
TOTAL ORGANOFLUORINE (TOF) ANALYSIS 
BY COMBUSTION ION CHROMATOGRAPHY

A New Tool for Monitoring PFAS Impacts



OUTLINE
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• Per- and Polyfluorinated Alkyl 
Substances (PFAS)
• Why look beyond LC-MS/MS analysis?

• Total Organic Fluorine: TOF
• Combustion Ion Chromatography (CIC)
• AOF vs EOF
• What do the results mean compared to LC-MS/MS 

analysis?

• AOF-CIC: How to Interpret Results
• How rugged is the method?
• Are there limitations?

• Conclusions
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PFAS ARE EVERYWHERE!

Environmental Sci. Processes Impacts, 2020, 22, 2345
† This article is Open Access: DOI: 10.1039/d0em00291g

Uses

Industries

The numbers in parentheses indicate the number of 
subcategories.



LC-MS/MS ANALYSIS TELLS PART OF THE STORY

PFAS by LC-MS/MS

PFAS + “Dark Matter” by TOPs Assay

Total Organic Fluorine by Combustion Ion Chromatography 
(CIC)
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Total Oxidizable Precursors (TOPs)

Total Organic Fluorine (TOF)
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Total Oxidizable Precursors (TOPs)

Total Organic Fluorine (TOF)

Environmental 
Conversion



• Total Organic Fluorine: TOF

• Combustion Ion Chromatography (CIC)
• AOF vs EOF
• What do the results mean compared to LC-MS/MS analysis?
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AOF

CIC TOF DETERMINATION APPROACHES 

Water Sample or Soil Extract = Total Fluorine

SPE – Carbon
Cartridge

Combustion

IC

ISO_9562_2004
DIN 38409-59:2020-11(draft)

resin
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AOF EOF

extract

CIC TOF DETERMINATION APPROACHES 

Water Sample or Soil Extract = Total Fluorine

SPE – Carbon
Cartridge

SPE – WAX or 
HLB Cartridge

Combustion

IC

Combustion

IC

Combustion

IC

No Pre-
Treatment

Total 
Fluorine

IC

Inorganic Fluorine 
Digestion

Inorganic 
Fluorine

TOF 
by subtraction

ISO_9562_2004
DIN 38409-59:2020-11(draft) EOF & Subtraction Approaches: No Standard Methods – yet…

resin
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Reference: von Abercron et.al.: Sci. Tot. Environ., 2019,  673, 384-391

TOTAL ORGANOFLUORINE ANALYSIS BY COMBUSTION IC
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1. Water sample or soil extract 
diluted in water adsorbed in  
carbon cartridges

2. Carbon resin transferred to boat 
and combusted.

3. Hydrogen fluoride (HF) in 
combustion gasses trapped in 
water.

4. Water with HF injected to Ion 
Chromatography

5. Fluorine signal reported as Total 
Adsorbed Organic Fluorine

1. Water sample or soil extract 
diluted in water adsorbed in  
carbon cartridges

2. Carbon resin transferred to boat 
and combusted.

3. Hydrogen fluoride (HF) in 
combustion gasses trapped in 
water.

4. Water with HF injected to Ion 
Chromatography

5. Fluorine signal reported as Total 
Adsorbed Organic Fluorine

1
2

3

4

5

Method described in Thermo
Scientific Application Note 73481 



BUREAU VERITAS LABORATORIES’ TOF-CIC SYSTEM

#4
Ion Chromatograph

#3
HF Absorption

#2b
Combustion Unit

#2a
Combustion Autosampler

#1
PFAS Adsorption 
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AOF Sample Pre-Treatment

Reporting Limits: 1 µg/L waters; 200 µg/kg soils



WHAT DO TOF RESULTS MEAN?

Remember…

TOF by CIC is measuring the fluorine contribution from all of the fluorine-containing compounds in the sample

PFOS
(C8F17SO3

-)

PFOS Mol. Wt. =  500 g/mol

F Mol Wt. =  19 g/mol 17x F = 323 g/mol

Fluorine Contribution: = 64.6 %

Measured amounts…
Ftotal (by CIC) = 0.646 x 250 ng/L

PFOS (by LC/MS/MS) = 250 ng/L PFOS
= 162 ng/L F 

323
500

PFOS TOF equivalent (TOF-EQ) ~65%
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LC-MS/MS ΣPFAS vs. TOF-EQ
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TOF Equivalent from ΣPFAS is ~65%
-calculated for each PFAS individually and summed
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If you want ΣPFAS and TOF-EQ reported with your PFAS data just ask!



LC-MS/MS vs. TOF/AOF-CIC: SOIL SAMPLES

Slide / 13

0

1,000

2,000

3,000

4,000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

To
ta

l O
rg

an
of

lu
or

in
e 

(µ
g 

F 
/k

g)

Measured TOF TOF Equivalent from ΣPFAS

0

10,000

20,000

30,000

1 2

ΣP
FA

S 
or

 T
O

F-
EQ

 (µ
g/

kg
)

ΣPFAS

TOF Equivalent from ΣPFAS
Measured TOF

Sample was primarily 6:2 fluorotelomer sulfonate 
6:2 FTS = 58% F

Measured TOF/AOF range typically 1x to 2x of 
expected, up to 10x observed.

same sample



LC-MS/MS vs. TOF/AOF-CIC: SOIL SAMPLES
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LC-MS/MS vs. TOF-CIC: AFFF SAMPLE

CIC DL: 200 mg/L (due to sample dilution)
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organisms. It is based on a natural protein foaming agent and 
contains no harmful synthetic detergent… can be successfully 
treated in biological wastewater treatment systems.”

230x

31
0

200

400

600

800

0

2,000

4,000

6,000

8,000

53

TO
F‐
EQ

 fr
om

 Σ
PF
AS

 (m
g/
L)

O
rg
an

of
lu
or
in
e 
by
 C
IC
 (m

g/
L)

ΣPFAS by LC‐MS/MS (mg/L)
Total Organofluorine by CIC

TOF‐EQ from LC‐MS/MS ΣPFAS

LC-MS/MS Data

6:2 FTS = 53 mg/L 
TOF-EQ = 31 mg/L

6:2 FTS
58% Fluorine

TOF Data
7,000 mg/L



• AOF-CIC: How to Interpret Results

• How rugged is the method?
• Are there limitations?
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APPLICATION OF AOF-CIC TO SOILS

AOF-CIC reference method does not provide for soil analysis

Approach:
• Extract soils following the typical method for PFAS by LC-MS/MS
• Dilute soil extracts in water – How Much Methanol?
• Process as per reference method for water samples
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Question:
• What is the soil extraction recovery?
• Note: not relevant for PFAS by LC-MS/MS 

due to isotope dilution calibration.



RESULTS: AOF-CIC RECOVERY INVESTIGATION
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Soil extraction efficiency:
• PFAS standards spiked to real soil sample, extracted by Accelerated Solvent Extraction, and 

processed by LC-MS/MS by isotope dilution mass spectrometry.
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RECOVERY vs SOIL ORGANIC MATTER
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Low Organic Matter: 5%                High Organic Matter: 40%

Only very high OM soil has significant impact on recovery.
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RECOVERY vs SOIL ORGANIC MATTER
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Low-Moderate Organic Matter: 5% to 20%                High Organic Matter: 40%
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HIGH OM SOIL RECOVERY vs SPIKE LEVEL
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HOW WELL DOES AOF-CIC COMPARE TO TOF-EQ?
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Carboxylic Acids Acronym % Recovery
Trifluoroacetic acid TFA <2
Pentafluoropropionic acid PFPrA <2
Perfluorobutanoic acid PFBA 52
Perfluoropentanoic acid PFPeA 95
Perfluorohexanoic acid PFHxA 84
Perfluoroheptanoic acid PFHpA 82
Perfluorooctanoic acid PFOA 64
Perfluorononanoic acid PFNA 47
Perfluorodecanoic acid PFDA 41

Sulfonic Acids
Trifluoromethanesulfonic acid TMSA <2
Perfluoropropanesulfonic acid PFPrSA 99
Perfluorobutanesulfonic acid PFBS 100
Perfluoropentanesulfonic acid PFPeSA 91
Perfluorohexane sulfonic acid PFHxS 94
Perfluorooctane sulfonic acid PFOS 64

Other
6:2-fluorotelomer sulfonic acid 6:2 FTS 63
Hexafluoropropyleneoxide Dimer Acid HFPO-DA 87

Thermo Scientific Application Note 73481 

Tabular data adapted from App. Note

Authors noted some AOF-CIC recoveries 
are quite low.

Authors only evaluated at water analysis.

PFAS SOPs typically require minimum recoveries 
60% to 70%.

Possible Sources for Low Recoveries:
• Combustion efficiency?
• Carbon adsorption efficiency?

Note: High variability in PFAS recoveries is often seen 
in LC-MS/MS analysis as well, but is corrected for 
using isotope dilution mass spectrometry.



RESULTS: AOF-CIC RECOVERY INVESTIGATION
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Combustion efficiency:
• Individual PFAS standards transferred to  ceramic boats and combusted directly.
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RESULTS: AOF-CIC RECOVERY INVESTIGATION
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Combustion efficiency:
• Individual PFAS standards transferred to ceramic boats and combusted directly.
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RESULTS: AOF-CIC RECOVERY INVESTIGATION
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Carbon adsorption efficiency:
• Individual PFAS standards spiked to blank water and processed by TOF/AOF-CIC
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RECOVERY COMPARISON: APP NOTE VS THIS INVESTIGATION
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1. Carboxylates and Sulfonates C4-C9 recovered with 
good efficiency.

2. Some lower recoveries for high OM soils & highly 
volatile PFAS. AOF carbon adsorption efficiency 
could be improved.

3. Applicability to soil extract analysis is demonstrated.

4. Reduced cost & faster turn-around

5. Improved monitoring of remedial progress

6. Method improvements are under investigation.

CONCLUSIONS
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