

• Requires extensive investigative work – background knowledge from patents, 
manufacturers, e.g. INCHEM (International Programme on Chemical Safety –
www.inchem.org, ChemSpider, www.chemspider.com

• No previous information - identify by first principals
– RDBE, Element Restriction Rule, Nitrogen Rule, LEWIS and SENIOR 

(valence) Rules, Isotope Patterns, H/C check, Hetroatom/Carbon (<1.3) and 
data bases (CAS, ChemSpider)

• Synthesize compound as authentic standard for confirmation

23

Identifying Unknown Compounds

Kind et al, BMC Bioimformatics, (2007), 8, 105
Godfrey et al, Anal Bioanal Chem, (2012)  404, 1159



24 24

Plastimet Recycling Plant Fire – 1997

24
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Plastimet
 400+ tonnes of polyvinylchloride stored on site burned.
 The fire burned for 3 days before it was finally extinguished.
 Nearby residents were very concerned about their health.
 Several firefighters developed serious health problems.
 Chrome plating on some fire engines came off in the months

following the fire due to atmospheric HCl.

25
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1D Plot 
Silica SPE; 
Elution with 25% 
DCM/Hexane

2D Plot

997.2 1998 2998.8 3999.6 4996.8 5997.6 6998.4

1e+008

1.5e+008

2e+008

2.5e+008

3e+008

1st Time (s) TIC

TIC: Reconstructed 1D Plot

Plastimet Soil Extract
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Silica Sep-Pak Clean-up
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14 Da (CH2)



The Kendrick mass defect plot of the Plastimet sampleThe second band of peaks corresponds to halogenated ions
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This plot displays dioxins, furans and many more Cl/Br species
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H/Cl mass = IUPAC mass x (34/33.96102) = IUPAC mass x 1.00115 
H/Br mass = IUPAC mass x (78/77.91051) = IUPAC mass x 1.00115 
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Tentative structure proposals are based on accurate masses

There are potentially thousands of isomers!
30

These 2 rows 
have more than 
5000 Br/Cl 
congeners



Electronics Recycling Plant
Dust Sample Extract 

Positive EI



Tetra-BDE

TIC

Filtered 
chromatogram

Mass defect filtering simplifies the GC(GC) chromatogram

SiX2 homologuesX=CH3, OH

CF2 homologues

Poly Cl and Br compounds



Electronics Recycling Plant
Dust Sample Extract 

Negative CI
Methane/ammonia 



Chlorine
m/z 34.9689

1st GC retention time (min)

2n
d G

C r
ete

nti
on

 tim
e (

sec
)

1st GC retention time (min)

Bromine
m/z 78.9183

1st GC retention time (min)

2n
d G

C r
ete

nti
on

 tim
e (

sec
)

Electronics Recycling Plant
Dust Sample Extract 



35

Brominated Flame Retardants 
• Polybrominated diphenyl ethers (PBDEs) 
• Polybrominated biphenyls (PBBs)  
• Hexabromocyclododecane (HBCD) 
• “Replacements”

Chlorinated Flame Retardants
• Mirex (dechlorane)  
• Dechlorane Plus®  
• Dechloranes  

Halogenated Flame Retardants
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DP: flame retardant, substitute of non-agricultural Mirex

• Manufactured by OxyChem in Niagara Falls, NY began before 1970s
• Used in plastic coatings of cables, wires and television electrical

connectors and carpeting 

• A HPV chemical, 1–10 million pounds/year

• Reported in Great Lakes air, biota and sediment (Hoh et al., 2006) 

• Present in sediments from Lake Ontario 60-fold higher than Lake Erie

Cl

Cl Cl

Cl
Cl Cl

+2
ClCl

Cl

Cl
Cl

Cl

Cl
Cl

ClCl Cl Cl

HCCPD 1,5-COD
DP (syn-DP & anti-DP)

Discovery of Dechlorane Plus (DP) - UU
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Lake Ontario sediment

Unknown GC-HRMS Peaks
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(100/80)

Retro-Diels-Alder fragmentation

Mirex
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World Health Organization
Geneva, 1984 

Dechlorane 603Dechlorane 602 Dechlorane 604
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ClCl Cl Cl
Cl

Cl
Cl

ClCl Cl Br
Br
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Br
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Candidate Dechloranes
Dechlorane 602

• Added to Fiberglass/Nylon-6
• Used in high voltage electrical 

cabling with dechlorane 604

Dechlorane 603

Dechlorane 604
• Listed as in Molykote® AS-810 

silicone grease
• High voltage cable
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• Background information suggested that some of the m/z = 272 
peaks would be the Dechlorane 600 compounds

• Analyzed sample from Niagara River Bar – Niagara River 
depositional area to get highest possible levels and attempt to 
observed a full mass spectrum with molecular ion

• Cl isotope ratios were correct
• Obtain synthesized pure standards of the proposed compounds
• Confirm GC retention times and mass spectra of standards are the 

same as analytes of interest

4040

Confirmation of Suspected HFRs
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Parent Ions in Standards / Sample

41



Dechlorination of Dechlorane 602

Shen et al., Anal. Bioanal Chem, 2012

The EI mass spectrum of photomirex also displays 
peaks at m/z 272 and 238, corresponding to the retro-
Diels-Alder product ions C5Cl6•+ and C5Cl5H•+.

Each peak had isotope ratios consistent with 
the theoretical values of C5Cl6•+ and C5Cl5H•+. 

m/z 271.8102/273.8072
Retro-Diels-

Alder 
fragmentation
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HCl ClCl
Cl

Cl
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Lake Ontario 
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Potential for Long-Range Transport
Dec602 and β-Cl11Dec602 in Arctic polar bears
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FTMS data obtained from a Lake Ontario Lake trout

44
Jobst et al.,  Anal. Bioanal. Chem., 405, 3289 (2013)
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C5Cl6+C5HCl5+

PCBs
PCDPEs

C18H12-nCln+ (n = 1 – 5)

Chlorinated Terphenyls

DDT degradation products Chlorinated Anthracenes?

Unknowns?

C8H6Br2+ / C8H5Br2Cl+ /C8H5Br3+

C7H4Br2Cl+ / C7H3Br2Cl2+ / C7H3Br3Cl+

C14H9Cl3+ / C14H8Cl4+

C10H6-nCln+ (n = 3 – 6)

C8H6-nCln+ (n = 2 – 6)

The mass defect plot shows both known and unknown compounds
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Jobst et al.,  Anal. Bioanal. Chem., 405, 3289 (2013)



The unknowns are analogues of the flame retardant Dechlorane 604!
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Dec 604 – Br + H Dec 604 – 2Br + 2H

Jobst et al.,  Anal. Bioanal. Chem., 405, 3289 (2013)



Synthesis of Standards
Wellington

Toronto Research Chemical (TRC)

Cl Cl

Cl

Cl

Cl

Cl

H
Br

Br
Br

Cl Cl

Cl

Cl

Cl

Cl

H

BrBr

Cl Cl

Cl

Cl

Cl

Cl

H

Br

Cl Cl

Cl

Cl

Cl

Cl

H

Cl4

Cl Cl

Cl

Cl

Cl

Cl

H
Br

Br
Cl

Cl

Cl Cl

Cl

Cl

Cl

Cl

H
Br

Br

Br

Cl Cl

Cl

Cl

Cl

Cl

H

Tech604Mix-A

Cl Cl

Cl

Cl

Cl

Cl

H
Br

Br
Br

Br

Cl Cl

Cl

Cl

Cl

Cl

H

Br3

Tech604Mix-B

Cl Cl

Cl

Cl

Cl

Cl

H

Br2

Cl Cl

Cl

Cl

Cl

Cl

H

Br

Dec604 CB
2,4,5-Br3Dec604

HCPN

2,4,6-Br3Dec6043,5-Br2-5,6-Cl2Dec604 Cl4Dec604BrDec6043,5-Br2Dec604

¤

¤

Shen et al., Environ Sci & Technol, 48, 11170 (2014)



Dec604 Analogues

Dec604 (5000 pg/g dw) 
> Dec604 CB (1400) 

> total Br2Dec604 (100) 
> BrDec604-III (24)
≈ HCPN (29).

Dec604 CB

Surface Sediment 

Dec604 CB (26 ng/g lw) 
> total Br2Dec604 (5.4)

> BrDec604-III (1.6) 
> Dec604 (0.39)

> HCPN (0.13)

Fish

Shen et al., Environ Sci & Technol, 48, 11170 (2014)



Naphthenic acids

• Naphthenic acids (NAs) = Carboxylic acids with at least one 
saturated ring.

• Can contain heteroatoms in their structure (O, S, N).
• Can represent up to a 4% (w/w) of crude oil.

49 Ortiz at al,  Analytical Chemistry, 86, 7666 (2014)



Analysis of Naphthenic acids 
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C14H26SO4+ (m/z= 290.1546)
C20H20NO+ (m/z=290.1539) RP = 400,000



FTICR Instrumentation

51

9.4 T 
magnet

Custom made 
QqQ MS

GC Cart

LC Cart

NPLC

RPLC

GC



“The smallest mass difference commonly encountered in broadband mass spectra of fossil fuels or 
peptides is 3.4 mDa, corresponding to the difference between 12C3 and 32SH4.

Figure Obtained from: Purcell et al. J. Am. Soc. Mass Spectrom. (2007) 18: 1265

Only FT-ICR and Orbitrap mass spectrometers offer the requisite mass resolution ($$$)



Macondo Crude Oil (NIST SRM 2779) – GCGC-QTOF

JD Byer, K Siek, KJ Jobst Anal Chem – Re-submitted 2016

• Exact Mass (Elemental Composition) can be determined at low resolution if peaks are resolved
• Chromatography can be used to resolve ions of similar mass



Chromatographic Separation of Isobaric Doublets 
(C3/SH4)

Figure Obtained from:
Barrow et al. J. Am. Soc. Mass Spectrom. (2015) 26: 1508

S class C class

Dave Bowman 
(McMaster 
University)Resolved MS peaks do not need Ultra-high resolution

to determine exact mass



C19H18

C16H22S

C18H30

C19H18C18H30

C17H26O C18H14O

Extracted ion chromatogram m/z 246 +/- 0.5



GC×GC‒ToF MS: Scripting Filters



Development of  the Scripting Filter

m/z

- Identify the base ion

- Unique isotope mass 
distribution range

Base ion



All detected compounds
Stream sediment samples

Pegasus 4D  TOFMS



Script filtered compounds 
All  Br and Cl containing compounds

Stream sediment samples

Pegasus 4D  TOFMS



Unknown-script filtered compounds

Stream sediment samples

Pegasus 4D  TOFMS



Mass spectrum for peaks 
1,2,5 

Identification of potential dechlorane analogs

1
32

4
anti-DP

Mass spectrum for peaks 
3,45

aCl11DP

Mass spectrum for aCl11DP 
standard 



Identification of potential dechlorane analogs

MW Cl10-analogs

MW Cl11-analogs

MW Cl12-analogs

3

4

syn-DP
aCl11D
P

anti-DP

syn-DP

anti-DP



PCB #180, RT: 1746 s, 3.580 s

-Br
-Cl

-Cl
-Br

Non-identified compound, RT: 1746 s, 4.120 s

Identification of an unknown Cl/Br compound

PCB #180

Unknown 
analyte

1D RT

2 D 
RT

Pegasus 4D Low Resolution TOFMS

No library match



Identification of an unknown Cl/Br compound

Molecular formula proposed: C12 H5 N Cl2 Br2
Error: 0.438 ppm (FTICR)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10
Retention Time (minutes)

 Selected Ion Chromatogram m/ z 392.814 +/ - 0.003
File: L879741-8.Chrom

400

392.8138

394.8114

365.2476

390.8162

381.2792 396.8088

380.2714

379.2635
383.2585 403.2996366.2512

Cl,Br Cl,Br
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Identification of an unknown Cl/Br compound
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Sample

3,6-diCl-1,8-diBr 
Dibenzocarbazole
standard
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Identification of an unknown Cl/Br compound
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 73  314  162  198  86  61  110  279  233  135 
 358  252  374  411  341 

Caliper - sample "1211023:1", 1746 , 4.131 sec , sec to 1746 , 4.131 sec , sec - 1746 , 3.396 sec , sec to 1746 , 3.396 sec , sec

Sample

3,6-diCl-1,8-diBr 
Dibenzocarbazole
standard

Coinjection experiment with 
3,6-diCl-1,8-diBr dibenzocarbazole



Identification of an unknown Cl/Br compound

PCBs



Absolute amount:
180-1400 pg/g
Corrected concentration as related to 13C-PCB 180 
190-2100 pg/g

Identification of an unknown Cl/Br compound



EST 42 (2009) 3240

Unknown-Br3Cl

Unknown-Br5Cl

Untargeted analysis: Unknowns in Tuna
New Cl-Br class of compounds



C9H6OBr3Cl confirmed by FT-ICR MS



Untargeted analysis: Unknowns
New Cl-Br class of compounds

Pub. No.: US 2008/0221230Al 
Pub. Date: Sep. 11, 2008 

ChemSpider Candidates



Unknown-Br3Cl

Unknown-Br5Cl

Untargeted analysis: Unknowns
New Cl-Br class of compounds



Identification of halogenated flame retardants by GC  GC-HRTOF

(a) Halogenated flame retardants (standard)

(b) House dust extract (halogenated) aromatics



600 peaks detected  (No deconvolution!)

1st D : 30m rtx-5 0.25mm x 0.25um; 2nd D : 2m rtx 50 0.18mm x 0.18um8 second modulation period (32 Hz)

From dust to data : GCGC of house dust
House Dust (NIST SRM 2585) analyzed by APGC GCGC-QTOF



Fig. 2 H/Cl mass defect plot for the average mass spectrum

Fig. 1 GC x GC TIC chromatogram of a dust sample

Known and unknown contaminants are easy to spot 
Mass defect plot obtained from E-waste dust 

Unknown

M. Ubukata et al., J. Chrom. A,  1395 (2015) 152

TIC (E-waste dust) 



EI Library Searching of the Unknown



Identifying unknowns using APGC
Isotope model

APCI Soft ionization leads to 2 revised structure proposals from ChemSpider.com



Identifying unknowns using APGC

Review of mass spectrum suggests a revised structure proposal

Isotope model

Cl
Cl

Cl
Cl

Cl
ClN

O

O
O

M/Z Elemental Composition
424.900 C12H9Cl6O3N+ (M+)
409.799 C12H6Cl5O3N+ (M-CH3+)
396.903 C12H9Cl6O2N+ (M-CO+)
359.926 C12H9Cl5O2N+ (M-COCl+)
260.884 C7H2Cl5+



Current technology allows simultaneous target and non-target analysis
• Atmospheric pressure ionization can be coupled to almost any inlet type (LC, GC,GC×GC) so that a wide range of target and non-target chemical compounds canbe separated and analyzed.
• Hybrid mass analyzers: both high resolution (elemental composition information,mass defect filtering) and tandem MS (structure diagnostic fragmentation)
• Chromatography is still very important : isomers that can exhibit very differenttoxicities and need to be separated.

There are still many challenges for non-target analysis
• How can we efficiently extract and identify every compound in a sample? Datasets, especially when using GCxGC, are enormous!
• Libraries (NIST, ChemSpider) are helpful, but not all environmental contaminantshave library entries (e.g. impurities and degradation products) and there aremany inaccuracies.
• We need new software tools that can screen huge data sets, automaticallyinterpret mass spectra and predict structures and toxicities.

Summary
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